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ABSTRACT

Cemented paste backfill (CPB) is a novel technology developed in the past few decades to better
manage mining wastes (such as tailings) in environmentally friendly way. It has received
prominent interest in the mining industry around the world. In this technology, up to 60% of the
total amount of tailings is reused and converted into cemented construction material that can be
used for secondary support in underground mine openings (stopes) and to maximize the recovery
of ore from pillars. CPB is an engineered mixture of tailings, water, and hydraulic binder (such as
cement), that is mixed in the paste plant and delivered into the mine stopes either by gravity or
pumping. During and after placing it into the mine stopes, the performance of CPB mainly depends
on the role of the hydraulic binder, which increases the mechanical strength of the mixture through
the process of cement hydration. Similar to other fine-grained soils undergoing cementations,
CPB’s behavior is affected by several conditions or factors, such as cement hydration progress
(curing time), chemistry of pore water, mixing and curing temperature, and filling strategy. Also,
it has been found that fresh CPB placed in the mine stopes can be susceptible to many geotechnical
issues, such as liquefaction under ground shaking conditions. Liquefaction-induced failure of CPB
structure may cause injuries and fatalities, as well as significant environmental and economic
damages. Many researches studied the effect of the aforementioned conditions on the static
mechanical behavior of CPB. Other researches have evaluated the liquefaction behavior of natural
soils and tailings (without cement) during cyclic loadings using shaking table test technique. Only
few studies investigated the CPB liquefaction during dynamic loading events using the triaxial
tests. Yet, there are currently no studies that addressed the liquefaction behavior of CPB under the
previous conditions by using the shaking table technique. In this Ph.D. study, a series of shaking
table tests were conducted on fresh CPB samples (75 cm x 75 cm x70 cm), which were mixed and
poured into a flexible laminar shear box (that was designed and build for the purpose of this
research). Some of these shaking table tests were performed at different maturity ages of 2.5 hrs,
4.0 hrs, and 10.0 hrs, to investigate the effect of cement hydration progress on the liquefaction
potential of CPB. Another set of tests were conducted to assess the effect of the chemistry (sulphate
content) of the pore-water on the cyclic response of fresh CPB by exposing cyclic loads on couple
of CPB models that contain different concertation of sulphate ions of 0.0 ppm and 5000 ppm.
Moreover, as part of this study, series of shaking table test was conducted on CPB samples that
were prepared and cured at different temperatures of 20°C and 35°C, to evaluate the effect of
temperature of the cyclic behavior of CPB. Furthermore, the effect of filling strategy on the cyclic
behavior of fresh CPB was assessed by conducting set of shaking tables tests on CPB models that
were prepared at different filling strategies of continuous filling, and sequential or discontinuous
(layered) filling. The results obtained show that CPB has different cyclic behavior and
performance under these different conditions. It is observed that the progress of cement hydration
(longer curing time) enhances the liquefaction resistance of CPB, while the presence of sulphate
ions diminishes it. It is also found that CPB mixed and cured in low temperature is more prone to
liquefaction than those prepared at higher temperatures. Moreover, the obtained results show that
adopting the discontinuous (layered) filling strategy will improve the liquefaction resistance of



CPB. The finding presented in this thesis will contribute to efficient, cost effective and safer design
of CPB structures in the mine areas, and will help in minimizing the risks of liquefaction-induced
failure of CPB structures.
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CHAPTER 1 | General Introduction

1.1  Background and Problem Statement

Mining is one of the industries that highly influences the evolution and development of human
societies around the world. It significantly contributes to the economy and remarkably boosts the
employment market. For instant, in 2017, the worldwide revenue produced by mining activities
was around 600 billion USD. Canada is one of the leading countries in mining industry, producing
more than 60 kinds of minerals and metals. The total Canada-wide production of minerals in 2018
was 47 billion CAD (Aldhafeeri 2018, Natural Resources Canada 2019, Statista 2019).

On the other hand, mining activities might be associated with several engineering and
environmental problems that have negative impacts, such as the production of huge quantities of
soil wastes (e.g. tailings) as a result of ore extraction during mining. For example, the annual
worldwide production of mine waste in 1982 exceeded 4500 million tons, and it was around 650
million tons in Canada in 1991 (Moncur 2006). These tailings were found to be a potential source
of environmental hazards when poorly disposed of, as they can generate acid mine drainage
(AMD), which causes detrimental effects on underground and surface water bodies if deported
from mine disposal site. Also, surface disposal of tailings in the form of tailings dams and/or tailing
ponds might cause geotechnical engineering problems (e.g., dam failure) when subjected to
earthquakes. For instant, 20 events of tailings dam failure were recorded around the world between
2000 and 2010 (Azam and Li 2010). Moreover, mining extraction creates large underground
openings (stopes) that expose the surrounding areas to various geotechnical engineering problems,
such as ground subsidence. In addition, the instability of these underground openings might put
the safety of workers in the mine workplace at risk and people in the surrounding area (Coumans
2003, Kesimal et al. 2005, Hesketh et al. 2010).

A novel method of underground mine waste disposal named Cemented Paste Backfill
(CPB) was developed in the past few decades to minimize the risks associated with mining
activities. The CPB technique can be summarized by mixing the tailings with water and binders,
and then pumping the mixture back into the underground mine stope. CPB is considered to be an
environmentally friendly waste management technique, because it allows large quantities of the
mine waste to be returned to the mine stope. Also, it was found that using CPB as backfill will
increase the stability of the underground mine in the long term. Thus, CPB became a common
practice in underground mine backfill process around the world (Brakebusch 1995, Belem and
Benzaazoua 2004, Fall et al. 2005, Ercikdi et al. 2009, Thompson et al. 2009, Aldhafeeri and Fall
2016).

However, several geotechnical engineering issues were identified that occurred owing to
fresh CPB placed in mine stopes. These issues include mechanical instability when it is exposed
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to static loadings and liquefaction when it is exposed to dynamic loading (such as seismic activities
or blasting loading). Failure of CPB in mine stopes might cause injuries and fatalities within the
mine workers besides the negative environmental impacts and economic damages (Poulos et al.
1985, Fall and Samb 2008, Abdelaal 2011, Becker et al. 2014).

Considerable amount of research has been undertaken to assess the mechanical behavior
or stability of CPB exposed to static loading conditions (e.g. Kesimal et al. 2005, Nasir and Fall
2010, Abdelaal 2011, Li and Aubertin 2012, Ghirian and Fall 2013, Ghirian and Fall 2014, Cui
and Fall 2016, Ghirian and Fall 2016a, Cihangir et al. 2018). Yet, only a few studies
(Saebimoghaddam 2010, Lu and Fall 2017) evaluated the liquefaction response of fresh CPB
exposed to dynamic loading conditions, particularly cyclic loadings. Thus, and as the frequency of
seismic events occurring in underground mines is increasing (Cook 1976), the need of more studies
to understand the cyclic induced liquefaction of early aged CPB has become critically important.

In the past decades, several seismic activities were recorded in mine areas. These activities
were initiated either owing to natural earthquake events or the mining activities itself (Hasegawa
et al. 1989, Ahn et al. 2017). This fact increases the frequency of CPB structures to be exposed to
cyclic loading, which increases the risk of seismic-induced liquefaction of CPB at early age.

Like any cementitious material, the engineering properties of CPB (such as the mechanical,
thermal, and hydraulic behavior etc.) are affected by the progress of cement hydration. With the
passage of time, the better mechanical behavior is expected in these materials (Saebimoghaddam
2010, Bullard et al. 2011, Scrivener et al. 2015, Aldhafeeri and Fall 2016). On the other hand,
previous studies have found that CPB may contain various (uncontrollable) minerals and chemical
components (such as the sulphate), which might come from the mine processing water or from the
composition of the mine tailings itself (Pokharel and Fall 2011). The initial content of these
chemicals could significantly influence the mechanical behavior of CPB (Ercikdi et al. 2009, Fall
and Pokharel 2011). Other studies have found that the temperature of fresh CPB placed in mine
stopes is affected by several heat sources (Wu et al. 2012), which might affect mechanical, thermal,
and hydraulic properties of CPB besides its geochemical and environmental properties (Aldhafeeri
et al. 2016, Cui and Fall 2016). Accordingly, it can be obviously expected that the progress of
cement hydration with time, initial content of chemical components and heat variation can
significantly affect the liquefaction behavior of early age CPB.

Typically, most of the mines follow a sequential filling strategy at which the mine stope
will be filled up in two or more layers. The first layer (plug fill) is typically 2-3 m thick. Afterword,
the main part of the stope will be filled continuously or in layers (based on the size of the stope).
Implementing this strategy can reduce the stresses on the stope barricade (Yumlu and Guresci
2007, Ghirian and Fall 2016b). Previous studies found that the static mechanical strength of CPB
is affected by filling the stope continuously or in stages (Ghirian and Fall 2016b). However, there
is a lack of knowledge on the influence of dynamic loadings on the behavior of CPB that is
sequentially filled in the mine stopes.
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Considering the facts mentioned above, there is a need to acquire a sufficient understanding
of the behavior of CPB under dynamic (cyclic) loading, particularly its of comprehensive study
of the mechanical stability of CPB structures under dynamic loadings, particularly cyclic loadings,
at the early ages by assessing the behavior and liquefaction potential of early age CPB subjected
to these loadings under the effect of different conditions, such as the effect of progress of cement
hydration with time, effect of initial content of uncontrolled chemical elements, the effect of
temperature variation, and the effect of different filling strategies.

1.2 Objectives

Bearing in mind the paucity of understanding of the geotechnical behavior and response,
particularly liquefaction potential, of early aged CPB exposed to cyclic loadings and the influence
of various conditions on this response, the main objective of this Ph.D. study is to use the shaking
table testing technique to understand the behavior and response of fresh CPB under cyclic
conditions, in relation to the following conditions:

1. The influence of progress of cement hydration process (progress of curing time) on this
behavior

2. The influence of the initial content of chemical elements, particularly sulphate ions, on this
behavior

3. The influence of the backfill temperature (mixing and curing temperature) on this behavior
4. The influence of continuous filling and discontinuous filling on this behavior
1.3  Research Approaches and Methods

1.3.1 Research Approaches

The research approaches adopted in this study are illustrated in the schematic flowchart in Figure
1.1. To better understand the cyclic behavior of CPB under the influence of the aforementioned
conditions, this study was conducted in five main phases:

Phase 1 — This phase includes the definition of the studied problem, and determining the research
objectives.

Phase 2 — This phase includes a comprehensive literature review of (i) the material to be tested
(CBP), (ii) the dynamic response of this material, (iii) the susceptibility of liquefaction and its
assessment criteria, and (iv) the experimental approach (shaking table test).

Phase 3 — This phase consists of determining the cyclic parameters that are applied in the
experimental tests. These parameters have been chosen giving due consideration to (i) the
historical seismic events in underground mine areas, (ii) parameters that were used in similar
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experimental approach in the literature, and (iii) the capacities and limitations of instruments to be
used in this experiment.

Phase 4 - Conducting the experimental program that are divided into four sub-phases to better
understand the influence of each condition or factor mentioned above. These sub-phases are:

1. Conducting shaking table tests on three CPB samples which were cured to different
maturity ages (curing time) of 2.5 hrs, 4.0 hrs, and 10.0 hrs.

2. Conducting shaking table tests on two CPB samples, 4.0 hrs old, which were prepared with
different initial concentration of sulphate (O ppm and 5000 ppm).

3. Conducting shaking table tests on two CPB samples, 2.5 hrs old, which were prepared and
cured at different temperatures (20°C and 35°C).

4. Conducting shaking table tests on three CPB samples which were prepared by following
different filling strategy of (i) continuous filling, 2.5 hrs old, (ii) continuous filling, 4.0 hrs
old, and (iii) discontinuous (layered) filling at which the first layer (plug) is 4.0 hrs old and
the second layer (residual fill) is 2.5 hrs old.

Phase 5 - Analyzing the experimental results and assessing the seismic-induced liquefaction
potential of CPB with respect to the tested conditions.

| Historical Events Past Studies Limitations
Effect of Curing Time Effect of Initial Content of Effect of Backfill Temperature Effect of Backfilling Strategy
(2.5 hrs, 4.0 hrs, and 10.0 hrs) Sulphate (0 ppm, and 5000 ppm) (20°C and 35°C) (Continuous and Discontinuous Fill)

| Analysis of Experimental Results, and Assessing the Cyclic loading-Induced Liquefaction of Early Age CPB

Figure 1.1 Flowchart of research approach
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1.4 Thesis Outline

This thesis is mainly organized in the form of technical papers and contains eight chapters (Figure
1.2), as described below:

1
2 -
Chapter
e e camenttio (tape
Chapter
e ek el T ape e
o T
5 -
o S L
6 -
7
8

Figure 1.2 Organization of the thesis

Chapter 1: provides a general introduction to the PhD study. The problem statements, objectives,
and research approaches and methods adopted in this study.

Chapter 2: includes a literature review and a review of the fundamental technical and theoretical
background information on Cemented Paste Backfill (CPB), seismic events in underground mines,
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Portland cement, liquefaction and shaking table testing technique. This information is necessary
to facilitate the understanding of the technical issues addressed in this thesis. Moreover, previous
studied of shaking table tests on natural fine-grained soils and tailings are reviewed and discussed.

Chapter 3: presents the technical paper on shaking table testing of the cyclic behavior of fine-
grained soils (cementing paste backfill) undergoing cementation.

Chapter 4: deals with the assessment of cyclic-induced liquefaction susceptibility of cementing
paste backfill with various sulphate contents.

Chapter 5: studies the effect of initial temperature of cementing paste backfill on its cyclic
behavior.

Chapter 6: discusses the effect of continuous filling and discontinuous (layered) filling on the
cyclic behavior of CPB.

Chapter 7: syntheses the overall thesis results.
Chapter 8: presents the summary and conclusions on this thesis.

Moreover, detailed explanation on the experimental setup of this research is presented in the
Appendix of this dissertation.

It should be emphasized that since a paper-based thesis format is adopted, some of the
contents in the papers may be repeated as each paper is independently written, and crafted
according to manuscript instructions for the specified publication.
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CHAPTER 2 | Theoretical Background and Literature Review

21 Introduction

In order to facilitate the understanding of the experiments and results presented in this thesis
manuscript, this chapter provides a review of the fundamental theoretical and technical background
information on CPB and other relevant topics. Section 2.2 provides background information on
CPB technology, including the mix design and preparation, delivery means, backfilling strategy,
and the design of CPB from geotechnical point of view as well as the source of sulphate and
temperature in backfill operations. In section 2.3, the sources of seismic events in underground
mines are discussed narrating some relevant historical events. Afterwards, the current knowledge
on binder hydration (Portland Cement) and some of the factors that affect binder hydration are
reviewed and discussed in section 2.4. The background information to understand the liquefaction,
its susceptibility and assessment criteria are provided in section 2.5. Furthermore, background of
shaking table testing technique and a review of the previous studies that used this technique on
natural fine-grained soils and tailings are described in sections 2.6 and 2.7, respectively.

2.2  Background of Cemented Paste Backfill (CPB)

The underground mining operations often create large underground openings that may cause many
geotechnical engineering problems in the mine and the surrounding areas. These problems include
ground subsidence and instability of the underground mine openings. Moreover, extracting ores
from underground mine may produce large amount of mine wastes (tailings). Traditional mine
waste management technologies are used to dispose of tailings on the ground surface (such as
tailings pond and tailings dams). In addition to the high cost, these disposal methods were found
to be a source of significant environmental hazards, such as acid mine drainage (Abdul-Hussain
2011, Jamali 2012, Cui 2017). Alternatively, a novel waste management method was developed
in the early 1980s in Germany, where the mine wastes were turned into cemented backfill. This
technology is called the cemented paste backfill (CPB). This practice was implemented in North
America around the 1990s and was adopted in several underground mining industries around the
world as it allows big quantities of tailings to be re-used and returned to the mine stopes. Also, the
use of CPB increases the stability of the underground mine stopes. Furthermore, CPB reduces the
mining cycle and consequently increases the mine productivity (Belem and Benzaazoua 2004,
Kesimal et al. 2005, Abdul-Hussain and Fall 2012, Yilmaz et al. 2015, Cui and Fall 2016,
Aldhafeeri 2018).

2.2.1 CPB mix design and preparation

Typically, CPB mixture consists of mine tailings with a solid percentage of 70% - 85% and around
3% - 7% (by total weight of solid) of hydraulic binder (usually cement). These ingredients are
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often mixed with fresh water with a water-to-cement ratio (w/c) that can range between 5.5 and
9.6. The content of these ingredients is often selected based on the tailings fineness and density,
which affect CPB transportability (slump) (Figure 2.1). These components are prepared in paste
backfill plant commonly located at the surface of the mine (Benzaazoua et al. 2004, Yilmaz et al.
2011, Aldhafeeri 2018, Xu et al. 2020).

| Binder Tailings '\‘ Mixing
. agent | Ws:70% - water
L 3wt.% | —85% w/c:5.5 f

—7wt. % {‘

Figure 2.1 Cemented paste backfill components

2.2.2 Transportation and underground delivery systems

After being prepared in the paste plant on the mine surface (often), produced paste fill is then
delivered into the mine stope by gravity, pumping and/or a combination of both, through
underground distribution system. This system consists of boreholes, pipes, pumps, and cleaning
system (Figure 2.2) (Cui 2017, Aldhafeeri 2018). Rheological properties of fresh CPB represent a
key factor in CPB transportation into the mine stope, as pipelines’ clogging might occur if the
transported material did not have suitable flowability (Ali et al. 2021). Pipeline clogging will cause
flow delays and/or temporary discontinuity of the progress of CPB production, which will lead to
significant financial losses as well as the high cost of possible pipelines’ replacements (Wu et al.
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2013, Haruna and Fall 2019). To maintain suitable flowability, the pumping pressure of fresh CPB
must be larger than the yield stress of the produced paste. Yield stress and viscosity are the most
common properties for analyzing flowability. Slump flow test is also commonly practiced in
mining industry to determine CPB flowability. In general, the rheological properties and the
flowability of CPB are influenced by several factors, such as temperature, binder type and content,
and elapsed time after mix preparation. On the other hand, pumping velocity must be balanced
with pipe diameter and relative density of the fill in order to optimize the delivery system (Belem
and Benzaazoua 2004, Wu et al. 2013, Cui 2017, Ali et al. 2021).

CPB Plant

Pumping - Gravity
System
Ground Surface

Gravity System
3000 m

Figure 2.2 CPB delivery systems

2.2.3 Mine backfill strategy and rate

After the placement of fresh CPB in the mine stope and prior to filling completion, retaining wall
structure (named barricade) must be constructed (at the drawpoint drifts that access the mining
stope) to hold the backfill in place (Figure 2.3). However, it is imperative to ensure that the pressure
applied by fresh CPB does not exceed the barricade strength or capacity. Otherwise, the barricade
might fail and jeopardize the safety of workers. Accordingly, most mines have implemented a
sequential filling strategy to fill up the mine stope in their operation. This strategy begins with
pouring a plug fill, which is typically a layer of 2 — 3 meters that consists of CPB with high binder
content. The plug layer is often cured with sufficient time, then the main CPB fill (typically with
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low binder content) will be poured to fill the rest of the underground stope (Yumlu and Guresci
2007, Abdul-Hussain and Fall 2012).

On the other hand, it is crucial to control the rate of filling the stope with CPB (backfilling
rate) with respect to the volume (m®/h) or the height (m/h) of the stope. Despite the fact that the
increase in backfilling rate will accelerate the mining cycle and consequently improve the mine
production or productivity, it is obvious that rapid backfilling will potentially increase the pressure
that acts on barricade and might lead to barricade failure. Backfilling rate can also vary from one
mine to another based on the operation sequence of each mine. Furthermore, selecting a suitable
backfilling rate depends on the content of CPB mix ingredients, backfill setting time, and arching
effect (Nasir and Fall 2010, Cui 2017).

MIHEIISIUF'E Ground Surface

\ CPB Discharge /
r

CPE Fill

P
CPB Plug Barricade

Pressure — Barricade

Figure 2.3 Schematic view of CPB placement common strategy and stress distribution

2.2.4 Geotechnical design of CPB

The design of CPB structures depends on two main factors; (i) the economic efficiency in matter
of the quick completion of backfill process in order to reduce the mining cycle time, which
consequently enhances the mine production, and (ii) safety of the workers in the mine workplace
and surrounding area, as the CPB structures placed in the mine stope have to develop sufficient
strength to provide a safe and stable platform for mine workers besides facilitating the removal of
the adjacent rocks. Thus, ensuring the strength and stability of CPB structures with respect to mine
productivity is significantly important in CPB design (Belem and Benzaazoua 2004, Lu 2017).

In general, the strength development of CPB is affected by several factors, such as cement
hydration, and self-desiccation (as explained in section 2.4 below). In addition, the continuous
backfilling process produces consolidation pressure on the fill mass, and subsequently increases
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the strength of CPB. This will gradually cause a relative displacement along the rock mass/backfill
interface, and consequently make the interface able to resist the self-weight stresses and generate
interface shear stress. Coherently, continuous backfilling process will maximize the confinement
at the base of the stope, leading to arching effect (Figure 2.3), which will limit the overburden
pressure and transfer additional vertical stress to the adjacent rock walls via shear (Rankine and
Sivakugan 2007, Galaa et al. 2011). Accordingly, in order to reach the desired performance, CPB
structures must be designed to accommodate any additional static and dynamic loads, especially
when the CPB backfill is still in the early ages (Cui 2017). Furthermore, previous studies (e.g. Fall
and Benzaazoua 2005, Fall et al. 2010, Fall and Pokharel 2010, Nasir and Fall 2010, Pokharel and
Fall 2013, Cui and Fall 2016, Li and Fall 2016, Li and Fall 2018) have revealed that the strength
of CPB is significantly affected by internal and external conditions. These conditions include (i)
the presence of sulphate ions in the backfill mix, which can jeopardize the strength of CPB, and
(i) the initial and curing temperature of the CPB mix, which is directly proportional to the
improvement of CPB strength. Thus, designing early ages CPB structure should give due
consideration to the effect of these factors on the mechanical strength of CPB under static and
dynamic loadings.

2.2.5 Source of sulphate in backfill operations

In many hard rock mines, tailings materials are known to contain significant amount of sulphide
minerals, such as pyrite (FeS.), which is commonly found in several types of igneous, sedimentary,
and metamorphic rocks. These minerals become chemically unstable (reactive) and oxidize when
they are disposed under atmospheric conditions (O and H»O) (Ercikdi et al. 2017, Aldhafeeri
2018). Therefore, CPB material often contains sulphate ions in a quantity that is much higher than
that found in other cementitious materials subjected to sulphate attacks. Previous studies have
found several sources of sulphate ions in CPB systems. These sources include (i) ingredient-related
sources, such as the oxidization of sulphide minerals contained in tailings and/or the mine
processing water (which are often rich in sulphate) used as the mixing water in CPB preparation;
and (ii) operation-related sources, such as Sulphur dioxide and air method which is done to
remediate cyanide in some mines (such as gold mines) as well as the chemical additives (such as
gypsum and anhydrite), which are often added to the clinker to control the cement setting (Ercikdi
et al. 2009, Pokharel and Fall 2013). The initial content of sulphate in CPB can vary from as low
as 5,000 ppm to as high as 25,000 ppm (Fall and Pokharel 2010).

2.2.6 Source of temperature in backfill operations

Previous studies have found various heat sources that may significantly affect the temperature of
CPB structures in the mine stope. These sources include (i) internal heat generated during the
process of cement hydration; (ii) external heat sources which are related to the temperature
variation with the depth, geological conditions, and geographic location of the mine; and (iii)
human-induced temperature. Moreover, during its transportation and delivery processes, CPB
temperature might be affected by the thermal interactions between rock temperature and CPB
temperature in the pipelines and the frictional heating of the fresh CPB with the pipelines (Fall et
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al. 2007, Fall et al. 2010, Fall and Pokharel 2010, Wu et al. 2013, Aldhafeeri et al. 2016, Ali et al.
2021)

2.3 Seismic Events in Underground mines

Concurrently, with the booming in the mining industry in several regions of the world, there is an
apparent reduction in ore bodies available at shallow depths in many underground mines.
Furthermore, the rate of volume extraction is growing significantly in order to satisfy global
demands. Thus, underground mining operations are being accomplished to a greater extent at
greater depths and with greater volume (Johnson 2015). On the other hand, mining excavation was
found to be a potential source of seismic activities, as it redistributes the stress in the earth’s crust,
which increases or decreases the stresses around the mine. This stress disturbance causes stress
concentration in deep rocks that release seismic pulses when it exceeds the strength of these rocks.
Accordingly, failure in rock masses near mining excavations induced by the changes in its stress
states will cause seismic events to occur in these underground mines, and the rate of occurrence
and seriousness of mine-induced seismic events tend to rise with a growing rate of volume
extraction and depth of mining. So, seismicity monitoring has become an important tool for many
mine operations. Thus, as part of its productivity and safety, seismic events in underground mining
have become an iconic subject in related studies, either to improve the stability of mine excavation
or in understanding the seismic phenomena in underground mining (Cook 1976, Hasegawa et al.
1989, Lasocki and Orlecka-Sikora 2008, Gibowicz and Kijko 2013). Based on the
aforementioned, CPB structures will be progressively exposed to more frequent and severe
seismic loadings. So, due to the paucity of related studies, there is a great need to understand the
behavior of early age CPB subjected to seismic loadings.

2.3.1 Sources and characteristics

Besides exposing to natural fault slip (earthquakes), CPB structures in underground mines can
be exposed to seismic or cyclic loadings from various sources. The underground mining seismicity
can occur in the form of (i) rockburst at which the rocks will be severely ejected into the mine
opening, (ii) sudden slip of coal towards the face of the mine which is known as outburst, and (iii)
pillar burst (or bump) referring to the ground shaking of unknown origin or the sudden slip of coal
(or other semi-viscous seams) at great depths. Furthermore, the high rated rock faulting (tensional
fault and/or thrust fault) owing to mining processes, which may occur along the weakened faults
either above or below the mine, are also considered as other source of seismic loading in
underground mines (McGarr 1971, Smith et al. 1974, Milne and Berry 1976, Hasegawa et al. 1989,
Hinzen 1982). Figure 2.4 below presents examples of underground mine-induced seismicity in
Canada.
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Figure 2.4 Underground mine-induced seismicity in Canada (modified from: Hasegawa et al. 1989)

It has been widely agreed that the seismic or cyclic behavior of soil (natural and/or man-
made) is significantly affected by the parameters of seismic or cyclic loads (e.g., earthquake
characteristics). These characteristics include shaking peak horizontal acceleration, duration of
shaking (number of cyclic loads), loading frequency (number of cycles per second), and the
maximum amplitude of motion (Chopra 2005, Das and Ramana 2010, Humar 2012).

2.3.1.1 Shaking peak horizontal acceleration

Shaking peak horizontal acceleration (SPHA) is the most common way of expressing the ground
motion parameter and is one of the main factors used in seismic hazard analysis, because it is
closely related to the largest dynamic forces inflicted during seismic activities. It describes the
ground motion, the seismic-induced damages in surface and/or underground structures, and soil
behavior (e.g., liquefaction) when exposed to dynamic loads (Hashash et al. 2001,
Saebimoghaddam 2010). For instant, past earthquake records show that several structures were
severely damaged when they were exposed to an earthquake with an acceleration of 0.5g. It was
also found that a peak acceleration of as low as 0.05g can cause soil liquefaction (Gopikrishna
2000, James et al. 2003).

16



Chapter 2

2.3.1.2 Shaking duration

Although the duration of ground motion cannot be used in isolation to analyze seismic hazard and
estimate earthquake damages, yet these damages were found to be significantly affected by the
duration of strong-ground motion as long duration may cause fatigue failure and large deformation
(Hancock and Bommer 2006, Hashash et al. 2001). For instant, the number of load or stresses
reversals (i.e. shaking duration) during an earthquake has great impact on the generation of excess
pore-water pressure in loose, unsaturated sands, which might cause liquefaction
(Saebimoghaddam 2010). In general, strong-motion duration is directly proportional to the damage
magnitude of an earthquake. It was noted that long duration motion of moderate amplitude can
produce enough load reversals to cause substantial damages, while high amplitude motion in low
duration may not cause considerable damages as it might not produce enough load reversals
(Kramer 1996).

2.3.1.3 Cyclic frequency

Cyclic frequency in seismology refers to the number of load cycles that may occur in a period of
one second. The frequency of a possible future earthquake, in reality, cannot be predicted with
certainty and can only be probabilistically estimated. However, the dynamic response of structures
and soil deposits are reliant on the cyclic frequency (Hashash et al. 2001, Humar 2012). For
example, severe damages of structures were recorded in the past when they were exposed to an
earthquake with a frequency of 1 to 5 Hz. It indicates that the frequency of exciting forces has
reached the natural frequency of these structure (i.e. resonant frequency) (Gopikrishna 2000,
Humar 2012). Likewise, the natural frequency of a soil (which depends on the properties of the
soil material) may decrease during dynamic excitation of high frequency to a certain level at which
the soil might experience a degradation of effective stress due to the buildup of pore-water
pressure, and consequently liquefy (Popescu et al. 2006). Hence, studying and/or estimating
motion cyclic frequency will help in understanding the effect of earthquake-induced ground
vibration on these structures and soil.

2.3.1.4 Maximum amplitude of motion

Maximum motion amplitude, which might also be referred to as horizontal displacement amplitude
(HDA), is generally a function of wavelength, as the longer the wavelengths, the larger the
displacement amplitude (Kuesel 1969). Typically, the displacement amplitude of ground motion
cannot be measured directly. Instead, it can be computed by integrating the earthquake
acceleration. Also, to better estimate the displacement amplitude of possible future earthquake, it
is crucial to consider the predicted earthquake characteristics as well as the subsurface conditions
of the examined area (Kramer 1996, Hashash et al. 2001).

2.3.2 Historical events

In the past century, numerous earthquakes events were recorded in mining regions around the
world. In North America, for example, around forty-eight mine-induced earthquakes were
recorded in the United States and around twenty-five events in Canada between 1984 and 2000.
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Moreover, more than ten mine-induced seismic events were recorded in Ontario and Quebec
(Canada) in the last ten years (U.S. Geological Survey 2000, Natural Resources Canada 2019).

Among the worldwide mine-induced seismic events, several events lead to environmental
and economic disasters. For instance, the Samarco mine in Brazil, in 2015, was exposed to three
small-magnitude seismic shocks in 90 minutes, causing the collapse of the Fundao tailing dam due
to liquefaction. This accident resulted in the fatality of 19 persons and around 40 million cubic
meter of mining waste washed the neighboring area, resulting in a total loss of around 6.4 billion
US dollars. Moreover, this accident completely disrupted a facility that was producing 44% of
Brazilian (5% of world’s) production of iron ore pellets. This event was perceived to be the worst
disaster ever happened in Brazil (Agurto-Detzel et al. 2016, Phillips 2016, Siegler et al. 2016). On
the other hand, the Saguenay earthquake 1988 in Quebec was one of the largest recorded
earthquakes in eastern North America. The liquefaction-related damages to the homes of this area
were documented immediately following the earthquake of 0.13g ground acceleration (magnitude
of 5.9 on Richter scale). Also, regarding the 2006 earthquake of Sudbury, Ontario was considered
the strongest recorded earthquake in northeastern Ontario as it had a ground acceleration of
0.0027g (magnitude of 4.1 on Richter scale) (Tuttle et al. 1990, Atkinson et al. 2008,
Saebimoghaddam 2010, Natural Resources Canada 2019).

Recent studies (e.g. Saebimoghaddam 2010, Abdelaal 2011) indicated that mine backfill,
particularly early age CPB, is considered a liquefiable material. So, as the mine areas are
significantly prone to seismic activities, it is crucially important to study the seismic behavior of
fresh CPB placed in the mine stopes.

2.4  Background of Portland cement, its hydration and key influential factors

One of the main components of CPB is the hydraulic binder. The major role of these binders is to
bond the tailings particles, leading to the increase in the strength of the mixture (Belem and
Benzaazoua 2004). Ordinary Portland cement — type | (PCI) is the most common binder used in
the preparation of CPB as it is easily used in many parts of the world. In the prances of water, the
PCI components will go through a series of complex reactions which are responsible for bonding
the tailings particles within the CPB. These reactions are known as the cement hydration process
(Aldhafeeri 2018). A brief description of PCI, the basic hydration reactions and the key influential
factors are discussed in the following subsections.

2.4.1 Portland cement

Ordinary Portland Cement (OPC) is a hydraulic cement that hardens by reacting with water and
forms water-resistant products including calcium silicate hydrate (C-S-H), calcium hydroxide
(Ca(OH)2 or CH), and calcium sulphoaluminate (AKA ettringite) (3Ca0.Al>.03.3CaS04.31H>0)
(Cui 2017, ASTM C150/C50M-19a 2019). Around 60% (by volume) of the total cement hydration
products in hardened cement is the amorphous, poorly crystalline gel of C-S-H, which is formed
by the hydration of CsS and C,S. On the other hand, the thin to large hexagonal crystals of CH
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occupy around 20% (by volume) of the total cement hydration products. CH is a by-product of the
hydration of calcium silicate. The rest of the cement hydration products is the needle-like
morphological crystals of ettringite, which is the product of the hydration of the aluminate phases
and gypsum (Abdul-Hussain 2011, Cui 2017).

2.4.2  Cement hydration process

The mechanism of cement hydration was explained by several researches (e.g. Bullard et al.
2011, Scrivener et al. 2015). They pointed out that the progress of cement hydration with time
passes through four stages. The heat flow (Figure 2.5) and consequently the magnitude of cement
hydration (Figure 2.6) varies with time at each stage. These stages are presented as follows:
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Figure 2.5 Progress of cement hydration with time (modified from: Bullard et al. 2011)

(a) Stage of initial reaction (up to 1 hour after mixing): In this stage, the cement will start to act
immediately after exposed to mixing water as the aluminite and gypsum dissolve rapidly and
release a significant amount of heat.

(b) Stage of slow reaction (between 1 and 2 hours after mixing): In this stage, the magnitude of
cement hydration will start to increase at a slow rate with minimal heat release as C-S-H and
ettringite will be formed around the calcium silicate. During this period the cement paste will
be in plastic state.
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(c) Stage of acceleration (between 2 and 9-10 hours after mixing): In this stage, significant
amount of heat will be generated and the hydration magnitude rapidly increases and reaches
the peak magnitude as the pore spaces will be further refined, so the bond strength will be

enhanced exceedingly.

(d) Stage of deceleration (more than 10 hours after mixing): In this stage, the continuous
formation of C-S-H and CH around the particles will decrease the heat flow. Consequently,
the magnitude of cement hydration will decrease with time until it reaches its minimum values
at around 24 hours age.

X

O

Figure 2.6 SEM observation of CsH hydration through different stages of cement hydration.
(a) reaction stage, (b) slow reaction stage, (c) acceleration stage and (d) declaration stage (Scrivener et al.
2015).

2.4.3 Key factors that affect cement hydration

There are several factors that affect cement hydration. These factors include wic ratio, fineness of
the cement, temperature, and chemistry of mixing water (Bentz 2006, Lin and Meyer 2009, Fall et
al. 2010, Li and Fall 2016, Wu et al. 2016).
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Bentz (2006) indicated that the degree of cement hydration is inversely proportional to w/c
ratio as the reduction in w/c will decrease the porosity and hydraulic conductivity of the
cementitious material, and consequently enhance the mechanical strength of these materials.

Similarly, fineness of cement particles was found to be another factor that accelerates the
cement hydration process and, thus, improves the mechanical strength of the soils undergoing
cementation. The finer cement particles have larger surface area, which provides the mixing water
higher contact area. This allows more water to react with cement particles. Moreover, hydration
of fine cement particles produces less thick cement hydration products. Thus, the setting time of
cemented particles will be reduced. Hence, the reaction between water and fine cement particles
(cement hydration) accelerates and the mechanical strength improves (Bentz 2006, Lin and Meyer
2009).

Moreover, it has been found that high initial and/or curing temperature of cementitious
material will accelerate the cement hydration process because high temperature will reduce the
pore spaces between particles and reduce the water content. This will accelerate the cement
hydration process and lead to more cement hydration products to be precipitated within the pores
between the particles. Thus, high initial and/or curing temperature will enhance the mechanical
strength of cemented soil or material at early ages (Lin and Meyer 2009, Fall et al. 2010, Wang et
al. 2016). However, Maltais and Marchand (1997), Elkhadiri et al. (2009) specified that the
mechanical strength of cementitious material can be reduced at advanced ages when cured at a
curing temperature that exceeds 85°C, because this range of curing temperature will lead to less
uniform microstructure, higher porosity, and coarser pore structure within the soil particles.

Also, cement hydration process was found to be affected by the chemistry of mixing water.
The presence of some chemical components in mixing water (such as sodium silicate) might
increase the rate of the cement hydration process and improve the mechanical strength of
cementitious soils (Abdul-Hussain and Fall 2012). On the other hand, the presence of other
chemical components (such as sulphate) might inhibit the cement hydration process. The inhibition
is attributed to the reaction between the sulphate anions in the mixture and C3A grains which will
form a thin coating of anhydrated cement particles and prevent the CsA from quickly reacting with
water (Li and Fall 2016).

2.5  Liquefaction

Problematic soils are the soils that change their engineering behavior or properties in different
conditions, causing many problems in engineering practice. Problematic soils are widely
distributed around the world and can be found either in shallow or deep deposits. Liquefiable soils
are one of the most common problematic soils, especially in the seismically active areas of the
world, such as Japan and North America (Iwasaki 1986, Tuttle et al. 1990, Ali 2010).

In the following subsection, liquefaction will be briefly described, focusing on its
definition, mechanism, susceptibility, and assessment criteria.
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2.5.1 Definition of liquefaction

Liquefaction can be defined as the rapid change in the engineering behavior or properties of a soil
when exposed to external conditions, such as earthquakes or blasting conditions, at which the soil
will behave like a liquid. When disturbed, the liquefiable soils will temporarily lose their strength
as a result of rapid development of excessive pore-water pressure (PWP). Soil liquefaction causes
sudden deformation in engineering structures, foundations, and road pavements (Seed and Idriss
1971, Chern and Chang 1995, United States Geological Survey 2019).

Remarkable amounts of economic damages and significant human fatalities were recorded
around the world due to liquefaction and related phenomena associated with ground vibration and
earthquake shaking. For instance, on June 14, 1964, a 7.6 magnitude earthquake with 55 km
epicenter was recorded in Niigata, Japan, causing death of 36 persons, injury of 385 persons,
smashing of 3,534 and damage to 11,000 houses. In this earthquake, soil supporting the 307 m
long bridge of Showa that crosses the river of Shinano was exposed to lateral spreading due to an
extensive liquefaction causing the collapse of the bridge (Figure 2.7) within 2 minutes of the
maximum acceleration of the ground movement (Kawasumi 1968, Bhattacharya et al. 2014). On
the other hand, irrecoverable damages to around 400,00 building and 6,434 fatalities were caused
by the Great Hanshin-Awaji earthquake that took place on January 17, 1995 in Kobe port in the
southern part of Hyogo Prefecture, Japan, with a magnitude of 6.9. In this event, the two major
man-made islands in Kobe port (Port Island and Rokko Island) were exposed to a combination of
extensive liquefaction and large lateral movements of breakwater structures, destroying the sea-
wall (Figure 2.8) and other structures constructed along the two islands shore-line. In addition, the
liquefaction of this accident resulted in ground settlement of 5-60 cm depth and 2-3 m horizontal
movement of the shoreline, causing damages to many foundations of bridges and other facilities
connecting the two islands to the mainland (Okimura et al. 1996).
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Figure 2.7 Liquefaction induced collapse of Showa bridge during Niigata earthquake 1964 (Bhattacharya
et al. 2014).

Between 2010 and 2011, Canterbury earthquake occurred in Christchurch, New Zealand,
and resulted in variable degrees of liquefaction over a very wide range of areas of naturally-
sedimented soil formations, causing significant damages to residential houses in the area (Orense
et al. 2014). Also, the Bento Rodrigues town in Brazil, in 2014, experienced a disaster when the
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tailing dam of Samarco mine collapsed (Figure 2.9) due to liquefaction as a result of three mining-
induced earthquakes. This accident caused the death of around 19 people and a loss of around 6.4
billion dollars (Phillips 2016, Siegler et al. 2016).

Figure 2.8 Sea-wall collapse due to liquefaction after the Great Hanshin-Awaji Earthquake in 1995
(Japan-guide 2016)

e o A =

Figure 2.9 The tailing dam failure in Bento Rodrigues Town, Brazil in 2015 (Resourceful Paths 2016)

2.5.2 Contractive and dilative behavior

Depending on soil characteristics, the behavior of liquefiable soil due to exterior disturbance (such
as ground shaking) will vary between contractive and dilative behavior.
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For example, when the shearing or shaking confines saturated loose granular soil, volume
of the soil will decrease (contraction) as soil particles will consolidate and become denser than its
initial packing. This will rapidly increase the pore-water pressure as the pore water will not be able
to leave the pores immediately. The rapid increase in pore-water pressure will virtually reduce the
solid-to-solid contact pressure between the grains, and the soil will behave like fluid. In other
words, the undrained loading of this type of soils will increase the pore-water pressure and reduce
the soil effective stress. Accordingly, there is a common consent between engineering studies that
soils flows are a result of contractive soil liquefaction, as the soil liquefaction produces high pore-
water pressures, forcing the materials to flow like fluid (Poulos et al. 1985, Fleming et al. 1989).
On the other hand, although shearing of dense soils to small strain will generate some excess pore-
water pressure, increasing the shear to large strain will reduce the pore-water pressure as the soil
particles will start to pile on each other, causing increase in soil volume (dilation). It will, therefore,
increase the soil effective stress (Rauch 1997, Kramer et al. 2011). If the rate of volumetric
expansion of dilative sand exceeds the sand expansion rate, soil will become unstable as the
effective confining pressure will decrease and the materials will be unable to accommodate the
applied pressure. In other words, the stability of soil materials depends on the rate of volume strain
(whether positive, zero, or negative) forced on the material and the rate of the allowable volume
change of the material itself (Peters 1991, Lade and Yamamuro 2011).

Casagrande (1976) mentioned the boundary line between contractive and dilative behavior
of liquefiable soils as the Critical Void Ratio (CVR). He defined the CVR as the void ratio or
relative density at which liquefaction advances in flow structure. In other words, liquefiable soil
remains in dilative zone regardless of the minor principle stress as long as it is below the CVR
line. Otherwise, upon passing the CVR line, soil will become contractive (Figure 2.10). Ishihara
et al. (1975), on the other hand, defined the boundary between gradually stiffening and compliant
unloading as the stress threshold between contractive and dilative monotonic shearing.

Fleming et al. (1989) studied different methods to differentiate between the contractive and
dilative behavior of liquefiable soils in the field. They found that landslide transformation into a
flow in one session is a good evidence that the slope is consisted of contractive material,
emphasizing that the excess pore-water pressure will be high enough to develop the debris flow in
saturation condition. On the other hand, in the presence of dilative material, the landslide will
convert into debris flow in multiple episodes. Furthermore, the quick generation of debris flow
(i.e. the immediate transformation from landslide into debris flow) is another evidence of the
contractive behavior of soil, as the pore-water needs some time to escape from the pores of dilative
materials. In other words, the landslide of dilative materials will take some time before it becomes
a debris flow.
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Figure 2.10 Contractive and dilative zones of liquefiable soils (modified from: Casagrande 1976)

In the lab, the differentiation between contractive and dilative behavior of liquefiable sand
can be observed by applying drained direct shear stress on soils of different initial densities (Figure
2.11). As strain begins, the shear stress of dense sand will rapidly increase and reach a peak value,
and then the stress will decrease gradually with the continuous increase in displacement (dilative
behavior). While in the loose sand, shear stress will continue increasing gradually with continuous
increase in displacement (contractive behavior). Furthermore, the void ratio of dense (dilative)
sand is directly proportional to displacement, while the loose (contractive) sand is inversely
proportional to displacement (Ellen et al. 1982). Moreover, increasing shear on dry sand or silt in
one direction (monotonic shear) causes two steps of volumetric strain (Figure 2.12), starting with
volume decrease (contraction), followed by volume increase (dilation) (De Groot et al. 2006).
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Figure 2.11 Contractive and dilative response of liquefiable sand during direct shear stress
D: Dense sand, L: Loose sand (modified from: Ellen et al. 1982)
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Figure 2.12 Contractive and dilative response of liquefiable dry sand and silt under monotonic shear
A: volume change, B: grains contraction and dilation (modified from: De Groot et al. 2006)

2.5.3 Liquefaction Susceptibility and Assessment Criteria

The disastrous earthquake of Niigata in 1965 became an iconic event for many researchers to
assess the susceptibility of liquefaction-induced phenomenon. Seed and Idriss (1971) identified
the significant factors that lead to liquefaction of sand during earthquake and proposed a
“simplified procedure” to evaluate the liquefaction resistance of soils. They validated this model
by comparing the actual liquefaction and non-liquefaction behavior in the field (which provides
good guidance to evaluate the past liquefaction incidents) with the soil performance evaluated by
the model (which can appropriately link the previous field observation with the new situations).
The outcome of this study showed that limited field data will also work in providing a base for
predicting the performance of other sand deposits. North America and many other counties in the
world have used this procedure as a practice standard.

Based on the observations from recorded earthquakes, Wang (1979) provided two
conditions for soil to be considered as liquefiable soil. He proposed that clayey soils are susceptible
to liquefaction if they contain less than 15 % of particles that are finer than 5 um and have water
content of more than 0.9- liquid limit ratio. Seed (1982) developed the liquefaction criteria (Wang
1979) and produced new criteria termed as “Chinese criteria”, wherein they stated that in addition
to the previous conditions, clayey soils can be susceptible to liquefaction only if their liquid limit
is less than 35%. They also proposed a specific magnitude scaling factor. Seed et al. (1983) used
field data gathered from SPT and CPT tests in different countries around the world (such as the
United States, Japan, China, Guatemala, etc.) with the aim of standardizing the “simplified
procedure” to evaluate the liquefaction potential in sandy soils during an earthquake of different
magnitudes. In addition, the cross-hole shear velocity test was also used in this regard. This study
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highlighted advantages and disadvantages of using the stress ratio approach (SPT and/or CPT
methods) and the strain approach (Shear velocity method). The advantages include easy
implementation, simplicity, cost-effectiveness, higher accuracy towards ground motion, and wide
comprehensiveness of the SPT and CPT methods, while the disadvantage includes the inefficiency
of these approaches in soils with large particles (gravel, cobles, and/or boulders).

Referring to different studies, such as (Seed et al. 1983), Robertson and Campanella (1985)
presented a modified CPT-based method to evaluate the liquefaction potential in sandy soils using
field and laboratory data collected from Canada, Japan, China, and the United States. Their study
revealed that the liquefaction resistance of soil, as well as the soil resistance to penetration spawned
by the SPT and CPT apparatus, are both influenced by soil compositional and environmental
variables (such as soil density, soil structure, stress states and history, aging, and cementation).
Accordingly, a correlation between soil resistance towards CPT as well as liquefaction can be
provided by studying the effects of these variables on the CPT resistance (Figure 2.13).
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Figure 2.13 Correlation between liquefaction resistance and modified CPT resistance in two sands.

(a) clean sands, and (b) silty sands, (modified from: Robertson and Campanella 1985)

Youd (1988) argued about Chinese criterion believing that it is very conservative soil
screening criterion. He claimed that the liquefaction occurs only on soils that have a liquid limit
less than 35%, and plasticity index less than 7%, provided that it is not classified as a “C” in the
USCS classification (i.e. not CH, CL, SC, or GC). In other words, clayey soils are not susceptible
to liquefaction. This exclusion of clayey soils was also assented by (Martin and Lew 1999).
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Youd and Idriss (2001) summarized different studies that were conducted to assess
liquefaction and liquefiable soils. They concluded that standard penetration test (SPT), cone
penetration test (CPT), shear wave velocity test and Becker penetration test (BPT) (for gravelly
soils) are the recommended field tests to evaluate liquefaction. They also proposed that in
liquefaction assessment, a great attention should be applied to magnitude of movement moment,
peak acceleration, and the possibility of liquefaction underneath grounds of more than 6% of slope.
They also recommended that for engineering practice, a range of magnitude scaling factors should
be applied with less conservatory than the factors proposed by (Seed and Idriss 1982).

To avoid sudden drop in shear strength of silty sands during static and/or cyclic earthquake
events that will cause significant damages to civil engineering structures due to liquefaction, or to
mitigate these damages, Taiba et al. (2016) underlined the significance of identifying the factors
influencing soil liquefaction, with special attention to the shape and gradation of the particles of
granular sandy soils. For this reason, they performed series of undrained compression triaxial tests
with initial confining pressure of 100 kPa on samples of soils with low plastic fines (0% — 40%)
and relative density of 52%, which were obtained from Algeria and France in order to assess
liquefaction susceptibility of these soils. They found great influence of particles shape and
gradation on the liquefaction resistance of different soils. In addition, their study found that a
correlation exists between the grading characteristics and liquefaction resistance (undrained peak
shear strength), as a result of which they found that the undrained peak shear strength is (linearly
and logarithmically) directly proportional to the grain size, and (linearly and logarithmically)
inversely proportional to the fine content (Figure 2.14). They also introduced new granulometric
characteristics on the static liquefaction susceptibility of silty sand soils.

Taking into consideration that soil liquefaction is a “classification problem”, alternative
method for evaluating soil liquefaction susceptibility was proposed by Samui et al. (2015), wherein
the extreme learning machine (ELM) was applied in six different models relying on magnitude of
the ground vibration, cone resistance during CPT test, mean grain size, total and effective (vertical)
stress, normalized (horizontal) peak ground acceleration, and cyclic stress ratio. This approach
succeeded in illustrating the relationship between soil parameters and earthquake parameters in
assessing soil liquefaction susceptibility. Therefore, the ELM method can be considered as a
suitable tool for predicting the soil liquefaction susceptibility.

Modern academic studies and engineering practices of soil liquefaction have based their
liquefaction assessment on the “energy principles” of excess pore-water pressure (PWP), shear
strength, and shear strain/deformation of the soil (Wu et al. 2004). For instance, Figueroa et al.
(1994) explained the mechanism of liquefaction by the tendency of soil particles to decrease in
volume when subjected to seismic shear stresses. Thus, the stresses will be transferred to the pore
water and reduce the normal stress among soil particles. So, the soil loses shear strength when the
increase in PWP becomes equal to the normal pressure, causing collapse and extensive damages
to the engineering structures supported by these soils. Also, Obermeier et al. (2001) adopted the
approach of counting dissipated energy, which is the area bounded by the stress-strain curve during
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cyclic loading, as another criterion for liquefaction assessment. Moreover, The PWP ratio criterion
is another liquefaction assessment criterion based on the change in PWP. Liquefaction
susceptibility is evaluated in this criterion by the high values of PWP ratio (Ry), which is the ratio
of the change in PWP (Au) and the initial effective stress (a,). There is liquefaction if R, > 1,
and if R, < 1, there is no liquefaction (Wu et al. 2004). This criterion was adopted in several
researches, such as (Pépin et al. 2009).
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Figure 2.14 Correlation between liquefaction resistance, grain size and fine content in sandy soils.
(modified from: Taiba et al. 2016)

It is worth admitting that the existing liquefaction susceptibility and assessment criteria
have some limitations, as these approaches determine liquefaction, whereby samples that were
obtained from critical strata in sites were historically exposed to earthquakes. Moreover, these
approaches are challenged by the fact that observations from ground surface at damaged sites do
not provide full insight into the mechanics behavior of the affected soil (Boulanger and Idriss
2006). However, Desai (2000) found that the aforementioned energy principles gathered from filed
and/or laboratory data (such as the excess PWP and confining pressure) might provide a suitable
indication of the initiation of liquefactions during seismic conditions. Accordingly, as the change
in PWP can be considered an essential component of liquefaction process as defined by (Figueroa
et al. 1994) and based on the justification of (Desai 2000), this study adopted the PWP-based
criterion to assess liquefaction behavior of early aged CPB under seismic loading.
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2.5.4 Liquefaction of Cemented Paste Backfill

Over the past three decades, researches have suggested that cemented paste backfill (CPB) with
unconfined compressive strength of 100 kPa or more will be resistant to liquefaction (Le Roux et
al. 2004). However, CPB is perceived to be susceptible to liquefaction when it is exposed to
dynamic loading at early ages, leading to excessive horizontal loads that might cause barricade
collapse (Saebimoghaddam 2010, Ercikdi et al. 2017, Cihangir et al. 2018). This consideration
was based on the contractive and dilative behaviors that the CPB samples exhibited when exposed
to different loading values during the triaxial test (Moghaddam and Grabinsky 2010).

Although the liquefaction of fresh CPB placed in mine stopes was cited in several
publications as one of the CPB design challenges, there were only few studies that discussed this
issue in detail (Shahsavari et al. 2014). For instance, Grabinsky and Simms (2006) evaluated the
mechanical and hydraulic properties of CPB, including reviewing some results related to the cyclic
loading in CPB. This study found that the development of suction (negative PWP) will reduce the
excess PWP, which will allow stope filling process to be faster, minimizing the risk of liquefaction
under the self-weight loading. Also, Saebimoghaddam (2010) studied the liquefaction of CPB at
early age under dynamic loading by applying cyclic triaxial loading on CPB samples cured to
different curing time. This study concluded that the cyclic failure increases with the increase in
loads magnitude and decreases with the increase in curing time. It was found that CPB samples
cured to 4 hrs or more were highly resistant to liquefaction as it produced insignificant axial strain
and excess PWP. Abdelaal (2011), on the other hand, used the triaxial testing apparatus to study
the influence of mixing CPB with high proportion of sand on liquefaction susceptibility, and the
combined effect of adding sand to the cyclic response of CPB under undrained conditions. It was
revealed that the presence of sand increases the effectiveness of cement within the mixture and
enhances the cyclic resistant. Furthermore, Suazo et al. (2017) studied the cyclic response of CPB
using a constant-volume direct simple shear apparatus. Several factors, such as curing age, cement
content as well as the initial soil content within the CPB mixture, were investigated in this study
in order to evaluate their effect on liquefaction resistance of CPB. It was found that the increase in
these factors enhances the liquefaction resistance of CPB. Also, during the loading and unloading
of shear stress, most of the tested specimens showed contractive shear response along with steady
development of excess PWP.

Despite that the above cited literature provided important background of cyclic behavior
of CPB, it was noted that no study (up to date) has considered the assessment of cyclic-induced
liquefaction behavior of fresh (early age) CPB material using shaking table testing method, which
(as discussed below) provides more realistic assessment of material response under cyclic loads.

2.6 Shaking Table Test

Shaking tables are apparatuses that can be used in engineering practices to evaluate the effects of
any seismic event that occurred in the past or might occur in the future. Since the sixties of the last
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century, shaking tables were considered as a very influential and most realistic tool to assess and
simulate the response of different construction foundations and their supporting soils towards
dynamic and ground motions’ loads that impose these structures (Bairro and VVaz 2000, Ngadimon
2006). In order to conduct a shaking table test, the model of the foundation under study and its
supporting soils need to be contained together in a container. These containers are designed to be
attached to the shaking table. During the test, the tested material will be exposed to shear stress
that will be interpreted to evaluate the behavior of the tested material towards the dynamic loads.
These containers are commonly known as the shear boxes in several literatures (Ueng et al. 2006,
Mohamed 2014).

In the following subsection, an overview of the types of shaking tables is provided, and a
brief description on various types of shear boxes is presented. The shaking table used and the
laminar shear box developed in this thesis are presented in the technical papers, I-1V as well as
detailed in the Appendix.

2.6.1 Types of shaking table

Based on previous studies (e.g. Tokimatsu and Seed 1987, lai 1989, Jafarzadeh 2004, Prasad et
al. 2004, Ngadimon 2006, Bhattacharya et al. 2012), shaking tables types are classified based on
several criteria, as discussed in succeeding paragraphs:

i Method of vibration actuation: Shaking tables were classified into three types; manual,
hydraulically, and electrically driven shaking tables. It was proven by several previous
studies that hydraulically driven shaking table has more advantages than the other two
types. For example, it is capable of conducting the test for any size of load, while the
manual and electrically driven tables can be used for only small and small to medium
size loads respectively. On the other hand, while using the hydraulically driven shaking
tables, it is possible to change some of the controlling parameters (according to the
purpose of the test), such as shaking velocity, stroke, and frequency, while it is difficult
and not possible in case of manual and electrically driven tables, respectively.

ii. Direction of movement (loading direction): Shaking tables are classified into one
directional shaking tables and multi directional shaking tables. The advantages and
disadvantages of each type depend on the application that the shaking table is used for.
Although the multi directional shaking table might give (in some cases) more accurate
results (if it was used properly), the factors of one directional movement shaking table
are easier to be controlled.

iii. The gravity field: Shaking tables are differentiated into shaking tables that use (1-g)
gravity field and shaking tables of (N-g) augmented gravity field (geotechnical
centrifuge at N times earth’s gravity). Again, depending on the application of the
shaking table test, each one of these types is more useful. Using (N-g) centrifuge
shaking tables leads to more applicable results corresponding to stress levels in real
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situations. On the other hand, the use of (1-g) shaking table is much easier, as it has
fewer deficiencies and the errors are more controlled. Nevertheless, it does not
correspond to the stress levels in real situations and its results are less authentic than
that of the centrifuge shaking tables. In addition, the design and the use of shaking table
of (1-g) gravity are less expensive than the centrifuge devices.

The range of maximum load that the table can handle: Shaking tables are classified into
three types; small scale tables (up to 1 Ton max. load), medium scale tables (max. load
of 1 - 5 Tons), and large-scale tables (more than 5 Tons).

The geometry of the shaking table and the soil container (shear box) that is used in
the experiment: Shaking tables are differentiated into small, medium and large size
tables and rectangular or square shaking tables.

Shaking table was extensively used in previous researches. Table 2.1 below summarizes some
shaking tables that were used in previous studies.

Table 2.1 Shaking tables reported in some literatures

Dimensions
T e YUY U Ly
(m)  (m)
Square H 4,00 4.00 N-g 2-D Jafarzadeh (2004)
Rectangular M 1.80 060 1-g 2-D Prasad et al. (2004)
Square H 360 360 1-g 2-D Thevanayagam et al. (2009)
Square E/H 122 122 1-g 1-D Turan et al. (2009)
Square H 200 200 1-g 2-D Motamed et al. (2010)
Square E/H 400 400 1-g 2-D Haeri et al. (2012)
Square E 1.00 100 1-g 1-D Pathak et al. (2013)
Square H 1.00 100 1-g 1-D Mohamed (2014)
Rectangular E/H 486 336 1-g 1-D Guoxing et al. (2015)
Rectangular E/H 486 336 N-g 1-D Wang et al. (2015)

H: Hydraulic, M: Manual, E: Electrical, g: ground acceleration (9.81 m/sec?), D: Direction
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2.6.2 Shear box

Shear box or soil container is designed to be used to test soils under cyclic induced shear strain
which will help in assessing liquefaction behavior of soil during the seismic activities.
Accordingly, beside calling them in most of the literature as “Shear Box”, some other literatures
(e.g. Eseller-Bayat et al. 2013) might also call them “Liquefaction box™.

Similar to the shaking tables, there are different types of the shear box, depending on the
application that is used for. Bhattacharya et al. (2012) summarized the different types of soil
containers into six types:

i Rigid container which is a rough box as its end walls and base have shear stiffness
significantly higher than the stiffness of the contained soil, in order to ensure the that
the shear stresses are developed vertically between the soil and the container walls.
However, this type of shear boxes has some limitations such as the reflection of waves
by the rigid walls.

ii. Rigid container with flexible boundary at which soft materials (such as sponge) are
glued along the rigid end walls to partially reduce the waves reflection and the lateral
stiffness of the end walls. Yet, this type has a limitation of the uncertainty of the actual
boundary condition.

iii. Rigid container with hinged end-walls at which the end walls are permitted to rotate
about the base to allow the evaluation of lateral earth pressure.

iv. Equivalent shear beam container at which a flexible material (such as rubber) is
attached to the end walls so the wall stiffness will match the stiffness of the contained
soil. This will help to eliminate the interaction between the container and the soil.
However, the limitation of this type of boxes are the conflict between the linear elastic
stress-strain relationship of the rubber and the non-linear behaviour of soil under cyclic
loading.

V. Laminar container: which consist of a stack of laminae, which are individually
supported by bearings and a steel guide connected to an external frame. Using this type
of boxes minimizes the lateral stiffness of the box, so the response of the soil-box
system is governed by the soil itself.

Vi, Active boundaries container: which is a laminar box but with an external actuator that
is connected to each individual lamina. This allows different pressure to be applied at
each lamina, to accommodate the variation of soil stiffness during earthquake.

Each research in the literature that used these containers (or boxes) have selected the kind
of the container based on the goal of the research as well as the experimental limitation that might
appear in every experiment. For instance, in order to investigate the effect of the shear box
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geometry, simulate the real effect of earthquake on the soil deformation and stress conditions and
accommodate the limitation of swinging platform of the centrifuge shake table, Takahashi et al.
(2001) designed an active type (flexible) shear box (Figure 2.15) that is consisted of thirteen
aluminum laminae of inner size of around (450 x 200 x 24 mm), and the height of the box was
designed to be 325 mm. Each lamina contains grooves at which roller bearings were mounted to
support the laminae. Soil samples in this box were designed to be tested under loading of one
direction movement and a gravity of 100-g. So, in order to force laminae to move in only the same
loading direction, the box was surrounded by external columns with rollers. To avoid soil particles
from spreading in the gaps between laminae, a rubber rectangular sleeve was used to contain the
soil inside the box. Hydraulic actuators were connected to the box in three different leveled
laminae, and linear variable differential transformers (LVVDTSs) were attached to the actuators in
order to collect their signals to provide the required data to investigate the behavior of structures
under the condition of large soil movement using a simple finite element analysis.
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Figure 2.15 Laminer shear box (Takahashi et al. 2001)

James et al. (2003) constructed a mid-size rigid sample box within a series of shaking table
tests to investigate the liquefaction behavior of tailings during seismic activities. The sample box
(Figure 2.16) of around 1 cubic meter size was made of enclosed, rigid, reinforced, welded
aluminum frame on a reinforced aluminum base plate. In order to confine sample inside the box,
the box walls were made of aluminum sheets on three sides and one side of acrylic sheet to help
observe the sample during test. The box was bolted to a shake table.
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Figure 2.16 Rigid shear box (James et al. 2003)

El-Emam and Bathurst (2004) used rigid rectangular shear box of (1.4 x 2.7 m) dimensions
bolted to shaking table of steel platform, with (2.7 x 2.7 m) dimensions, and servo-hydraulic
actuator to perform series of dynamic shaking table tests to find out the seismic behavior of
reduced-scale reinforced soil walls made of synthetic, olivine, angular to sub-angular grained,
silica-free sand. Ueng et al. (2006) developed a laminar shear box to study the liquefaction
behavior of saturated sand and soil-water interaction under two-dimensional ground shaking. 15
layers of (1880 x 1520 mm) inner dimension, each layer consisting of two nested aluminum
frames, were attached to surrounding rigid steel walls, and whole assembly was placed on top of
2-D shaking table (Figure 2.17). To avoid the rubber membrane inside the box (that contains the
soil sample) from rupturing and the excessive building of expanded soil on the side of the
membrane, the 15 layers (lamiae) were placed at the top of each other with a 20 mm gap between
each layer. In order to allow the biaxial motion, the center of mass of each layer of soil and each
lamina was designed not to be in the same geometrical center of the horizontal cross section. Also,
the vertical alignments of the center of mass of different layers were designed not to match each
other, especially during the shear deformation.

Dihoru et al. (2010) investigated the dynamic behavior of soil in two different sized shear
boxes to understand the limitations associated with each design, evaluate soil behavior of each box
in relation to a known idealized behavior, and to provide design improvement solutions and new
design concepts. In this study, they used small scale laminar shear box of (1200 x 500 x 800 mm)
size, and a large-scale laminar shear box of (5000 x 1200 x 1200 mm) size (Figure 2.18). Dry sand
payload was placed in both boxes to compare the behavior in both cases. Both boxes were
subjected to one directional seismic load with multi amplitude values. The study concluded that
the behavior of a laminar shear box differs greatly from the idealized behavior, and these behaviors
vary with different load amplitude values.
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Figure 2.18 Laminar shear box with different size scale (Dihoru et al. 2010)

A: small scale, B: Large scale

Eseller-Bayat et al. (2013) designed a cyclic simple shear liquefaction box of (300 x 270 x
490 mm) dimensions (Figure 2.19) in order to test the liquefaction behavior of sand under
controlled cyclic shear strain in saturated condition. The box contains two rotating walls connected
to two translating rigid walls with a flexible sealant. Two sets of transducers were placed inside
the box, one for pore-water pressure and the other for the liner variable displacement. The box was
fixed to a shaking table in order to simulate the seismic activity. Eseller-Bayat et al. (2013)
concluded that this box can be re-designed to accommodate tests for samples of different sizes and
different consistency (such as silt, re-formed clay, and gravelly soils).
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Figure 2.19 Cyclic simple shear liquefaction box (Eseller-Bayat et al. 2013)

To study the deformation and liquefaction behavior of poorly graded sand and a footing
model during earthquake events under saturated and unsaturated conditions in different scenarios,
Mohamed (2014) designed a square flexible laminar shear box (FLSB) (Figure 2.20A) with inner
dimensions of (800 x 800 x 807 mm). It consisted of 24 laminae of 31 mm thickness, with 2mm
spacing between laminae to ensure independency of movement of each lamina. To ensure single
axis movement (parallel to the shaking direction), linear bearing system was attached to the FLSB,
and an external frame was mounted to the FLSB to help secure the box into the shake table. To
hold the soil inside the FLSB, a flexible plastic bag of small stiffness in comparison with the tested
soil was used (Figure 2.20B).

Rollins et al. (2019) studied the liquefaction mitigation of prefabricated vertical plastic
drain piles in liquefiable sand under seismic loadings using a large-scale laminar shear box that
consisted of 40 stacked rectangular shear lamina with dimensions of (500 cm x 275 cm x 15 cm)
of each lamina.

In the current study, a Flexible Laminar Shear Box (FLSB) was designed and fabricated in
the facilities of the University of Ottawa solely for the purpose of this research. To the best
knowledge of the author, this FLSB is the first of its kind that is used to study the liquefaction
behavior of cemented fine soils such as CPB under seismic conditions at early ages of maturity.
Further details of the shaking table and FLSB used in this research as well as the methodology,
experimental conditions, instrumentations, and accessories are briefly described in the following
chapters.
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Figure 2.20 Flexible laminar shear box (FLSB) (modified from: Mohamed 2014)
A: the FLSB, B: Flexible plastic bag.

2.7  Previous Studies of Shaking Table Tests on Natural Fine-Grained Soils and Tailings

In addition to the studies mentioned in previous sections, there were many other researches that
were conducted on the liquefaction response of natural fine-grained soils and tailings (without
cement) using the shaking table technique. The following subsections summarize some of the most
recent studies.

2.7.1 Shaking table test of liquefaction on natural fine-grained soils

A series of large-scale shaking table test was conducted by (Chen et al. 2020) to explore
the liquefaction effect of soft silty clay and liquefiable sand on irregular subway structures. In this
study, laminar shear box of 35 cm x 20 cm x 17 cm (LxWxH) was used and the soil samples were
subjected to a series of 1-D seismic loading of 1.0g acceleration, 0.1 — 50 Hz frequency, and
shaking durations of 30 — 180 seconds. During the tests, the buildup of pore pressure, acceleration
response and horizontal displacement of the model soils were evaluated along with the settlement
of the ground surface and the strain deformation of the model. As a result, the liquefiable soil
exhibited multiple peaks of acceleration with significant amplification while applying medium to
low frequency and liquefaction-induced uplift of the structure occurred. Moreover, it was found
that sand liquefaction played a natural isolation role and minimized the underground structure
damage as compared to the response within the soft soils.

To determine the dynamic response and the mechanism of pile-soil interaction of Pugian
Bridge in China, (Dong et al. 2019) conducted shaking table test of 50 seconds duration and 0.15g
— 0.6g acceleration, using a 37 cm x 28 cm x 20 cm laminar shear box. The tested soil model
consisted of 47 cm thick mucky clay layer overlaying layers of coarse sand, gravel, and bedrock
respectively. Each layer of the physical model contained set of strain gages and accelerometers as
well as a displacement gage that was placed on top of the clay layer (underneath the pile cap of
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the structure) to monitor the seismic-induced relative horizontal displacement of the top of the pile.
It was concluded that the overburden layer amplified the seismic wave and increased the peak
acceleration along the pile length. The fundamental frequency decreased with increase in seismic
intensity, while the horizontal displacement of the pile top increased with increase in seismic
intensity, and crack damage was developed at the interface between the soft and hard soil layers.

Centrifuge test operated by electro-hydraulic shaking table was conducted by (Huang et al.
2019) to explore the liquefaction mitigation effectiveness on sand foundation treated with
nanoparticles. The test was conducted using a laminar shear box of 50 cm x 40 cm x 55 cm and
applying sinusoidal and earthquake waves with 45g rotational acceleration for 35 second duration
on clean medium- to fine-grained sand. In this study, piezoelectrical accelerometers were attached
to the model and the shaking table to monitor the seismic wave propagation. The excess pore
pressure was captured using pore pressure transducers placed at different levels within the sample.
Moreover, laser displacement transducer was fixed to the top surface and the sides of the model to
measure settlement and lateral displacement. The study revealed that adding nanoparticles to the
sand foundation enhances the liquefaction resistance by reducing the excess pore pressure, shear
strain, and lateral displacement, as the nanoparticles will delay the dynamic-induced propagation
of excess pore pressure due to the dispersion of nanoparticles in water and forming the pore fluid

gel.

Onur (2018) evaluated the liquefaction of non-plastic fine-grained silty sand soil by
conducting shaking table test using a laboratory-scale shaking table test device (Figure 2.21A),
which is controlled by a computer. The test was performed after applying a vertical stress of 50
kPa (using a rigid mass) on the surface of the fully saturated soil model (Figure 2.21B). Applying
the dynamic loading resulted in excess pore-water generation and the occurrence of settlement
with different values. Owing to the upward movement of water and downward displacement of
the rigid mass, the liquefaction potential was higher in the conditions of high shaking acceleration
and low relative density of soil.

Zhan et al. (2014) used a 23 layered large-scale laminar shear box (Figure 2.22) to study
the dynamic characteristics of saturated silty soils ground subgrade with the inclusion of stone
columns. This study was carried out by conducting set of shaking tables tests with different loading
accelerations (0.161g, 0.252g, and 0.325g). It was found that there was no visible sign of settlement
during ground shaking of less than 0.161g acceleration, while there was an obvious uplift on
ground surface during the 0.252g accelerated shaking. Ground shaking of 0.325g acceleration
caused damage to the subgrade. It was also noted that there was almost no shear displacement in
silty soils under 0.161g ground shaking acceleration, while there was significant shear
displacement under 0.252g and 0.325g loading acceleration. However, the shear displacement was
less significant when applying the same seismic loading on silty soils that contain stone columns
(Figure 2.23). The inclusion of stone columns also significantly reduced the accumulated
settlement and nonuniform settlement of the ground (Figure 2.24).
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Figure 2.21 Laboratory scale-shaking table test (modified from: Onur 2018)
A: Shaking table B: Soil model.

Figure 2.22 Large-scale laminar shear box used by (Zhan et al. 2014).

In order to verify their three dimensional, numerical model which was developed to
simulate static and seismic loads to investigate the liquefaction triggers of soil under mat
foundation, Cetin et al. (2012) used the results of centrifuge and shaking table tests that was
performed by (Unutmaz and Cetin 2012), wherein a simplified procedure that includes laboratory-
based cyclic shear and volumetric-strain relationship was applied to evaluate settlement and tilting
potential of mat foundation due to seismic activities. The laboratory shaking table results were
calibrated against values of settlement and foundation tilting potentials recorded from the 1999
earthquake of Kocaeli, Turkey.
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Figure 2.24 Dynamic-induced accumulated settlement of silty soils with and without stone columns
(modified from: Zhan et al. 2014).

Chen et al. (2010) conducted a series of shaking table tests to assess the behavior of
liquefiable unsaturated clay under non-uniform ground movement waves in order to investigate
the response of a utility tunnel that is proposed to be constructed in similar conditions. In this
study, the authors used “dual multi-axis shaking table system” that is consisted of two shear boxes
that are fixed to two different sized shaking tables (small scale fixed table and large-scale moveable
table).
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Jiang et al. (2007) conducted shaking table test using a large-scale laminar shear box (4 m
x 1.5 m x 2.5 m) to evaluate the influence of two reinforcement systems (compacted gravel, and
fly-ash gravel) on saturated silty soils along high-speed railway. to meet its objectives, the study
used accelerometers, PWP transducers, displacement transducers, and LVDTs. The results of this
study indicated that the compacted gravel will effectively improve the liquefaction countermeasure
ability of the ground by restraining the excess PWP development. Also, both reinforcement
systems were able to improve the anti-shear displacement capacity by resisting the ground shear
displacement. They can also significantly reduce the liquefaction-induced amplification of
response acceleration, and they can reduce the seismic-induced settlement.

Adalier et al. (2003) assessed the liquefaction mitigation mechanisms of non-plastic silty
soils due to the deployment of stone columns as an anti-liquefaction factor. Series of (N-g) shaking
table (centrifuge) tests were conducted in this research at which stone columns of different sizes
were placed within the silt deposit. First test was conducted on pure saturated silt (without stone
column) which was placed in (1-D) laminar soil container of 25 cm x45 cm x25 cm dimensions
(WxHxL), and was equipped with accelerometers, LVDTSs, and PWP transducers (Figure 2.25). It
was found from this test that the relative density of silt was reduced by 3% during shaking. The
acceleration records showed significant attenuation of soil strength and stiffness duo to
liquefaction as the soil acceleration gradually decreased after couple of shaking cycles. This
gradual decrease in acceleration refers to gradual strength degradation due to excess PWP
development. Then, after 9-10 cycles of shaking, the acceleration virtually disappeared referring
to full attenuation of motion (total loss of shear strength) in the entire silt stratum due to
liquefaction. The acceleration attenuation was accompanied with around 10 cm of settlement
leading to a 1.3% of permanent volumetric strain of silt layer thickness. Acceleration, excess PWP,
and settlement data gathered from the other tests (with different size of stone columns) showed
stiffening of the material foundation response during shaking. This was attributed to the role of
stone columns in retarding the excess PWP buildup, reduced the surcharged-footing settlement by
about 50%, and consequently enhanced the foundation soil overall stiffness.

Holchin and Vallejo (1995) conducted set of shaking tables tests (1-D) to assess the
seismic behavior of clay embankments that contain cavities filled with sand lenses. The amplitude
of the shaking was around 0.4 cm, and the cyclic frequency ranged from 6 to 35 Hz. A rigid soil
container of 35 cm x 10 cm x 30 cm made of 0.5 cm thick clear plexiglass was used in this
experiment. As a result, the cyclic loading caused liquefaction of the sand lenses, which in turn
exerted pressure on their containing cavities, leading to cavity walls deformation. This deformation
caused tensile cracks in the clay, demonstrating the seismic-induced failure of clay embankments
due to liquefaction of sand lenses.
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Figure 2.25 Instrumentations setup of centrifuge shaking table test conducted by (Adalier et al. 2003).

2.7.2 Shaking table test of liquefaction on tailings

There were few studies till now that used the shaking table test to evaluate the seismic response of
tailings. For example, Jin et al. (2018) investigated the dynamic behavior of tailings reservoir under
seismic loading using the shaking table test. In this test, a model tailing dam was constructed in a
model box (Figure 2.26). Drainage pipes and piezometric tubes were installed within the model
besides sets of accelerometers, pore pressure sensors and displacement sensors that were used to
monitor the tailings behavior during shaking. The model box was mounted over the shaking table
and multiple seismic loadings with 0.1g — 0.6g accelerations were applied. The study found that
the acceleration amplification factor decreased with increase in dam height when increasing the
peak acceleration. Also, PWP inside the slope height was greater than the lateral PWP. Thus, the
vertical PWP ratio was less than the horizontal PWP ratio, which means that the tailings were easy
to liquefy in the air facing section. Moreover, the measured peak values of the earth pressure in
the inner section of the dam were higher than the peak values measured near the air surface. The
study also contained some numerical simulation in this regard.

Ren et al. (2018) conducted numerical modeling and physical experiment to study the
dynamic response of Xiangchong tailings impoundment in China. The physical experiment was
conducted using earthquake shaking table by constructing a laboratory model with geometric scale
of 1:300 of the real dam in two different water content conditions. At each water content condition,
multiple shaking sessions with different load levels were conducted. The results show that the
input peak accelerations are negatively correlated with the acceleration magnification factor. The
numerical modeling results were slightly different as compared to the results of the physical
experiment, which was attributed by the authors to the limitation of the reduced scale of the
physical model. Both numerical modeling and physical model agreed that the lower elastic
modulus is correlated with weaker response of the dynamic behavior as a result of the conservation
of energy. In other words, the input earthquake energy dissipates in the form of elastic vibration,
plastic deformation, and damping.
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Figure 2.26 Shaking table test of tailing dam (Jin et al. 2018)

Shaking table test was conducted by (Antonaki et al. 2016) to evaluate the liquefaction
potential of mildly sloped consolidate mine tailings. Centrifuge test was conducted in the research
with 80g acceleration on 20-25 m high tailing deposit placed in laminar container. The initial water
content of the tailing model was adjusted to 59%. Settlement gauges, PWP sensors, accelerometers
and LVDTs were used in this test to monitor the parameters of soil behavior under dynamic
loadings. Coarse waste rocks were deposited within the tailing slayers to investigate its effect on
enhancing the soil behavior, and it was found that the mine tailing exhibited a significant higher
buildup of PWP as compared to the mixed deposit. It was also observed that the behavior of both
deposits was similar with respect to the lateral displacement and the slight deformation of the
slope. However, the mine tailing deposit deformed in the direction of the toe of the slope, while
the mixture deposit deformed in the opposite side.

Pépin et al. (2009) used the rigid shear box bolted to 3-g, 1-D shaking table to determine
the effect of drainage inclusion on pore-water development in order to evaluate the dynamic
behavior of hard rock mine tailings against liquefaction under ground motion conditions, which
might cause failure in retaining dikes. Tests were conducted under the influence of the variation
of tailing density, drainage inclusion, and some other factors. In this study, results of previously
tested sand were used as a reference in assessing the response of hard rock tailing tested under
those conditions. Various instruments were installed with the sample inside the shear box at
different levels in order to monitor the changes in dynamic properties (Figure 2.27). For example,
pressure sensor was used to measure the variation of pore-water pressure with depth, and LVDTs
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were installed to measure the vertical displacement of the tailing at different depths. On the other
hand, a perforated plastic plate was installed at different levels to reduce the seepage pressure
effect on the displacement. Furthermore, metal plate was installed at different depths to determine
changes in bearing capacity with depth due to the development of excess pore-water pressure and
consequent liquefaction by measuring the heave in tailing sample. It was concluded from this study
that hard rock mine tailings are liquefiable material with liquefaction resistance that is less than
sand’s resistance. It was also noted that maximum excess water pressure is reached at the top of
the sample first, and then progresses downward. However, the presence of drainage will decrease
the excess pre-water pressure development, which will reduce the liquefaction potential. Although
it is less effective approach, reinforcing the tailings with rigid inclusions (such as columns or waste
rock) in tailings impoundment might be used to increase the tailings’ resistance against
liquefaction.

Figure 2.27 Instruments installed within tailings experimented by shaking table test (modified from:
Pépin et al. 2009).

James et al. (2003) conducted a preliminary investigation by applying 1-D (horizontal)
shaking table test in order to understand factors influencing the resistance of mine tailings against
liquefaction besides evaluating the mitigation measures such as creating drainage inclusions by
including rock fill wastes within the tailings impoundments. Tests were conducted giving due
consideration to the effect of factors influencing liquefaction, such as the material density, grain
size distribution, particles angularity structure, and confining stresses (vertical and lateral) in
addition to the common agreement that tailings liquefy as they contain sufficient water content to
do so. The study revealed that the pore-water pressure increases with the increase in shaking time.
After shaking stops, pore-water pressure starts to decrease for some time and then becomes
constant. It was also found that the applied seismic loading (in this experiment) was not enough to
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induce complete liquefaction through the deep layers of the sample, so only the upper layers of the
sample were exposed to significant settlement (i.e. loss in bearing capacity). Accordingly, the
water started to expel during the test from the top of the sample.

2.8 Conclusions

Over the past few decades, cemented paste backfill (CPB) has become a noticeable interesting
method of tailing management around the world. It allows around up to 60% of hazardous mining
waste (tailings) to be reused and returned into the underground mine opening (mine stope). CPB
is considered as a fine soil undergoing cementation, as it consists of fine-grained mine tailings
mixed with hydraulic binder (such as cement) and water (fresh or mine processed). CPB mixture
is prepared in paste plants located in the mine area, and the fresh CPB mixture is delivered into
the mine stope through related pipelines. There are different strategies, wherein the fresh CPB is
placed in the mine stope, including filling the mine stope with CPB in one layer or in two layers
(plug and main fill).

From the theoretical and technical background information, it was learnt that cement
hydration is one of the key factors in the backfilling role of CPB. Also, it is understood that CPB
in the field might be subjected to different sources of heat, which affects the mechanical behavior
of CPB. Moreover, CPB may contain different types of chemical elements (such as sulphate),
which was found to have an effect on the characteristics of CPB.

Besides being subjected to static loads, mining areas are highly prone to seismic activities.
It was learnt from the literature that fine-grained soil might be susceptible to seismic-induced
liquefaction, based on the contractive and dilative behavior of the disturbed material. Disturbing
liquefiable soils leads to the propagation of excess pore-water pressure, which reduces the effective
stress and consequently reduces the shear strength of these soils. CPB is considered a liquefiable
soil, especially when it is in the young maturity ages. This may make CPB structures prone to
liquefaction-induced failure causing injuries and fatalities in the mine area as well as the negative
impacts to the environment and the economic loss.

From the reviewed studies, it can be observed that researchers studied the seismic or cyclic
loading-induced liquefaction of natural soils and/or tailings (without cement) using the shaking
table testing method, which is a realistic tool in simulating seismic or cyclic conditions. It was also
observed that only few studies that investigated the liquefaction potential of CPB under dynamic
loadings. However, these studies have used only the triaxial test in this regard. Since no study till
now has used the shaking table test, so there is a great need to assess the cyclic response of fresh
CPB using the shaking table test. Furthermore, similar to the mechanical properties of the CPB,
the cyclic response might also be affected by some parameters (such as the temperature and
chemistry of the CPB mixture as well as the filling strategy). There is, therefore, a great need to
understand the effect of these parameters on the liquefaction response of fresh CPB under dynamic
loadings in order to fill the gap of previous studies. Also, a better understanding will contribute to
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more efficient design of CPB structures at early age and help in minimizing liquefaction-induced
failure and related impacts and damages.
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3.1 Abstract

Cemented paste backfill (CPB), a man-made soil undergoing cementation, is extensively applied
for mine support and/or tailings management. Cyclic loading-induced liquefaction potential of
CPB structures is a key concern in underground mine backfilling operations. Failures of CPB
structures can lead to injuries and/or fatalities and have significant financial ramifications for a
mine. However, no studies have addressed the CPB liquefaction by using the shaking table
technique. This manuscript presents new findings of assessing the cyclic behaviour of hydrating
CPB by using a shaking table. CPB mixtures were prepared and poured into a flexible laminar
shear box and cured to different times. Numerous parameters (e.g., pore water pressure, horizontal
and vertical displacement, acceleration, temperature, electrical conductivity, etc.) were monitored
before, during, and after shaking. Microstructural evolution of CPB was also studied. Cyclic
loading was applied using a 1-D shaking table. Obtained results indicate that CPB cured to 2.5 hrs
can be prone to liquefaction under the studied conditions. However, CPB samples cured to 4.0 and
10.0 hrs are resistant to liquefaction. These results provide a better comprehension of cyclic
behavior of natural or man-made soil undergoing cementation and the design of more cost-
effective and safer CPB structures.

Keywords: Cemented paste backfill; Liquefaction; Shaking table; Earthquake; Tailings; Mine

3.2 Introduction

Mining is one of the worldwide industries that has highly influenced the evolution and
development of human societies. It has significantly contributed to the economy and effectively
impacted the development of several regions and countries around the world. In Ontario (Canada),
for instance, mining produces around $10 billion of revenues every year (Dungca et al. 2006,
Ontario Mining Association 2017). However, it is known that ore extraction during mining
activities may negatively impact the environment because of the production of huge quantities of
solid waste (e.g., tailings, which are human-made soils generated by mining activities). The surface
disposal or management of these tailings was found to be a potential source of environmental (e.g.,
generation of acid mine drainage) and geotechnical (e.g., tailings dam failure) hazards. Moreover,
mining extraction also creates large underground voids (stopes) that expose the surrounding areas
to many geotechnical engineering problems, such as ground subsidence. Furthermore, the
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instability of these underground openings can jeopardize the safety of the mining workplace and
the surrounding public agglomeration (Kesimal et al. 2005, Jamali 2012).

To enhance the short and long-term stability of these underground mine openings or stopes,
and to guarantee the safety of the mine workers and the neighboring areas as well as to manage
the aforementioned tailings in more environmental friendly and safer way, a mixture of tailings
(predominantly made of silt-size particles), water and binders has been extensively used over the
past few decades as the main supporting agent in underground mining operations and as a novel
tailings management method around the world. This mixture is named cemented paste backfill
(CPB) (Fall et al. 2005, Saebimoghaddam 2010, Abdul-Hussain and Fall 2012). From a
geotechnical point of view, CPB is a fine-grained (silt) soil undergoing cementation.

The typical CPB mixture is prepared with a 70% - 85% of tailings, fresh or mine-processed
water, and often 3% - 7% (by total weight of solid) of hydraulic binder (usually cement). These
ingredients are prepared in paste backfill plant commonly situated on the mine surface and then
pumped into the mine stope (Ercikdi et al. 2009b, Yilmaz et al. 2015, Aldhafeeri and Fall 2016).
Using CPB in mine stopes backfilling is now a common practice in many mines worldwide, as it
can be produced and delivered to the mine stope in a short period. This helps to complete the stope
backfilling process (stope cycle) in a matter of days, while it might take weeks or months with
older backfilling methods. Besides binder cost saving, decreasing stope cycle time allows
additional revenue to be generated (Ercikdi et al. 2009a, Thompson et al. 2009).

However, early aged CPB placed in a mine stope can be susceptible to several geotechnical
engineering issues, such as mechanical instability, when it is exposed to static loadings, as well as
liquefaction, when it is exposed to dynamic loadings, such as seismic events or blast loadings.
Failure of CPB in mine stopes may cause injuries and/or fatalities to mining workers, beside the
significant economic consequences for the mine and its related operations (Poulos et al. 1985, Fall
and Samb 2008, Abdelaal 2011, Becker et al. 2014). Therefore, understanding and assessing the
mechanical stability of CPB structures under static loadings conditions as well as liquefaction
potential of CPB under dynamic loading conditions at early ages is critically important for an
efficient and safer design of CPB structures.

Most of the previous studies on mechanical stability of early aged CPB focused on static
loading conditions (e.g. Thompson et al. 2009, Nasir and Fall 2010, Li and Aubertin 2012, Ghirian
and Fall 2016a). There is a paucity of studies (Lu and Fall 2017, Saebimoghaddam 2010) on the
behaviour and liquefaction potentials of early aged CPB under dynamic loading conditions,
particularly cyclic loadings. There is a need to increase our understanding of the behaviour and
liquefaction potential of early age CPB subjected to cyclic loadings since seismicity is common in
underground mining activities.

CPB structures in underground mine cavities can be exposed to various sources of seismic
loadings. These seismic loadings can originate from natural earthquake or commonly from mining-
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induced seismic events. There are numerous sources of mining-induced seismic events, including
fault slip (earthquake), rockburst, bump, pillar burst and outburst, pillar punching, disruption of
geological features from active longwall mining, failure of overburden strata and phenomena of
coal bursts (Hasegawa et al. 1989, Ahn et al. 2017). Moreover, the rate of occurrence and
seriousness of mine-induced seismic events tend to rise with a growing rate of volume extraction
and depth of mining (Hasegawa et al. 2009). Thus, the gradual reduction of ore available at
shallow depths in many underground mines in several regions of the world in combination with a
growing rate of volume extraction indicates that underground mining operations are more and
more being accomplished at greater depths and with greater volume, and thus at more severe and/or
frequent seismic events. This would suggest that CPB structures will be increasingly subjected to
more frequent and severe seismic loadings, which could increase liquefaction potential risk of CPB
structures at early ages. There is a common consent that earthquake characteristics, such as peak
horizontal ground acceleration and shaking duration (number of loading cycles) significantly affect
the behavior of liquefiable material (Carter 1988). It was also found that soil might liquefy if it
was exposed to an earthquake of peak ground acceleration as low as 0.05g (James et al. 2003).

A shaking table has been commonly used in engineering practice to assess and understand
the response of geomaterials and engineering structures to seismic loadings for many decades
despite its limitations (e.g., difficulty in reproducing or simulating the in situ stress, high cost)
(Moncarz and Krawinkler 1981, Bairro and VVaz 2000, Ngadimon 2006, Ghirian and Fall 2016b).
The extensive utilization of shaking table experiments in geotechnical engineering studies is due
to its facility to adopt different testing conditions. For instance, a shaking table can function either
in one direction or multi directions of loading input, and the user is able to control and measure
the cyclic load factors (amplitude and frequency). Also, it can be conducted on many types of soil
under different saturation conditions (dry, unsaturated or saturated). Numerous shaking table tests
were conducted in the previous decades to evaluate the behaviour and liquefaction potential of
natural soils subjected to seismic loadings (Bairro and Vaz 2000, Prasad et al. 2004, Ueng et al.
2006, Mohamed 2014, Guoxing et al. 2015, Wang et al. 2015), whereas only few studies were
conducted to assess the seismic or cyclic behaviour of tailings (without cement) by using shaking
tables (James et al. 2003, Pépin et al. 2009, 2012a, 2012b, Ozgen et al. 2011). These studies have
significantly contributed to understanding the behaviour of natural soils and tailings without
cement when subjected to cyclic loadings. However, no investigations have been performed to
assess the behaviour and liquefaction potential of tailings undergoing cementation under cyclic
loadings by using a shaking table. Accordingly, this study aims to use the shaking table technique
to assess the geotechnical behavior and response, particularly liquefaction potential, of hydrating
CPB at early ages during cyclic loadings.
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3.3  Materials and Equipment Used in the Experiment

3.3.1 Materials

Synthetic tailings material (manufactured by the U.S. Silica Co.) made of ground silica, which is
known as Silica Tailings (ST), was used in this study as the main component of CPB mixtures.
Silica Tailing (ST) is characterized by its grain size distribution, which is comparable to the
average grain size distribution of nine mine tailings (9MT) extracted from nine different mines in
eastern Canada (Figure 3.1). The minerals of the ST are principally constituted of quartz, which is
the predominant mineral in Canadian hard rock mine tailings. The high percentage of silica (99.8%
Si02) makes the ST a chemically inert material. Therefore, ST was selected in this study to reduce
the uncertainties associated with the use of natural tailings to a minimum level by
minimizing/controlling the potential chemical interactions of the tailings with other ingredients in
the CPB mixture (Carraro et al. 2009, Fall et al. 2010, Aldhafeeri and Fall 2016, Haigiang et al.
2016). The physical properties of the tailings used in this study are illustrated in figure 3.1 and
table 3.1.
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Figure 3.1 Average grain size distribution of tailings extracted from nine Canadian mines (9MT) vs the
grain size distribution of the silica tailing (ST).

To improve the mechanical properties of CPB, sufficient amounts of binder, such as
Portland cement (PC), are usually added to a mixture of tailings and water. In this study, the binder
agent used in the preparation of CPB mixtures is Portland cement type | (PCI) (Table 3.2), which
is the most frequent binder used in the preparation of CPB worldwide. Tap water was used as
mixing water.
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Table 3.1 Primary physical properties of the tailings

Tailings Gs D10 (um) D30 (um) Dso (um) Deo (um)
ST 2.7 1.9 9.0 225 315

Table 3.2 Primary physical and chemical properties of the Portland cement type | (PCI)

Gs  SSA*(mlg) S(Wi%) Ca(Wi%) Si(Wi%) Al (Wt%) Mg (wt%) Fe (wt%) Si/Ca

3.15 1.32 15 44.9 8.4 2.4 1.6 1.9 0.2

* Specific Surface Area

3.3.2 Preparation of Paste Backfill Mixture

CPB specimens were prepared by mixing tailings with PCI (4.5 wt%) and water, in which the
water-cement ratio (w/c) is equal to 7.6. Samples were mixed for 10 min to obtain a homogenous
mixture. The slump of the prepared backfill mixture was 18 cm, which is one of the most frequent
slump values used in paste backfill operations in Canadian mines. ASTM C143/C143M-15a
(2015) was followed for the slump test procedure. The degree of water saturation (S) of the
prepared CPB was determined to be equal to 100%.

Afterward, CPB mixtures were poured into the developed laminar shear box (described
below). To avoid changes of water content due to evaporation, laminar shear box with CPB
mixtures were sealed and kept in a room with stable temperature (~ 20°c) for curing until reaching
the testing ages according to the testing program described in section 3.4.

3.3.3 Shaking Table

To represent the motion of the tested CPB during an earthquake, the shaking table of the University
of Ottawa (Figure 3.2) was used in this research. This shaking table consists of a base, a ~1200
mm x ~1060 mm platform, and steel C-channels between them. This table provides a series of
one-dimensional (longitudinal) sinusoidal cyclic motions with one degree of freedom of horizontal
displacement. This shaking table is driven by a hydraulic actuator and runs in the range of 1 to 17
Hz. The maximum base shear capacity and displacement limit of this table are 27 kN and 120 mm,
respectively (Mohamed 2014).

To study the cyclic response of CPB using the shaking table, a Flexible Laminar Shear Box
(FLSB) (Figure 3.3) was designed for this research and constructed at the Faculty of Engineering
of the University of Ottawa.

The FLSB consists of 30 horizontal laminas made of aluminum alloy box sections of 31.7
mm x 31.7 mm. The inner dimension of each lamina is 750 mm x 750 mm, and the clearance
spacing between lamina was arranged to be 2 mm to ensure the independent movement of each
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lamina. Accordingly, the total capacity of the assembled FLSB is 750 mm x 750 mm (in plan) and
1,000 mm (in depth).

> et a0\ -

Figure 3.3 Flexible Laminar Shear Box (FLSB) developed and built for

this study

A flexible membrane (made of polyethylene) was placed inside the FLSB to contain/hold
the CPB mixture. This membrane has a high flexibility with a maximum thickness of 0.5 mm.
Thus, the membrane shows no (or negligible) effect on the movement of the FLSB (Mohamed,
2014). The FLSB and the membrane were securely attached to the platform of the shaking table.
The prepared CPB mixture was poured inside the FLSB. The final dimension of the CPB sample
to be tested was 750 mm x 750 mm x 700 mm.

Various instruments or sensors were installed at different levels in the model (the FLSB
and its content) as shown in figure 3.4 (A and B) and described below:
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Figure 3.4 Schematic view of the FLSB and instruments locations (A) 3D Sketch, (B) 2D Sketch.
(1) Vertical displacement transducers, (2) Horizontal displacement transducers, (3) P.W.P. transducers,
(4) VWC/EC/Temp. sensors (5) Suction sensors, and (6) Accelerometers.
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- Vertical Displacements Transducers: (Item 1 in figure 3.4)

a.

Linear variable differential transformer (LVVDT) to monitor the vertical displacement of the
surface of the CPB sample. In this regard, HCD-1000 LVDTs of 25.4 mm range were used.

Cable transducers (CTs) to monitor the vertical displacement at various depths of 0.20 m,
0.40 m and 0.60 m from top of the sample (0.5 m, 0.3 m, 0.1 m, respectively from the
shaking table). These CTs were attached to thin metal rods connected to 20 mm thick, 20
mm x 20 mm, lightweight, perforated plastic plates that were installed at the three different
depths within the sample. These plates were perforated to minimize their displacement due
to seepage pressure. These metal rods were installed within cylindrical guidance towers
(made of thin metal mesh sheets) to avoid unwanted movement/tilting of these metal tubes
during the shaking process. Guidance towers were connected to the shaking table to avoid
being a reinforcement factor and to allow the whole system to follow the same motion
rhythm (Figure 3.5). The transducers that were used in this regard were Celesco SP2-12
compact string with 317 mm range.

Figure 3.5 Guidance towers and related instrumentation setup

- Horizontal displacement (HD) transducers: Cable transducers (CT) to monitor the horizontal
displacement of the CPB sample at different depths (0.20 m, 0.40 m and 0.60 m from top of the
sample). These transducers were attached to the outside of the FLSB at the depth-related laminas
(Item 2 in figure 3.4). The same type of transducers as in (a) were used in this regard.

- P.W.P transducers: To monitor the changes in pore-water pressure during the dynamic load,
pressure transducers were placed at different depths (0.20 m, 0.40 m and 0.60 m from top of the
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sample) of the sample inside the FLSB (Item 3 in figure 3.4). PX309 series pressure transducers
with range of -15 to +15 PSI and +0.25% static accuracy was used in this regard.

- VWC/EC/Temp. sensors: To monitor the changes in electrical conductivity (EC), the
volumetric water content (VWC) and temperature, the ECH2-5TE sensor was used. This sensor
determines electrical conductivity (EC) in the range of 0-23 dS/m with the accuracy of £0.1. It
measures volumetric water content (VWC) in the range of 0-80% with the accuracy of £0.15%
from 40-80 (VWC), whereas the temperature measurement accuracy is £1°C. These sensors were
placed at different depths (0.20 m, 0.40 m and 0.60 m from top of the sample) within the sample
(Item 4 in figure 3.4). Changes in EC give information about the rate of ion migration due to the
chemical reactions between cement and water. Monitoring EC is a powerful way to assess the
cement hydration progress and the related structural changes (Li and Fall 2016). On the other hand,
monitoring the VWC enables assessment of the self-desiccation of CPB (capillary water consumed
by the cement hydration) as well as the water flow within the CPB mass. Monitoring of the
temperature provides valuable information about the progress of the cement hydration.

- Suction Sensors: Dielectric water potential sensors (ECH2-MPS6 sensors) that were designed
to measure soil water potential were used to monitor the suction development with time during the
CPB curing duration (Item 5 in figure 3.4). These sensors were placed at different depths (0.20 m,
0.40 m and 0.60 m from top of the sample) within the sample. Measurement range of these sensors
are -9 to -100,000 kPa with a resolution of 0.1 kPa, and its accuracy is +10% of reading + 2 kPa,
from -9 to -100 kPa. The monitoring of suction also enables assessment of the self-desiccation of
CPB.

- Accelerometers: To measure/maintain the shaking acceleration, four Endevco — 7593A
accelerometers of +2g full-scale range and frequency response of 0 — 50 Hz were used in this
regard (Item 6 in figure 3.4); one was attached to the shaking table to monitor its acceleration. The
other three accelerometers were attached to the external side of the box at different depths (0.20
m, 0.40 m and 0.60 m from top of the sample).

The pressure transducers, 5TE and MPS6 sensors were connected to the guidance towers
to avoid any changes on their positions. VD transducers, HD transducers, P.W.P. transducers and
accelerometers were connected to signal conditioning and Data Acquisition Systems (DAQS).
Also, 5TE and MP6 sensors were connected to Decagon Em50 series data loggers. DAQS and
Emb50 were connected to a computer to record/analyze the required data at almost (1 sec) intervals
during shaking and (10 min) intervals before and after shaking. Furthermore, a digital camera was
used to record each step of the testing program (mixing, installation and shaking operation).

3.4  Testing Program and Procedure

The main goal of the testing program is to assess the effect of the progress of cement hydration on
the behaviour of CPB during shaking or cyclic loading. The experimental testing program carried
out in this study is summarized in figure 3.6 and table 3.3 and discussed below.
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3.4.1 Shaking Table

3.4.1.1 Cyclic parameters and test conditions

Prior to conducting a shaking table test, the cyclic parameters or test conditions need to be
determined in order to simulate a cyclic event. These parameters include Sinusoidal Loading
Frequency (SLF), Shaking Peak Horizontal Acceleration (SPHA), Horizontal Displacement
Amplitude (HDA), and Shaking Duration (SD).

TEST PROGRAM
v
Effect of the progress of cementation hydration on the seismic behavior of CPB
[
v v v v
HDA: 32 mm SLF: 1 Hz SPHA: 0.13g SD: 30 min

Curing Time (CPB Age):

v v v
2.5 hrs 4.0 hrs 10.0 hrs
HDA : Horizontal Displacement Amplitude SLF : Sinusoidal Loading Frequency
SPHA : Shaking Peak Horizontal Acceleration SD : Shaking Duration

Figure 3.6 Flow chart of the experimental program and testing conditions

Due to experimental limitations (e.g., the maximum capacity of the shaking table, and the
sensitivity/limitation of the used monitoring instruments), values of these parameters were
modified to accommodate these limitations, although they might not reflect the real situation of a
seismic event. However, this type of process is often used in liquefaction research (Ishihara 1996).
Thus, shaking table tests were conducted in this study using a dynamic load that was applied in a
one-dimensional signal, a uniform amplitude, and at constant frequency.

Table 3.3 Summary of the testing program

Test Material Age (hrs)  HDA (mm) SLF (Hz) SPHA SD (min) PLMD (hrs)

1 CPB 25 32 1 0.13g 30 24

2 CPB 4 32 1 0.13g 30 24

3 CPB 10 32 1 0.13g 30 24
HDA  : Horizontal Displacement Amplitude SLF : Sinusoidal Loading Frequency
SPHA : Shaking Peak Horizontal Acceleration SD : Shaking Duration

PLMD : Post Loading Monitoring Duration

Sriskandakumar (2004) found that the value of the loading frequency applied in laboratory
seismic tests has a slight influence on the dynamic response of the tested materials. Moreover,
Srilatha et al. (2013) concluded that the seismic response of tested material is almost similar at

70



Chapter 3

frequencies less than 7 Hz. Thus, shaking table tests were performed in this study using a sinusoidal
loading of 1 Hz frequency. Although the typical frequencies range of many recorded earthquakes
in Canada is relatively higher (Nuttli 1973), this selection was made so the models will not be
subjected to resonance (Srilatha et al. 2013) and to accommodate the above stated limitations.

On the one hand, the strongest ground motion related to mining events in northeastern
Ontario (Canada) was recorded in 2006 with a value of 0.0027g (Atkinson et al. 2008,
Saebimoghaddam 2010, Natural Resources Canada 2019). On the other hand, the Saguenay
earthquake 1988 in Quebec (Canada) was recorded to have a ground acceleration value of 0.13g
(Tuttle et al. 1990). Many studies indicated that tailings may liquefy when they are exposed to a
ground motion with peak horizontal ground acceleration that exceeds 0.05g (Carter 1988, James
et al. 2003). Hence, the peak ground acceleration in this study was selected to be equal to the
acceleration of the Saguenay earthquake 1988 in Quebec.

The maximum displacement of the simulator (deformation amplitude) can be determined
using equations (3.1-3.3) (Douglas 2003, Chopra 2005), which are based on the values of loading
frequency and peak ground acceleration. Thus, the displacement amplitude used in the tests
conducted in this study was calculated to be 32 mm.

a=w’A (3.1)
w=f.(2m) (3.2)
f=1/T (3.3)

where a and A are the peak ground acceleration and deformation (displacement) amplitude,
respectively, w and f are the radial and circular loading frequency (number of cycles per second),
respectively, and T is the loading cycle time (Douglas 2003, Chopra 2005).

Although recorded earthquakes or mine seismic events do not last very long (Natural
Resources Canada 2019), the cyclic loading (shaking) in this study is carried out for 30 minutes
(1800 seconds) as shown in Table 4. The duration of the dynamic loading in this study is not meant
to be representative of the actual duration of earthquakes or mine seismic events. A duration of 30
minutes was used to allow good observation of the dynamic behaviour of the CPB samples and
relative comparisons of their response, which is important for the future development of a
constitutive model to describe the dynamic response of soils undergoing cementation. Moreover,
according to (Pépin et al. 2012b), who investigated the cyclic response of tailings (without cement)
using a shaking table approach, the selected shaking duration depends on the material response
towards liquefaction (reaching peak excess pore-water pressure). In their study, 1,000 sec. was
found to be a suitable shaking duration to reach cyclic peak of liquefaction of tailings without
inclusions. They also found that another 1,000 sec of monitoring after shaking is required to obtain
the full response of pore-water pressure dissipation. They also concluded that adding inclusions
(e.g., blocks of rocks) in tailings would reduce the development of excess pore-water pressure
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during shaking (to around 1,700 sec) and accelerate the excess pore-water pressure dissipation
after loading. Accordingly, and as the material used in this study is cementing tailings (CPB mix),
shaking duration was selected to range from 1 min to 30 min (60 — 1,800 cycles) depending on
material response, and the post loading monitoring duration (PLMD) to continue (depending on
material response) for additional 24 hr.

3.4.1.2 Effect of the progress of cementation hydration on the cyclic behavior of CPB

To evaluate the cyclic behavior of young CPB under cyclic conditions, and to assess the effect of
cementation hydration progress on this behavior, it was important to apply cyclic loadings
(dynamic load) on CPB samples of various ages. Thus, CPB mixtures (poured in FLSB) were
securely sealed and kept for curing under a stable temperature of 25°C. Then, a series of shaking
table tests were conducted on CPB models that were cured at various ages of 2.5 hrs, 4.0 hrs, and
10.0 hrs (see Figure 3.6).

Table 3.4 Selected cyclic parameters used in the present study and previous studies

Values used in the present

Parameter Values used in previous studies 2 study
Horizontal Displacement Amplitude 10 - 80 (mm) 32 (mm)
Shaking Peak Horizontal Acceleration 0.1g - 1.0g 0.13g
Sinusoidal Loading Frequency 0.1-50 (Hz) 1 (Hz)
Shaking Duration ° 32,000 (sec) 1,800 (sec.)
Post loading Monitoring Duration 15 (min) — 36 (hr) 24 (hr) ©

aSuch as (James et al. 2003, Prasad et al. 2004, Ueng et al. 2006, Pépin et al. 2009, 2012a, 2012b, Ozgen et
al. 2011, Mohamed 2014, Guoxing et al. 2015).

® Depends on the material response

¢ After initial casting

3.4.2  Microstructural Analysis

To understand the effect of microstructural evolution of CPB on its cyclic behavior,
microstructural analyses were performed on cement paste samples of CPB cured at different ages.
Microstructural analyses include X-ray diffraction (XRD) and thermal analysis (differential
thermogravimetry (DTG), thermal gravimetry (TG)). Before conducting microstructural analysis,
testing samples were first dried at 45 °C in a vacuum oven up to mass stabilization. Thermal
analyses were performed using a TGA Q 5000 IR from TA Instruments. The different (dried)
samples (about 20 mg each) were heated in an inert nitrogen atmosphere at the rate of 10°C per
minute up to a temperature of 1000°C. The XRD tests were conducted using a Rigaku ultima IV
diffractometer that is equipped with cross beam optics.
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35 Results and Discussion

3.5.1 Acceleration and Lateral Deformation

In this section, the results of acceleration and lateral deformation (horizontal displacement) at
different depths within each tested CPB model are presented with respect to curing time (which
reflects the degree of cementation). The combined results of these two parameters can give an
indication of the shear resistance of the tested material at different depths (Takahashi et al. 2001,
Nouri et al. 2006, 2008).

3.5.1.1 Acceleration

Figure 3.7(a-c) shows the peak acceleration histories at different depths during the shaking event
for CPB models cured (aged) for 2.5 hrs, 4.0 hrs, and 10.0 hrs, respectively. This figure indicates
that the curing time or degree of cementation (progress of the cement hydration) and the depth
have an impact on the measured acceleration values. It can be seen that CPB samples cured for a
longer time display higher peak acceleration values than CPB samples cured for a shorter time,
which is more obvious at shallow depths. The recorded acceleration significantly varied with depth
for the models tested at early age (2.5 hrs), while the variation of acceleration with depth was low
and insignificant (negligible) for models tested at later ages: 4.0 hrs and 10.0 hrs, respectively. For
instance, the peak acceleration of the CPB sample cured to 2.5 hrs (Figure 3.7a) was between 0.10g
and 0.125g at 60 cm depth (10 cm above the shaking table), around 0.08g - 0.10g at 40 cm depth
(30 cm above the shaking table), as low as 0.04g — 0.08g at 20 cm depth (50 cm above the shaking
table). On the other hand, for the CPB model cured to 4.0 hrs, the peak acceleration (Figure 3.7b)
at depths 60 cm, 40 cm, and 20 cm was recorded to be around 0.115g — 0.125¢g, 0.100g — 0.110g,
and 0.090g — 0.100g, respectively. For the CPB model cured to 10.0 hrs, the peak acceleration at
all depths was around 0.125¢g — 0.130g. This decrease of the peak acceleration as the age or curing
time of CPB decreases can be attributed to the effect of the degree of cementation on the damping
ratio. Previous studies (e.g. Acar and EI-Tahir 1986, Yang and Woods 2015) have concluded that
the (higher) degree of cementation reduces the damping ratio. This means that the CPBs cured for
a longer curing time will have a lower damping ratio, since longer curing time is related to greater
degree of cementation (cement hydration degree) as evidenced by figures 3.17 and 3.18 and
discussed later. The progress of cement hydration increases the bonds between tailings (soil)
particles and consequently reduce the deformation level of the material (Mamlouk and Zaniewski
2011). The observed significant alteration (reduction) of the acceleration values with the
diminution of the depth in the CPB cured for 2.5 hrs can be attributed to nonlinearity and stiffness
degradation of CPB caused by liquefaction as evidenced by the liquefaction analysis results
presented in section 3.5.3. Excessive increase of the pore water pressure or liquefaction causes a
large deformation of the CPB cured for 2.5 hrs, in which the cementation effect is still weak due
to the lower cement hydration degree (see Figures 3.17 and 3.18). The larger the deformation is,
the greater the damage of the CPB pore structure. Moreover, the greater the dislocation and slip
between the CPB particles (tailings, unreacted cement grains) are, the greater the friction between
particles is, and the greater the material damping ratio would be; in other words, the greater would
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Figure 3.7 Measured peak acceleration histories at different depths vs time for CPB samples cured to
different times: (a) 2.5 hrs; (b) 4.0 hrs and (c) 10.0 hrs.

be the decrease of the acceleration value. This assertion and explanation are consistent with the
results of displacement monitoring as well as with the determination of effective stress and excess
pore-water pressure ratio as discussed later.

3.5.1.2 Lateral (horizontal) displacement
Lateral (horizontal) displacement within liquefiable soils may refer to the deformation of the
structure of these soils as a result of shaking-induced liquefaction. This tendency can be attributed
to the fact that the ground vibration destabilizes the contact between soil particles, which will lead
to a reduction of soil resistance against shaking (Takahashi et al. 2001, Dungca et al. 2006). Figure
3.8(a-c) illustrates the lateral displacement at various depths during the cyclic loading durations
for CPB models cured (aged) for 2.5 hrs, 4.0 hrs, and 10.0 hrs, respectively.

Two key behaviors can be observed from these figures:
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Figure 3.8 Lateral displacement histories at different depths vs times for CPB samples cured to different
times: (a) 2.5 hrs; (b) 4.0 hrs and (c) 10.0 hrs.
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(@) In all models, the lateral displacement decreased with the increase in depth. This behavior
is consistent with the conclusions of several past investigations (e.g. Motamed et al. 2013,
Srilatha et al. 2013). This relationship can be attributed to the shaking-induced increase in
material density due to the dynamic densification (compaction) of the tailings particles
(Zhu and Clark 1994, Anastasopoulos et al. 2010). However, the change in displacement
with depth within the CPB model cured to 2.5 hrs was higher than the variation in
displacement with depth within the CPB model cured to 4.0 hrs. Moreover, there was a
negligible variation in displacement with depth within the CPB model cured to 10.0 hrs.
This reduction is related to the CPB solidification due to progress of the cement hydration
with time. Longer curing means a generation of a larger amount of cement hydration
products (e.g., C-S-H, CH), which in turn enhances the cementation degree or cohesion
of the CPB material (Fall et al. 2010; Yilmaz et al. 2015). This argument regarding the
increase of cement hydration product with time is experimentally substantiated by the
results of TG/DTG on cement pastes of CPB, which are presented (Figures 3.17 and 3.18)
and discussed later.

(b) The magnitude of lateral displacement within the CPB model cured to 2.5 hrs was higher
in value compared to the CPB model cured to 4.0 hrs, while there was low or insignificant
lateral displacement within the CPB model cured to 10.0 hrs. This decrease of lateral
displacement with progress of curing time is the consequence of the increase in bonds
between the tailings particles with the increase in curing time due to the progress of
cement hydration (Mamlouk and Zaniewski 2011) (Figures 3.17 and 3.18).

Comparative analysis of the results presented in Figures 3.7 and 3.8 suggests that the bonds
between CPB particles cured to 2.5 hrs were low to resist the cyclic-induced shear stress, while
those between the particles of the 4.0 hrs-CPB were stronger and thus had higher shear resistance,
which minimizes the acceleration and lateral displacement change. Also, the bonds between the
CPB particles cured to 10.0 hrs were high enough to resist the shear stress coming from the laminas
and made the FLSB act as a rigid box. These facts strengthen the assumption that the CPB model
cured to 2.5 hrs might be susceptible to cyclic loading-induced liquefaction, and the CPB material
cured to 4.0 hrs and 10.0 hrs, are more resistant to liquefaction and ground movement.

3.5.2 Evolution of Pore Water Pressure, Effective Stress and Settlement

3.5.2.1 Pore-water pressure

Figure 3.9(a-c) illustrates the changes in pore water pressure (PWP) at various depths with time
within the CPB models cured for 2.5 hrs (Figure 3.9a), 4 hrs (Figure 3.9b), and 10 hrs (Figure
3.9¢), respectively, before, during and after cyclic loading (i.e., from deposition time to about 24
hours).
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Figure 3.9 Pore water pressure histories at different depths vs times for CPB samples cured to different

times: (a) 2.5 hrs; (b) 4.0 hrs and (c) 10.0 hrs.
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(i) Before shaking: as can be seen in Figure 3.9a, during the first 1 hour (3600 sec) after the
disposal of the fresh CPB, there was first a rapid increase in the PWP in all depths of each CPB
model. This increase in PWP is mainly attributed to the self-weight settlement and rearrangement
of the tailings particles at the very early age, which decreases the volume of voids (Yilmaz et al.
2012). Subsequently, the PWP rapidly decreases due to the self-desiccation of cement (Helinski et
al. 2007, Ghirian and Fall 2014, Scrivener et al. 2015). The latter is experimentally supported by
the suction monitoring results presented in Figure 3.10 and discussed later. Moreover, the water
evaporation should be considered as an additional factor in decreasing the PWP near the surface
of the CPB samples.
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Figure 3.10 Suction evolution at different depths of the CPB sample

(ii) During shaking: prior to applying cyclic loads, initial conditions (hydrostatic conditions)
of the CPB material were determined. When shaking began, as expected, there was a quick increase
in pore water pressure at all depths within the CPB materials cured to 2.5 hrs and 4.0 hrs until
reaching peak values, while there was no rise in pore water pressure in the 10-hrs-old CPB.
Moreover, as expected, this increase is bigger at greater depth. This buildup of pore water pressure
is related to the generation of excess pore water pressure due to the contractive behaviour of the
saturated backfill material or particles (Bouckovalas et al. 2009, Saebimoghaddam 2010, Jefferies
and Been 2015, Porcino et al. 2015) (Figure 3.12; will be discussed below). However, the increase
in pore water pressure within the CPB sample cured to 2.5 hrs was much higher than the increase
in pore water pressure within the CPB sample cured to 4.0 hrs. This can be explained by the joint
effect of the following factors: (i) the increase in water consumption by cement hydration (higher
self-desiccation) as the curing time increases (i.e., progress of cement hydration) (Scrivener et al.
2015), and (ii) the precipitation of more cement hydration products as the curing time increases
(Figure 3.17 and 3.18), which in turn enhances or strengthens the cementing bonds between the
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tailings particles (Saebimoghaddam 2010, Ghirian and Fall 2013, Scrivener et al. 2015), and thus
reduces the contraction of the CPB materials (Figure 3.12).

(iii) After shaking: after the end of shaking, the pore water pressure first slightly increased
with time (i.e., regardless of the progress of cement hydration) at the depths of 20 and 40 cm for
the CPB models cured to 2.5 hrs and 4.0 hrs (with different magnitudes). This slight increase in
PWP at these depths was then followed by a gradual decrease of the PWP until the end of the
monitoring period. However, the PWP gradually decreased at the depth of 60 cm for the CPBs
mentioned above after the end of shaking. This observed slight increase in PWP at shallower
depths (20 and 40 cm) may be explained by the settlement or contraction of some tailings particles,
which might have been partly in suspension at the end of the cycling loading. This contraction
generated additional pore water pressure (Pépin et al. 2009). The aforementioned decrease of pore
water pressure observed at all depths is mainly due to the self-desiccation (water consumption by
cement hydration) (Ghirian and Fall 2013). However, at shallow depths (close to the CPB surface)
of each sample, an additional factor contributes to the dissipation of the pore water pressure. This
factor is the surface evaporation. Figures 3.9(a-c) show that the pore-water pressure at the shallow
depth (20 cm) of each sample declined to less than the hydrostatic pore-water pressure. This
phenomena can be explained by the combined effect of (i) self-desiccation due cement hydration
(Ghirian and Fall 2013) and (ii) near surface evaporation due to the difference in relative humidity
of the CPB surface and the ambient air (Abdul-Hussain and Fall 2012). This argument regarding
surface evaporation was experimentally confirmed in this study by determining the evaporation-
induced reduction in water content of a CPB material (prepared with the same mix components
and conditions as the CPB used in this study) exposed to environmental conditions (relative
humidity, temperature) similar to those in which the shaking tests were conducted. It was found
that when the CPB sample is exposed to those conditions (temperature of 25°C, and RH of 24%),
about 60% of the water loss (reduction in CPB water content) near the surface of the CPB samples
was related to evaporation.

3.5.2.2 Effective stress

The evolution of effective vertical stresses at various depths during the shaking durations for CPB
models cured (aged) for 2.5 hrs, 4 hrs, and 10 hrs, respectively, are shown in figure 3.11(a-c).
During shaking, these stresses decreased from their initial values in the samples cured to 2.5 hrs
and 4.0 hrs. This decrease is due to the excess pore pressure development (Figures 3.9a and b) as
result of the contraction of CPB particles. However, in samples cured to 10.0 hrs, the effective
stresses remain constant during shaking durations because there was no significant excess pore
water pressure generation as shown and discussed previously (Figure 3.9c).
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3.5.2.1 Settlement (vertical displacement)
In this study, downward displacement (settlement) was recorded at different depths within the CPB

models during shaking. This can give an indication about the contractive behavior of the CPB
particles and the increase in the backfill density (Ueng et al. 2006, Pépin et al. 2012b). Settlement
time histories measured during the shaking at different depths within the CPB models cured (aged)
for 2.5 hrs, 4.0 hrs, and 10 hrs, respectively, are shown in Figure 3.12(a-c). This figure depicts that
the CPBs cured for 2.5 hrs and 4.0 hrs show significant settlement, whereas the CPB cured for 10
hrs shows negligible settlement (< 2 mm). This observed settlement indicates a contractive
behaviour of the tailings particles (or volume change of the CPB) induced by the shaking. It can
be also seen that the amount of settlement or contraction (volume change) within the CPB cured
to 2.5 hrs was higher than its values in the backfill cured to 4.0 hrs and 10 hrs. This observation
suggests that the longer the curing time or the higher cement hydration degree, the lesser the
settlement induced by the shaking. This behaviour, which is consistent with the results of PWP
measurements and liquefaction analysis discussed in sections 3.5.2.1 and 3.5.3, respectively, is
due to the fact that a greater cement hydration degree causes the precipitation of more cement
hydration products (see Figures 3.17-18), thereby increasing the density and strength of the CPB
material (Fall et al. 2010, Scrivener et al. 2015). Consequently, the contracting behaviour or
settlement of the CPB becomes smaller (Seed et al. 1975, Tokimatsu and Seed 1987) during
shaking. From figure 3.12, it can be also observed that the settlement of CPB cured for 2.5 hrs and
4.0 hrs varied with the measurement depth. The settlement becomes smaller as the depth increases.
On Figure 3.12a, the recorded displacement at the depth of 20 cm became higher than expected
after 800 seconds because the plastic plate that was installed at this depth was shifted due to the

excessive movement.

3.5.3 Liquefaction Analysis
Figure 3.13(a-c) shows a comparison of the excess of PWP development (during shaking) at

different depths and curing times for all CPB models. The excess of PWP in the CPBs cured to 2.5
hrs and 4.0 hrs varied with depth and shaking time, while there was no excess pore water pressure
development during shaking within the CPB cured to 10.0 hrs. The excess pore-water pressure
ratio (R,), which is the ratio between the excess pore-water pressure (Au) and the initial effective
stress (o), was used as the evaluation factor of soil liquefaction susceptibility. Liquefaction is

generally defined as R,, = 1, while if R, < 1, there is no liquefaction (Wu et al. 2004).

82



Chapter 3

Time [Sec)
:EI} 0 200 40D 800 820D 1000 1200 1400 1800 1800 2000

End of Shaking |
\1 |
|
I

= 20
E
L%
= an
z
E ap
E
w 50
=+ Surface
80

+ & aa Depth: 40 cm
TOL —— Depth: 80 cm

I
|
I
Depth: 20 cm {
I
[
I

Time (Sec)
(b) o 200 400 S00 200 1000 1200 1400 1800 1200 2000

[
End of Shaking |
|
B L R e
E 1
E" 30
E 40
z
om

= Surface
g0 | = Depth: 2D cm
= ww v Depth: 40 cm

|
I
|
I
|
B0t |
|
[
|
[
|

TO [ == = Depth: 80 cm
80
Time { Sec)
(c)0 200 400 00 00 1000 1200 1400 1600 1300 2000
|
0.0 pyr i
10 | S
i I
7 2ot |
5 End of Shaking |
= a0} I
[ =
g I
E ant I
£ I
- |
| == Surface |
&0 Depth: 20 cm I
[ aawe Depth: 40 cm |
7.0 = = Depth: 60 cm |
8.0 I

Figure 3.12 Settlement at different depths vs times for CPB samples cured to different times during
shaking: (a) 2.5 hrs; (b) 4.0 hrs and (c) 10.0 hrs.

83



Shaking Table Testing of the Behavior of Fine-Grained ...

(a) 7o

Depth: 20 cm End mShal‘j”Q

[
I
w&aw Depth; 40 cm I
5o 4 — = Depth: 60 cm |
— e — —_"l_

—p—

40 ,\-""_‘—‘———"—"""'

)
S 3044
3

|

|

|
20 -f-"'-"""'-'"!!!1'!"‘!.-.i-ttlil|d-|

|
|
|
0.0 |
|
A0 — |

0 200 400 800 &S00 1000 1200 1400 1800 1800 2000
Time (Sec)

End of Shaking
6.0 Depth: 20 cm
= #&#» Depth: 40 cm \

I

|

[

[

5.0 4 = = Depth: 80 cm |
I [

[

|

I

f—'_————_—.—__.—-i——-l—-i—l"-"

2.0 -f |

*'l'l-illi-.iiiiiii".l--'+-

0 200 400 600 200 1000 1200 1400 1500 1800 2000
Time (Sec)

Depth: 20 em End of Shaking

801 weasDepth 40 cm \
= = [Depth: 60 cm

I
=1.0 T T T T T T T T |I

0 200 400 G600 300 1000 1200 1400 1500 1800 2000
Time (Sec)

Figure 3.13 Excess pore water pressure (Au) development at different depths vs times for CPB samples
cured to different times: (a) 2.5 hrs; (b) 4.0 hrs and (c) 10.0 hrs.

84



Chapter 3

Figure 3.14(a-c) presents the pore-water pressure ratios determined during shaking of the CPB
samples cured to 2.5 hrs, 4.0 hrs, and 10.0 hrs, respectively. It can be seen that CPB samples cured
to 2.5 hrs are susceptible to liquefaction (R, = 1) under the applied cyclic loading conditions,
while samples exposed to shaking after 4.0 and 10.0 hrs of curing were resistant to liquefaction
(R, < 1). Inother words, the more time that is given to cement to act, the less susceptible to cyclic-
induced liquefaction the CPB will be. This increase of liquefaction resistance of CPB as the curing
time increases is due to the coupled influence of the following two factors as discussed below: (i)
production of more cement hydration products within the CPB pores due to progress of the cement
hydration, which enhances the cementation or cohesion between the tailings particles, and thus
increasing the shear strength of the CPB material. The latter obviously results in the increase of
the liquefaction resistance of the CPB; and (ii) the water consumption by the cement hydration
(self-desiccation), and thus decreasing the pore water pressure or excess of pore pressure within
the backfill. This is obviously associated with a rise of the effective stress within the CPB, and
consequently with an increase of the liquefaction resistance of the cementing backfill.

(i) Production of more cement hydration products

The production of more cement hydration products as the curing time becomes longer is
experimentally supported by the results of the microstructural analyses (thermal analysis
(TG/DTG) and x-ray diffraction (XRD) analyses) performed on CPBs cured to different ages, 1h
and 4hrs, (Figures 3.17 and 3.18), respectively.

From figure 3.17, it can be seen that the first peak (DTG) or modification in weight (TG) is
found between 100-200°C, which refers to the decomposition of the cement hydration products,
such as ettringite, gypsum and C-S-H (Fall et al. 2010, Wang et al. 2016), while the second peak
or weight change occurred at around 400-500°C as a result of the disintegration of CH (Noumoweé
1995, Zhou and Glasser 2001). Finally, the third peak or weight change is observed between 600-
700°C due to the decomposition of the calcite (Noumowé 1995, Zhou and Glasser 2001, Fall et al.
2010, Haigiang et al. 2016). Moreover, by comparing the TG/DTG diagrams of the CPB cured to
1.0 hr and 4.0 hrs, it can be clearly noticed that the first and second peaks or weight changes are
higher for CPB cured to 4.0 hrs, thus indicating that the amount of hydration products (such as CH
and C-S-H) generated increases with a longer curing time. These thermal analysis results are
consistent with the results of XRD analysis conducted on CPB samples cured to 1.0 hr and 4.0 hrs,
respectively, and presented in figure 3.18 (a, b). This figure shows the types and relative amounts
of the cement hydration products (e.g., ettringite, gypsum, CH, C-S-H) formed within the CPB
samples. It is observed that some of these products have a higher intensity in the CPB sample cured
for 4.0 hrs. In other words, more hydration products were formed in the older than the younger
sample. For instance, the intensity of the ettringite at 9° — 26 is 260 CPS and 300 CPS in the case
of CPB samples cured to 1.0 hr and 4.0 hrs, respectively. Similarly, the ettringite intensity at 22° —
26 is 160 CPS and 200 CPS in the case of CPB samples cured to 1.0 hr and 4.0 hrs, respectively.
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Figures 3.15 and 3.16, which present the results of the monitoring of the time-dependent
evolution of the temperature and EC at different depths of the CPB models, respectively, show
that the rate or progress of the cement hydration, in other words, the amount of cement hydrations
formed within the CPB, is relatively similar at all depths of the CPBs. Indeed, from these figures,
it can be seen that there is almost an overlap of the time-dependent evolution curves of the
temperature and EC at all depths. Moreover, the time required to reach the peak values of EC is
similar for all depths. The initial increase of the EC up to the peak value (Figure 3.16) is due to an
increase of the concentration of ions in the CPB pore water solution because of the dissolution of
cement grains. The observed decrease of the EC after the peak value results from the combined
effects of the following factors: (a) start of the development of cement hydration products, (b)
decrease of the free water, and (c) refinement and subdivision of the capillary pores (Salem and
Ragai 2001, Courard et al. 2014).

(i)  Self-desiccation of CPB

Self-desiccation of cementitious material, a mechanism caused by cement hydration, can be
simply described as the reduction of net total volume of water and solid particles or total volume
of the material as a result of the process of cement hydration (Li and Fall 2016), leading to a
reduction in PWP and/or a generation of negative pore water pressure (suction) (Ghirian and Fall
2013). Accordingly, the effective stress and strength of these materials increase as self-desiccation
takes place (Abdul-Hussain and Fall 2012, Fredlund et al. 2012, Ghirian and Fall 2014). Figures
3.19 and 3.10, which show the evolution of the volumetric water content (VWC) and suction in
the CPB at different depths, respectively, support the fact that self-desiccation did take place in
the CPB. A gradual increase in the volumetric water content (VWC) in the first hours at all depths
of the CPB material can be observed in Figure 3.19. The VWC reached its peak value after 6 hrs.
Afterward, it experienced a slight decrease and then remained relatively constant till the
completion of the monitoring period. This increase in VWC is attributed to the self-desiccation
induced decrease of the total volume of the CPB since the VWC expresses the ratio of volume of
water to the total volume of the soil. Moreover, the amount of water or water content decreased
during this period as evidenced by the suction measurements results presented in Figure 3.10. This
figure shows a small suction has developed in the CPB shortly after its disposal into the laminar
shear box. Then, the suction value increased until reaching its peak after 6hrs. Afterward, the
suction decreased slightly and then remained relatively constant until the end of the monitoring.

This generation of suction and its increase can be explained by the fact that the chemical
reactions of the cement hydration result in the consumption of water in the capillary pores of CPB
(Wang et al. 2016), which decreases the water content in the hydrating backfill. The reduction of
water content in the backfill or soil allows air to enter the pores between tailings or soil particles
and thus generate air bubbles. Consequently, this turns the backfill or soil from saturated condition
to partially saturated conditions (Fredlund et al. 2012). This effect was experimentally confirmed
in this study, as it was noted that the degree of saturation decreased from 100% (immediately after
casting) to around 94% - 96% (after about 2 hours). This reduction in water content leads to a
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decrease of the pore water pressure, in other words to an increase of the effective stress, and thus
to an increase of the liquefaction resistance of the CPB. Moreover, the presence of air bubbles
inside the pores of a soil will enhance its liquefaction resistance, because the air can absorb the
generated excess PWP by reducing its volume (Okamura and Soga 2006).
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Figure 3.19 Change in volumetric water content at different depths of the CPB samples.

3.6 Summary and Conclusion

This manuscript has evaluated and discussed the geotechnical response (e.g., deformation, excess
of pore water pressure, effective stress, liquefaction potential) of paste backfill undergoing
cementation to cyclic loadings by using the shaking table testing technique. This assessment was
conducted by applying cyclic loading on paste backfill models cured at different times (2.5 hrs,
4.0 hrs and 10.0 hrs), which were casted in a flexible laminar shear box. The paste backfill models
were also instrumented with numerous sets of sensors and transducers to monitor the evolution of
several parameters (pore water pressure, suction, lateral and horizontal displacement, acceleration,
temperature, electrical conductivity) before, during and after shaking. The obtained results show
that the acceleration, horizontal and vertical displacement and excess pore water pressure of the
CPB under cyclic loading are significantly affected by the curing time or the degree of cement
hydration and the depth in the CPB. It is also found that the seismic loading has no significant
influence on the progress of the cementation hydration. Moreover, young (2.5 hrs old) CPB
material can be susceptible to liquefaction, whereas older CPBs (curing time > 4hrs) are resistant
to liquefaction under the studied cyclic conditions. This resistance to liquefaction is due to the
combined effect of two factors: (i) the strengthening of the cementation between the soil (tailings)
particles, which increases the shear resistance of the CPB material; (ii) the self-desiccation, which
decreases the pore water pressure or leads to the development of suction (due to generation of air
bulbs) within the backfill, and thus increasing of the effective stress in the CPB. The extent of
these effects depends on the curing time, and it increases for a longer curing time. These relatively
large-scale 1-g tests on CPB are time consuming and expensive; however, they have facilitated a
better understanding of the cyclic behaviour and liquefaction potential of CPB at early ages as well
as provided information and data that are useful for liquefaction assessment of CPB structures, and
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also for future development of constitutive models to describe and predict the cyclic behaviour of
hydrating paste backfill or soil undergoing cementation.
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41 Abstract

Cemented paste backfill (CPB) is extensively used for underground mine support and/or tailings
management. However, CPB behavior under cyclic loadings might be affected by the chemistry
of its pore-water, which often contains sulphate ions. Till today, no studies have addressed the
effect of sulphate on the response of CPB to cyclic loadings by using shaking table technique. This
manuscript presents new findings of assessing the effect of the sulphate in the pore water of CPB
on its geotechnical response to cyclic loading by using shaking table. CPB mixtures were prepared
(with and without sulphate), poured into a flexible laminar shear box, cured to 4.0 hours, and then
exposed to cyclic loading using 1-D Shaking table. Several parameters (e.g. pore water pressure,
settlement, lateral deformation, acceleration, electrical conductivity, effective stress, liquefaction
susceptibility etc.) were monitored or determined before, during, and after shaking. Obtained
results indicate that the sulphate-bearing CPB cured to 4.0 hours can be prone to liquefaction under
the studied conditions. However, sulphate-free CPB samples are resistant to liquefaction. These
results are expected to contribute to a better understanding of the effect of water chemistry on the
cyclic behavior of CPB, consequently enhancing the cost-effective design of CPB structures.

Keywords: Cemented paste backfill; Liquefaction; Shaking table; Tailings; Mine; Sulphate

4.2 Introduction

Mining is one of the industries that have been significantly influencing the world economy. For
instance, in 2017, mining activities produced total revenue of around 20 billion USD in Canada,
and around 600 billion USD around the world (Statista 2019). However, these activities may
involve several environmental, economic, and safety challenges, such as the production of huge
quantities of mining solid wastes like tailings, that become a potential source of environmentally
harmful substances or processes (e.g. acid mine drainage, heavy metals) if they are improperly
deposed. Also, mining extraction creates large underground openings (stopes) that expose the
surrounding areas to several geotechnical hazards, such as ground subsidence. Moreover, the
safety of people in the mine workplace and the surrounding area can be endangered owing to the
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instability of these underground openings beside the economic damages of the failed mine ground
(Ghirian and Fall 2015, Aldhafeeri et al. 2016).

One of the solutions to deal with these challenges was developed by reusing these mine
wastes (tailings) and mixing them with certain percentage of water and binder materials (e.g.
cement). This mixture is called cemented paste backfill (CPB). This novel method of waste
management allows large amount of mining wastes (tailings) to be returned to the mine stope. It
can also improve the short and long-term stability of the stopes besides ensuring the safety of the
workers in the mine and the neighboring areas (Landriault et al. 1997, Abdul-Hussain and Fall
2012, Thompson et al. 2012, EI Mkadmi et al. 2014). CPB is considered as a fine-grained (silt)
soil undergoing cementation from a geotechnical point of view.

Typically, CPB mixture consists of 70% - 85% of tailings, fresh or mine processed water,
and often 3% - 7% (by total weight of solid) of hydraulic binder (usually cement). These
components are generally mixed and prepared in paste backfill plant usually located on the mine
surface. Afterwards, the prepared paste is delivered into the mine stope by gravity and/or pumping
(Ercikdi et al. 2009b, Aldhafeeri and Fall 2016, Haigiang et al. 2016, Li and Fall 2016, Walske et
al. 2016, Xue et al. 2020). CPB is extensively applied in mine backfilling as it can be produced
and delivered to the mine stope in a short period, leading to complete the stope backfilling process
in a matter of days, whereas it might take weeks or months with older backfilling methods. This
allows additional revenue to be generated (Ercikdi et al. 2009a, Thompson et al. 2009, Yilmaz et
al. 2009).

There are several occasions at which the underground mines can be exposed to cyclic
loadings. The origins of these cyclic loadings are either natural earthquakes or mining-induced
seismic events. Mining-induced seismic events include many sources; fault slip (earthquake),
rockburst (violent ejection of rock into mine opening), pillar burst, bump (sudden slip of a quasi-
viscous seam, such as coal at great depth or a tremor of unknown origin), and outburst (sudden
violent ejection of coal into mine opening). They also include pillar punching, disturbance of
geological structures due to active longwall mining, failure of overburden strata, and events of coal
bursts (Hasegawa et al. 1989, Ahn et al. 2017). The high rate of volume extraction and the depth
of mining increase the frequency and severity of mine-induced seismic events (Hasegawa et al.
2009). Due to the low availability of ores in shallow depths and the increase in the rates of the
greater volume extraction, it is noted that underground mining operations around the world have
significantly increased with greater volume and at greater depths. Thus, more severe and/or
frequent seismic events are expected, so the risk of cyclic-induced liquefaction of CPB structures
at the early ages could increase. Liquefaction-induced failure of CPB structures can cause injuries
and/or fatalities in the mine workers and the surrounding public besides having negative
environmental impacts and economic damages (Poulos et al. 1985, Fall and Samb 2008, Abdelaal
2011, Becker et al. 2014). Therefore, understanding liquefaction potential of CPB under cyclic
loading conditions at the early ages is critically important for a cost-effective and safe design of
CPB structures.
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Nevertheless, only a limited number of experimental studies (e.g. Saebimoghaddam 2010,
Abdelaal 2011) have been conducted to assess the behavior and liquefaction potential of early aged
CPBs under cyclic loading conditions. Moreover, all these previous studies examined the cyclic
behavior of CPB by applying cyclic loading on small-size CPB samples using common small
cyclic triaxial test apparatus (Saebimoghaddam 2010, Abdelaal 2011). None of these previous
studies have evaluated the effect of sulphate (present in the pore water of CPB) on the response of
CPB to cyclic loading.

Previous studies have concluded that they are several sources of sulphate in CPB systems.
These sources include, (i) the oxidation of sulphide minerals (such as pyrite) that are commonly
present in hard rock tailing materials; (ii) the mine processing water used as the mixing water in
CPB preparation; (iii) sulphur dioxide and air method used in the elimination of cyanide in gold
mines; and (iv) chemical additives (such as gypsum and anhydrite) that are often added to the
clinker to control the cement setting (Ercikdi et al. 2009b, Pokharel and Fall 2013, Ercikdi et al.
2017, Aldhafeeri 2018). Several previous studies (e.g. Fall and Pokharel 2010, Li and Fall 2016)
were undertaking on the sulphate-induced changes in the mechanical or geotechnical behavior of
CPB under static loading conditions. These studies have revealed that the sulphate ions in the pore
water of CPB can significantly deteriorate its static mechanical properties (strength), and thus
jeopardize its mechanical stability. However, the fundamental question whether the sulphate ions
in the pore water of CPB can deteriorate its liquefaction resistance when subjected to cyclic
loadings still remains unanswered. There is a need to address this knowledge gap, since CPB often
contains sulphate ions, which are commonly originated from the mine processed water (used as
mixing water) and/or the tailings as noted above.

In addition to the facts mentioned above, no study has been conducted to assess the
behavior and liquefaction potential of sulphate-bearing CPB by using shaking table testing
techniques. Shaking table has become a valuable tool to assess and comprehend the cyclic response
of geomaterials and engineering structures since the mid of the past century despite its high cost
and the difficulty in reproducing or simulating the in situ stress (Moncarz and Krawinkler 1981,
Bairro and Vaz 2000, Ngadimon 2006). Nowadays, shaking tables are being used in numerous
researches. For instant, numerous studies, such as (Bairro and Vaz 2000, Prasad et al. 2004,
Dungca et al. 2006, Ueng et al. 2006, Chen et al. 2013, Mohamed 2014, Guoxing et al. 2015,
Komak Panah et al. 2015), have evaluated the behavior and liquefaction potential of natural soils
subjected to cyclic loadings, where only few researches (e.g. Poulos et al. 1985, James et al. 2003,
Pépin et al. 2009, Ozgen et al. 2011, Pépin et al. 2012a, Pépin et al. 2012b) have used shaking
table to assess the cyclic behavior of tailings (without cement). Nevertheless, there are no studies
to date that have been conducted to assess the effect of sulphate on behavior and liquefaction
potential of early aged tailings undergoing cementation under cyclic loadings by using shaking
table.
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Accordingly, this study aims at using shaking table technique to understand the effect of
the chemistry of the pore water (sulphate content) of hydrating CPB material on its geotechnical
behavior and response, particularly liquefaction potential, at the early ages during cyclic loadings.

4.3 Materials and Equipment Used in the Experiment

4.3.1 Materials

Silica Tailings (ST), which is synthetic tailings material (manufactured by the U.S. Silica Co.)
made of ground silica, was used in this study as the key component of CPB mixtures. The grain
size distribution of ST is similar to the average grain size distribution of nine mine tailings (9MT)
extracted from nine different mines in eastern Canada (Figure 4.1). The minerals of the ST are
essentially made of quartz, which is the predominant mineral in Canadian hard rock mine tailings.
ST was selected in this study thanks to the high percentage of silica (99.8% SiO>) within ST, which
makes ST a chemically inert material and reduces the uncertainties related to the use of natural
tailings to a minimum level by minimizing/controlling the potential chemical interactions of the
tailings with other ingredients in the CPB mixture (Carraro et al. 2009, Fall et al. 2010, Aldhafeeri
and Fall 2016, Haigiang et al. 2016). Physical properties of the tailings used in this study have
been illustrated in Figure 4.1 and Table 4.1.
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Figure 4.1 Grain size distribution of the silica tailing (ST) vs average grain size distribution of tailings

extracted from nine Canadian mines (9MT).
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Table 4.1 Primary physical properties of the tailings

Tailings Gs D10 (um) D30 (um) Dso (um) Deo (um)
ST 2.7 1.9 9.0 225 315

To improve the mechanical properties of CPB, sufficient amounts of binder, such as
Portland cement (PC), are usually added to a mixture of tailings and water. In this study, the binder
agent used in the preparation of CPB mixtures is Portland cement type | (PCI) (Table 4.2), which
is the most frequent binder used in the preparation of CPB worldwide. Tap water was used as
mixing wat.

Table 4.2 Primary physical and chemical properties of the Portland cement type | (PCI)

Gs  SSA® (m2g) Ca(wt%) Si(Wit%) Al (Wi%) Fe (Wi%) Mg (wt%) S (wi%) Si/Ca

3.15 1.32 44.9 8.4 2.4 1.9 1.6 15 0.2

* Specific Surface Area

4.3.2 Preparation of Paste Backfill Mixture

In this study, two CPB specimens were prepared. In both specimens, ST was mixed with PCI (4.5
wt%) and water, with water-cement ratio (w/c) of 7.6. CPB specimens were mixed for 10 min in
order to obtain homogenous mixture. The degree of water saturation (S) of the prepared CPB was
determined to be equal to 100%. Also, the slump of the prepared backfill mixture was tested
according to (ASTM C143/C143M-15a 2015), and it was found to be equal to 18 cm, which is one
of the most frequent slump values being used in paste backfill operations in Canadian mines. In
order to determine the effect of the chemistry of mixing water, sulphate salt (FeSO4 7H20) was
added to one of the CPB specimens. The initial content of the chemical additive was determined
to be 5000 ppm. The other CPB specimen was prepared without adding sulphate.

Afterwards, CPB mixtures were poured into the developed laminar shear box (described
below). To avoid changes in water content due to evaporation, laminar shear box with CPB
mixtures was sealed and kept in a room with stable temperature (~20° C) for curing until reaching
the testing age of 4 hours. It should be underlined that, after its placement, the CPB specimen is
expected to undergo some self-weight consolidation. This is because the self-weight pressure of
the CPB material can induce consolidation of the pore voids generated due to self-desiccation, as
observed in previous studies (e.g. Ghirian and Fall 2014). Detailed testing program is described in
Section 4.4.

4.3.3 Shaking Table

Dynamic loading was simulated in this study by applying series of one-dimensional (longitudinal)
sinusoidal cyclic motion on the CPB samples. In this regard, the shaking table of the University of
Ottawa was used (Figure 4.2).
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The platform of this shaking table is around ~1200 mm x ~1060 mm with a maximum base
shear capacity and displacement limit of 27 KN and 120 mm, respectively. The shaking ranges
from 1 to 17 Hz and is driven by a digitally controlled hydraulic actuator (Mohamed 2014).

Force .
Transducer Actuator Hydraulic
Piston Actuator

Steel
C-channel 1200 mm

Figure 4.2 Shaking table used in this study

In order to evaluate the cyclic behavior of CPB using the shaking table, a Flexible Laminar
Shear Box (FLSB) (Figure 4.3) was used. The FLSB was designed and built at the Faculty of
Engineering of the University of Ottawa for this research program.

The FLSB consists of 30 horizontal laminas, made of aluminum alloy box sections of 3.17
cm x 3.17 cm, with inner dimensions of each lamina of 75 cm x 75 cm. In order to ensure the
independent movement of each lamina, the FLSB was designed to have a clearance spacing of 0.2
cm between each lamina (2 mm gap between every 2 adjacent laminas). Accordingly, the total
capacity of assembled FLSB is 75 cm x 75 cm x 1000 cm.

To contain/hold the CPB mixture, a flexible polyethylene membrane with a maximum
thickness of 0.5 mm was placed inside the FLSB. Owing to its high flexibility, the membrane
shows no (or negligible) effect on the movement of the FLSB (Mohamed 2014). The FLSB and
the membrane were securely attached to the platform of the shaking table. The prepared CPB
mixture was poured into the FLSB, with a final dimension of each tested CPB sample of 75 cm x
75 cm x 70 mm.
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Figure 4.3 Flexible Laminar Shear Box (FLSB) used in this study

Numerous instruments or sensors were placed at different depths within the CPB model
(FLSB and its content) as shown in Figures 4.4 & 4.5 and are described below.
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Figure 4.4 Schematic view of the FLSB and instruments locations.

105



Chemically Induced Changes in the Behavior of ...

Figure 4.5 Instrumented FLSB: (1) Pressure transducers, (2) Accelerometers, (3) Cable transducers, (4)
LVDT, (5) MPS6 sensors, and (6) 5TE sensors.

- Pressure transducers (Item 1 in Figure 4.5) were used to monitor the change in pore-water
pressure before, during, and after applying the dynamic load. These transducers were placed
at different depths (20 cm, 40 cm, and 60 cm) of the CPB samples inside the FLSB. The
pressure transducers of PX309 series (-15 to +15 PSI range and +0.25% static accuracy) were
used in this regard. The dimensions of each transducer was 7.6 cm (length) x 2.2 cm
(diameter).

- Accelerometers (Item 2 in Figure 4.5) were used to measure the shaking acceleration.
Endevco — 7593A accelerometer with a full-scale range of +2g and frequency response of 0 —
50 Hz were used and attached to the external side of the FLSB, and screwed with the lamina
that is related to each testing depth of (20 cm, 40 cm and 60 cm). In addition, another
accelerometer was attached (screwed) to the shaking table to monitor its acceleration. The
dimension of each accelerometer was 1.5 cm (length) x 1.5 cm (width) x 1.1 cm (height).

- Cable transducers (Celesco SP2-12 compact string with 317 mm range, and essentially infinite
resolution (Item in Figure 4.5) were used to measure:

a. The horizontal displacement of the CPB sample at different depths (20 cm, 40 cm, and
60 cm). These transducers were attached to the outside of the FLSB at the depth related
laminas.
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b. The vertical displacement of the CPB sample at different depths of 20 cm, 40 cm, and 60

cm. These transducers were attached to thin metal rods connected to 20 mm thick, 20 mm
x 20 mm, lightweight, perforated plastic plates that were installed at the three different
depths within the sample. These plates were perforated to minimize its displacement due

to seepage pressure. These metal rods were installed within cylindrical guidance towers

(Figure 4.6) (made of thin metal mesh sheets) in order to avoid unwanted

movement/tilting of these metal tubes during shaking process. Guidance towers were
connected to the shaking table in order to avoid being a reinforcement factor and to allow

the whole system to follow the same motion rhythm.

Cable Transducer
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Figure is notto scale

Figure 4.6 Schematic view of the guidance towers and related instrumentation setup.

Linear variable differential transformer (LVVDT) (Item 4 in Figure 5) was used to monitor the

vertical displacement of the surface of the CPB sample. In this regard, HCD-1000 LVDTs of

2.5 cm range were used.

Suction sensors (Item 5 in Figure 4.5) were used to monitor the suction development with
time during CPB curing duration. Dielectric water potential sensors (ECH2-MPS6 sensors)

that were designed to measure soil water potential were installed at different depths (20 cm,
40 cm, and 60 cm) within the sample. Measurement range of these sensors is -9 to -100,000
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kPa with a resolution of 0.1 kPa and its accuracy is +10% of reading + 2 kPa, from -9 to -100
kPa. The monitoring of suction also enables to assess the self-desiccation of CPB.

- VWC/EC/Temp. sensors (Item 6 in Figure 4.5) were used to monitor the changes in electrical
conductivity (EC), the volumetric water content (VWC), and temperature. The ECH2-5TE
sensor was used. This sensor measures electrical conductivity (EC) in the range of 0-23 dS/m
with the accuracy of £0.1. It measures volumetric water content (VWC) in the range of 0-80%
with the accuracy of £0.01 from 1 to 40% and the accuracy of £0.15 from 40 to 80%, whereas
the temperature measurement accuracy is £1°C. These sensors were installed at different
depths (0.20 m, 0.40 m, and 0.60 m) within the sample. Changes in EC reflect the rate of ion
movement due to the chemical reactions between cement and water. Monitoring EC is an
effective way to assess the cement hydration progress and the related structural changes (Li
and Fall 2016). On the other hand, monitoring the VWC enables to assess the self-desiccation
of CPB (capillary water consumed by the cement hydration) as well as the water flow within
the CPB mass. The monitoring of the temperature provides valuable information about the
progress of the cement hydration.

The pressure transducers, multi-function sensors, 5TE, and suction sensors, MPS-6, were
connected to the guidance towers to avoid any changes in their positions. Transducers,
accelerometers and LVDT were connected to signal conditioning and Data Acquisition Systems
(DAQS), while 5TE and MP6 sensors were connected to Decagon Em50 series data loggers.
DAQS and Em50 were connected to computer in order to record/analyze the required data at
almost 1 sec interval during shaking and 10 min interval before and after shaking. Furthermore,
digital camera was used to record each step of the testing program (mixing, installation, and
shaking operation).

4.4  Testing Program and Procedure

The main goal of the testing program is to assess the influence of the chemistry of mixing water
on the behavior of CPB material during shaking. It should be underscored that the objective is not
to evaluate the cyclic behaviour of CPB structure, but rather of the CPB material, with sulphate.
Indeed, simulating the cyclic response of a CPB structure that can be up to 100-120 m high by
using shaking table testing technique needs the use of an extremely large-scale shaking table
testing facility to consider a reasonable height or the full size of the CPB structure and/or its
complex in situ stress, which is an extremely or unrealistic costly approach, or to properly scale
down the parameters of the model experiment based on the similitude laws. However, it is not
possible to ensure that all or key factors meet the similitude laws in the 1-g gravity field, if a full
field scale prototype model is considered, due to complex field loadings conditions to which a
CPB structure may be subjected. Though the CPB material with sulphate was assessed in this
research, gaining insight into the response of sulphate-bearing CPB material to cyclic loading will
enable to gain an understanding of the effect of sulphate on the cyclic behaviour of CPB structure
as well as develop future constitutive samples to describe the cyclic behavior of hydrating CPB.
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Experimental testing program carried out in this study has been summarized in Figure 4.7 and
Table 4.3 and is discussed below.

4.4.1 Shaking Table

4.4.1.1 Cyclic parameters and test conditions

To better simulate a cyclic event, related cyclic parameters or test conditions have to be determined
before conducting a shaking table test. These parameters include Horizontal Displacement
Amplitude (HDA), Sinusoidal Loading Frequency (SLF), Shaking Peak Horizontal Acceleration
(SPHA), and Shaking Duration (SD). Figure 4.7 shows the experimental program carried out and
the testing conditions, whereas Table 4.3 summarizes the testing program.

TEST PROGRAM
v
Effect the chemistry of CPB mixing water on its seismic behavior
v v v v v

HDA: 32 mm SLF:1Hz SPHA: 0.13g SD: 30 min CT:4.0hrs

Concentration of Chemical Additive (Sulphate)

v v

0 ppm 5,000 ppm

HDA : Horizontal Displacement Amplitude SD : Shaking Duration
SLF : Sinusoidal Loading Frequency CT : Curing time

SPHA : Shaking Peak Horizontal Acceleration

Figure 4.7 Flow chart of the experimental program and testing conditions.

Table 4.3 Summary of the testing program

CPB Sulphate  HDA SLF SD CT PLMD

et \aterial (opm)  (mm) (H2) SPHA ™ (min) (hrs) (hrs)

1 CPBwithout 0 32 1 0.13g 30 4 24
sulphate

o  CPBwith 5000 32 1 0.13g 30 4 24
sulphate

HDA  : Horizontal Displacement Amplitude SD : Shaking Duration

SLF : Sinusoidal Loading Frequency CT : Curing time

SPHA : Shaking Peak Horizontal Acceleration PLMD : Post Loading Monitoring Duration

Despite the fact that they might not all reflect the real situation of a seismic event, the
values of the testing parameters were modified to accommodate some experimental limitations.
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These limitations include the maximum capacity of the shaking table and the sensitivity/limitation
of the used monitoring instruments. Hitherto, this modification process is often used in liquefaction
research (Ishihara 1996). Thus, shaking table tests were conducted in this study using a dynamic
load that was applied in one-dimensional signal, a uniform amplitude, and constant frequency.

The shaking table tests were performed in this study by using a sinusoidal loading
frequency of 1 Hz. The selected applied frequency herein was based on previous liquefaction
studies (e.g. Ishihara et al. 1981, James et al. 2003, Ueng et al. 2010, Pépin et al. 2012a, 2012b,
Geremew and Yanful 2013) and compatible with the capability of the used sensors in terms of the
monitoring. Moreover, past studies have concluded (e.g. Sriskandakumar 2004, Srilatha et al.
2013) that the magnitude of loading frequency applied in laboratory seismic tests under undrained
conditions has a negligible influence on the response of the tested material. The shaking table tests
were conducted in the current study under undrained conditions.

The peak ground acceleration in this study was selected to be 0.13g. This acceleration is
equal to the acceleration that was recorded in the Saguenay earthquake 1988 in Quebec (Canada)
(Tuttle et al. 1990) (it should be stressed that only the peak acceleration corresponds to the peak
of Saguenay Earthquake, not the whole time series). Despite the fact that the strongest mining
induced ground motion in north eastern Ontario (Canada) has occurred in 2006 with a ground
acceleration of 0.0027 (Atkinson et al. 2008, Natural Resources Canada 2019), the acceleration
of 0.13g was selected based on the fact that tailings may liquefy when they are exposed to a ground
motion with peak horizontal ground acceleration that exceeds 0.05g (Carter 1988, James et al.
2003).

Table 4.4 Selected cyclic parameters used in the present study and previous studies

Parameter Values used in previous studies®  Values used in the present study
Horizontal Displacement Amplitude 10 - 80 (mm) 32 (mm)

Shaking Peak Horizontal Acceleration 0.1g - 1.0g 0.13g

Sinusoidal Loading Frequency 0.1-50 (Hz) 1 (Hz)

Shaking Duration ° 3-2,000 (sec) 1,800 (sec.)

Post loading Monitoring Duration 15 (min) — 36 (hr) 24 (hr) ©

a Such as (James et al. 2003, Prasad et al. 2004, Ueng et al. 2006, Pépin et al. 2009, 2012a, 2012b, Ozgen et
al. 2011, Mohamed 2014, Guoxing et al. 2015).

b Depends on the material response

¢ After initial casting

As shown in Table 4.4, the cyclic loading (shaking) in this study is carried out for 30
minutes (1800 seconds). Although the recorded earthquakes or mine-induced seismic events do
not last that much long (Natural Resources Canada 2019), the duration of cyclic loading in this
study is not meant to be representative of the actual duration of earthquake. The duration of 30
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minutes was selected to allow good observation of the dynamic behavior of the CPB sample and
relative comparisons of their response. This will help better develop future constitutive models to
describe the dynamic response of soils undergoing cementation and subjected to chemical attacks.
Furthermore, similar duration has been used in several previous researches (e.g. James et al. 2003,
Pépin et al. 2012b), and it was found that the cyclic peak of the liquefaction of tailings (without
inclusions and/or cement) can be reached in shaking for 1000 seconds (James et al. 2003). As the
material used in this study is cementing tailings (CPB mix), shaking duration was selected to range
from 1 min to 30 min (60 — 1,800 cycles) depending on material response, and the post loading
monitoring duration (PLMD) to continue (depending on material response) for additional 24 hours.

4.4.1.2 Effect of the chemistry of mixing water on the cyclic behavior of CPB

To evaluate the cyclic behavior of fresh CPB material under cyclic conditions besides assessing
the effect of the presence of sulphate on this behavior, it was important to apply cyclic loadings
(dynamic load) on CPB samples with different sulphate contents. Thus, two CPB mixtures were
prepared; one mixture did not have sulphate salt added to the mixing water, and the other mixture
was prepared with mixing water that contained 5000 ppm of sulphate. Both samples were then
poured into FLSB, securely sealed and kept for curing (for the maturity age of 4.0 hrs) under stable
temperature of 25°C. Afterwards, series of shaking table tests were performed on both CPB
samples (see Figure 4.7).

4.4.2 Microstructural Analysis

Microstructural analysis was conducted on CPB samples that were prepared with and without
sulphate to understand the effect of sulphate on its microstructural evolution. In this study,
microstructural analysis included thermal analysis (differential thermogravimetry (DTG) and
thermal gravimetry (TG)). The TGA Q 5000 IR from TA Instruments were used in this regard.
Before conducting these tests, testing samples (4.0 hours old) were first dried at 45 °C in a vacuum
oven up to mass stabilization. The various (dried) samples (about 20 mg each) were heated in an
inert nitrogen atmosphere at the rate of 10°C per minute up to a temperature of 1000°C.

4.5 Results and Discussion

45.1 Acceleration and Lateral Deformation
In this section, the results of acceleration and horizontal displacement (lateral deformation) at
different depths within each tested CPB model are presented with respect to initial content of
sulphate (which affects the degree of cementation). The combined results of these two parameters
can provide an indication about the shear resistance of the tested material at different depths
(Takahashi et al. 2001, Nouri et al. 2006, 2008).

4.5.1.1 Acceleration

Figures 4.8(a-b) and 4.9(a-b) shows the peak acceleration histories at different depths during the
shaking event for both CPB samples (prepared without and with sulphate) and cured for 4.0 hours.
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These figures indicate that the presence of sulphate and the depth have impact on the measured
acceleration values. It can be observed that CPB samples prepared without sulphate show higher
peak acceleration values than CPB samples prepared with sulphate, which is more obvious at
shallow depths. The recorded acceleration significantly varied with depth for the samples prepared
with sulphate, while the variation of acceleration with depth was low for samples that do not
contain sulphate. For instance, the peak acceleration of CPB sample prepared without sulphate
(Figure 4.8a) was between 0.115g and 0.125g at 60 cm depth (10 cm above the shaking table),
around 0.100g - 0.110g at 40 cm depth (30 cm above the shaking table), and 0.090g — 0.100g at
20 cm depth (50 cm above the shaking table) (no phase shift was observed in the comparison of
the cycles). On the other hand, for the CPB that contains sulphate, the peak acceleration (Figure
4.8b) at 60 cm, 40 cm, and 20 cm depths was recorded to be around 0.100g — 0.110g, 0.080g —
0.100g, and 0.060g — 0.080g, respectively. Moreover, as it can be seen in Figure 4.9(a-b), the
shaking acceleration is significantly reduced within the sample with sulphate (Figure 4.9a)
compared with the sulfate free sample (Figure 4.9b).

This decrease in the peak acceleration as the sulphate content within CPB increases can be
attributed to the effect of sulphate on the degree of cementation and consequently on the damping
ratio. It was documented that the damping ratio increases when the degree of cementation is lower
(Acar and El-Tahir 1986, Yang and Woods 2015). Furthermore, previous studies (e.g. Fall and
Pokharel 2010, Li and Fall 2018) concluded that sulphate ions inhibit the cement hydration. This
inhibition is attributed to the production of ettringite as a result of the reaction of sulphate ions in
the pore-water with the CsA grains of the cement. The ettringite creates a thin coating of
anhydrated cement grains, which will slow down the reaction between pore-water and C3A (Li and
Fall 2016). Consequently, there will be a reduction in the degree of cementation within CPB that
contains sulphate as compared to the sulphate-free CPB that is cured to the same age. It means that
the CPBs that contain sulphate will have higher damping ratio, since the presence of sulphate is
associated with lower degree of cementation (cement hydration degree) as evidenced by Figure
4.18 (discussed later). The progress of cement hydration increases the bonds between tailings (soil)
particles and consequently reduces the deformation level of the material (Mamlouk and Zaniewski
2011); the less cement hydration degree, the less bonds between tailings particles. The observed
significant reduction of acceleration with depth in the CPB prepared with sulphate can be attributed
to nonlinearity, shear resistance and stiffness degradation of CPB caused by liquefaction as
evidenced by the liquefaction analysis presented in Section 4.5.3. Liquefaction causes a large
deformation in the CPB that contains sulphate, in which the cementation effect is still weak due to
slow progress of cement hydration (see Figures 4.18). This large deformation will cause more
damage in the pore structure within CPB material.
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Figure 4.8 Measured peak acceleration histories at different depths vs time for 4.0 hrs-CPB samples

prepared: (a) without sulphate; (b) with sulphate.
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Figure 4.9 Variation in acceleration at different depths after 600 seconds of shaking 4.0 hrs-CPB samples
prepared: (a) without sulphate; (b) with sulphate.

4.5.1.2 Lateral (horizontal) displacement

The deformation of liquefiable soils due to shaking-induced liquefaction can be inferred from
lateral (horizontal) displacement (Takahashi et al. 2001, Dungca et al. 2006). Indeed, ground
shaking will result in a decrease in soil resistance against vibration because of the reduction in
effective stress (Takahashi et al. 2001, Dungca et al. 2006).
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Figure 4.10(a-b) illustrates the lateral displacement (measured at one side of the laminar shear
box) at various depths during the cyclic loading durations for 4 hours aged CPB prepared without
sulphate and with sulphate, respectively.

From these figures, two key behaviours can be observed:

(@) In both CPBs, the lateral displacement decreased with the increase in depth. This behavior is
consistent with the findings of several previous studies on liquefaction-induced lateral ground
displacements in soils (e.g. Motamed et al. 2013, Srilatha et al. 2013) and is related to the
increase in material density during shaking as a result of the dynamic densification
(compaction) of the tailings particles (Zhu and Clark 1994, Anastasopoulos et al. 2010).
However, the change in displacement with depth within the CPB that contains sulphate
(Figure 4.10b) was higher than the variation in displacement with depth within the sulphate-
free CPB (Figure 4.10a). This increase can be attributed to the effect of sulphate on slowing
down the progress of cement hydration, and consequently reducing the CPB solidification.
Slower cement hydration means a precipitation of a less amount of cement hydration products
(e.g., C-S-H, CH), which plays the main role in increasing the cementation degree or cohesion
of the CPB material (Fall et al. 2010, Xue et al. 2020). This argument regarding the decrease
in the amount of cement hydration products with sulphate presence is experimentally
supported by the results of TG/DTG on cement pastes of CPB, which are presented in Figure
4.18 and will be discussed later.

(b) The magnitude of lateral displacement within sulphate-free CPB was lower in value as
compared to the CPB that contains sulphate. This increase in the lateral displacement
accompanied by the presence of sulphate is the consequence of the decrease in bonds between
the tailings particles with the inhibition of cement hydration progress because of the sulphate
ions (Mamlouk and Zaniewski 2011, Li and Fall 2018) (Figure 4.18).
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Figure 4.10 Lateral displacement histories at different depths vs times for 4.0 hrs-CPB samples prepared:

(a) without sulphate; (b) with sulphate.
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Comparative analysis of the results presented in the Figures 8 and 10 suggests that the bonds
between particles of 4.0 hours-CPB that contains sulphate were low to resist the cyclic induced
shear stress, while those between the particles of the 4.0 hours-CPB without sulphate were stronger
and thus had higher shear resistance, which minimizes the acceleration and lateral displacement
change. These facts strengthen the assumption that the presence of sulphate within CPB mixture
might increase the susceptibility of cyclic loading-induced liquefaction, while the CPB material
without sulphate is more resistant to liquefaction during ground movement.

45.2 Evolution of Pore Water Pressure, Effective Stress and Settlement

4.5.2.1 Pore-water pressure
Figure 4.11(a-b) illustrates the changes in pore water pressure (PWP) at various depths with time
within the sulphate-free CPB (Figure 11a) and CPB that contains sulphate (Figure 4.11b),
respectively, before, during, and after shaking (i.e. from the time of casting in the FLSB to about
24 hours).
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Figure 4.11 Pore water pressure histories at different depths vs times for 4.0 hrs-CPB samples prepared:

(a) without sulphate; (b) with sulphate.

(i) Before shaking: during the first 1 hour (3600 sec), after depositing the fresh CPB in the FLSB,
PWP rapidly increased in all depths of both 4.0 hours-CPBs. The reason behind this increase is the
reduction in the voids volume due to the self-weight settlement, which might reach more than 2%
in 4.0 hours after the end of filling process, and the rearrangement of the tailings particles at the
very early age (Belem et al. 2016, Yilmaz 2018). Afterwards, PWP decreased in both samples as
a result of the water consumption during cement hydration (Helinski et al. 2007, Ghirian and Fall
2014, Scrivener et al. 2015). However, the decrease in PWP within the CPB sample that contains
sulphate was lower than the decrease in PWP within the sulphate-free CPB. For instant, after 4.0
hours of curing, there was approximately 27-45% of reduction in PWP within the sulphate free
CPB sample, while the reduction in PWP within the CPB sample that contains sulphate ions was
about 10.7-28.5%. This observation is consistent with the results of suction monitoring presented
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in Figure 4.12(a-b) (discussed later). In addition, the PWP near the surface of the CPB might also
be subjected to water evaporation.
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Figure 4.12 Suction evolution at different depths vs times for 4.0 hrs-CPB samples prepared:

(a) without sulphate; (b) with sulphate.

(ii) During shaking: when shaking began, as expected, there was a rapid buildup of pore water
pressure at all depths within both 4.0 hours-CPB materials until reaching peak values. Also, as
expected, the greater depths showed bigger buildup in PWP. This increase in pore water pressure
can be attributed to the contractive behavior of the saturated backfill material or particles causing
rapid generation of excess pore water (Bouckovalas et al. 2009, Saebimoghaddam 2010, Jefferies
and Been 2015, Porcino et al. 2015) (Figure 4.15; will be discussed below). However, the increase
in pore water pressure within the CPB sample that contains sulphate was much higher than the
increase in pore water pressure within the CPB that does not contain sulphate. This can be
attributed to the coupled effect of: (i) the positive impact of curing time on cement hydration, at
which the cement hydration consumes more water (self-desiccation), and more cement hydration
products will be precipitated as the curing time increases. This strengthens the cementing bonds
between the tailings particles, thereby reducing the contraction of the CPB materials
(Saebimoghaddam 2010, Ghirian and Fall 2013, Scrivener et al. 2015), and (ii) the negative impact
of sulphate ions on the cement hydration processes, which inhibits the progress of cement
hydration and reduces the water consumption by the cement hydration (as mentioned above in
section 4.5.1.1) (Fall and Benzaazoua 2005, Fall and Pokharel 2010, Li and Fall 2016).

(iii) After shaking: after the shaking, both 4 hours-CPBs exhibited a slight increase in pore water
pressure with time at all depths (with different magnitudes) regardless of the progress of cement
hydration. This observed slight increase in PWP at these depths may be caused by the settlement
or contraction of some tailings particles, which might have been partly in suspension at the end of
the cycling loading. This contraction generated additional pore water pressure (Pépin et al. 2009).
This slight increase in PWP at these depths was then followed by a gradually decrease in the PWP
until the end of the monitoring period. The decrease in pore water pressure observed at all depths
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is mainly due to the water consumption by cement hydration (i.e. self-desiccation) (Ghirian and
Fall 2013). However, surface evaporation at shallow depths (close to CPB surface) of both samples
caused additional dissipation of the pore water pressure to less than the hydrostatic pore-water
pressure. This phenomena can be explained by the coupled effect of self-desiccation due to cement
hydration and the near surface evaporation as a result of the difference of relative humidity (RH)
between the ambient air and the surface of the CPB (Abdul-Hussain and Fall 2012, Ghirian and
Fall 2013). To confirm this explanation, the evaporation-induced reduction in water content of a
CPB material was experimentally determined in this study by exposing CPB samples (prepared
with the same mix components and conditions as the CPB used in this study) to environmental
conditions (RH and temperature) similar to those, in which the shaking tests were conducted. It
was found that around 60% of the near surface reduction in CPB water content (water loss) was
related to evaporation when the CPB sample is placed under the conditions of 20°C temperature
and 24% of RH. Moreover, the contribution of the evaporation to the dissipation of the PWP
decreases as the depth of the CPB increases. This is in agreement with the lower rate of dissipation
of PWP observed at the depths of 40 cm and 60 cm compared to the depth of 20 cm. It should be
also underlined, since the CPB is a low permeability soil (k ~ 10" cm/s), the fluid (water) transport
process is slow. Thus, long time will be required to withdraw water from deeper layers (i.e. 40 cm,
60 cm) through evaporation.

4.5.2.2 Effective stress

Figure 4.13 (a-b) presents the vertical effective stress evolution during shaking at different depths
of 4 hours-CPBs that were prepared with and without sulphate. During shaking, there was a
reduction in these stresses from their initial values in both samples due to the contraction of CPB
particles leading to development of excess pore pressure. However, the 4 hours-CPB sample that
contains sulphate experienced higher reduction in effective stress as compared to the sulphate-free
4 hours-CPB sample due to the aforementioned effects of sulphate on cement hydration.
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Figure 4.13 Effective stress at different depths vs times for 4.0 hrs-CPB samples prepared:
(a) without sulphate; (b) with sulphate.
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4.5.2.3 Vertical displacement (settlement)

The downward displacement (settlement) in soil due to ground shaking gives an indication of the
contractive behavior of the particles of liquefiable soil and the increases in the soil density (Ueng
et al. 2006, Pépin et al. 2012b). In this study, shaking-induced settlement was recorded in both 4.0
hours-CPB samples, as shown in Figure 4.14(a-b). However, this figure shows that the CPB that
does not contain sulphate (Figure 4.14a) shows less significant settlement as compared to the CPB
sample that contains sulphate (Figure 4.14b). This observation suggests that the presence of
sulphate will reduce the degree of cement hydration, causing higher settlement or contraction
(volume change) during shaking. This behavior, which is consistent with the results of PWP
measurements and liquefaction analysis discussed in Sections 4.5.2.1 and 4.5.3, respectively, is
due to the fact that less cement hydration degree (due to cement hydration inhibition by the
sulphate ions) leads to the precipitation of less cement hydration products (see Figure 4.18),
thereby decreasing the strength of the CPB material (Fall et al. 2010, Scrivener et al. 2015).
Consequently, the dynamic loading-induced contracting behavior or settlement of the CPB
becomes higher (Saebimoghaddam 2010, Jafari 2020). From Figure 4.14, it can also be observed
that the settlement of 4.0 hours-CPB varied with the measurement depth. The settlement becomes
higher in shallow depths. This could be explained by the fact that the CPB material may be slightly
less dense at shallower depth due to tailings particles self-weight settlement.

On Figure 4.14b, the recorded displacement at the depth of 20 cm became higher than
expected after 1200 seconds because the plastic plate that was installed at this depth was shifted
due to the excessive movement.
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Figure 4.14 Settlement at different depths vs times for 4.0 hrs-CPB samples prepared:
(a) without sulphate; (b) with sulphate.

4.5.3 Liquefaction Analysis

Various liquefaction triggering criteria have been suggested and used to describe or determine soil
liquefaction. These criteria comprise strength-based criteria, strain/deformation-based liquefaction
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criteria, energy-based liquefaction criteria, and (excess) pore ratio-based criteria. Each of these
methods has advantages, but also limitations, as explained in various past studies (e.g. Wu et al.
2004). Moreover, the liquefaction assessment based on the evaluation of the stress-strain
relationship, which can be interpreted from the accelerometer measurements, was conducted in
previous shaking table tests (Turan et al. 2009). On the other hand, the excess pore-water pressure
ratio criteria have been extensively used in assessing the liquefaction potential of soils or tailings,
specially in shaking table tests (e.g. Adalier et al. 2003, Shahir and Pak 2010, Cetin et al. 2012,
Pépin et al. 2012a, Wang et al. 2019, Bahadori et al. 2020). In this study, the excess pore-water
pressure ratio was used as the evaluation factor of soil liquefaction susceptibility. The excess pore-
water pressure ratio (R,,) represents the ratio between the excess PWP (Au) and the initial effective
stress (a,). Liquefaction is generally defined if R, = 1. However, if R, <1, there is no
liquefaction (Wu et al. 2004).

Excess PWPs developed during shaking at different depths within 4.0 hours-CPB sample
prepared without sulphate and 4.0 hours-CPB sample prepared with sulphate are illustrated in
Figure 4.15 (a & b), respectively. This figure depicts that the excess PWP developed within both
samples varied with depth and shaking time. The pore-water pressure ratios determined during
shaking of the sulphate-free 4.0 hours-CPB sample and sulphate-rich 4.0 hours-CPB have been
depicted in Figure 4.16 (a & b), respectively.
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Figure 4.15 Excess pore water pressure (Au) development at different depths vs times for CPB samples
prepared: (a) without sulphate; (b) with sulphate.

It can be seen that 4.0 hours-CPB sample that contains sulphate is susceptible to
liquefaction (R, = 1) when exposed to cyclic loading, while the sulphate-free 4.0 hours-CPB
sample was resistant to shaking-induced liquefaction (R,, < 1). In other words, the presence of
sulphate in CPB mixing water increases the susceptibility of CPB liquefaction under cyclic
conditions. This reduction in liquefaction resistance of CPB prepared with sulphate can be
attributed to the combined effects of the following two factors as discussed below: (i) the inhibition
of cement hydration process because of the effect of sulphate leading to enfeeblement of self-
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desiccation of CPB; and (ii) production of less cement hydration products within the CPB pores
due to the inhibition of the cement hydration, which diminishes the cementation or cohesion
between the tailings particles, thus reducing the shear strength of the CPB material. These factors
obviously result in the increase in the liquefaction susceptibility of the CPB. The aforementioned
arguments are supported by the experimental evidence discussed below.
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Figure 4.16 Pore-water pressure ratios determined at different depths vs times for CPB samples prepared:
(a) without sulphate; (b) with sulphate.

(i)

The negative effect of sulphate ions on cement hydration rate is attributed to the reaction of

the sulphate anions in the CPB pore-liquid with the C3A grains of the cement to form ettringite.

The ettringite forms a thin coating of anhydrated cement particles, thus prevents the quick CsA -

water reaction (Li and Fall 2016). This will consequently reduce the intensity of the cement self-

desiccation within CPB particles, which plays a significant role in the strength of materials
undergoing cementation (Persson 1997).

Cement hydration rate

Self-desiccation is the process of shrinkage in pores; consequently, the reduction in the
volumetric water content of cemented-based materials, which are seal cured under saturated
conditions (Bentz 2008). This will consequently decrease the PWP and/or generate negative pore
water pressure (suction) (Ghirian and Fall 2013). Hence, self-desiccation improves the effective
stress and strength of these materials (Abdul-Hussain and Fall 2012, Fredlund et al. 2012, Ghirian
and Fall 2014). Figures 4.17 (a, b) and 4.12 (a, b), which show the evolution of the volumetric
water content (VWC) and suction in the CPB at different depths respectively, support the fact that
self-desiccation did take place in both 4.0 hours-CPB samples. It was observed from Figure 4.17
that there was a gradual increase in the VWC in the first hours at all depths of both CPB materials,
which reached its peak value after 6 hrs. However, it is evident that the sulphate free CPB material
experienced more increase in VWC as compared to CPB material that contains sulphate. For
example, between 0.5 hour (the end of filling process) and 6 hours of curing (when VWC reached
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its peak), the VWC within the sulphate free CPB sample increased from around 0.3 m3m? to
around 0.7 m*/m3, while the VWC within the sulphated CPB sample increased (in the same time
period) from around 0.3 m®m? to around 0.6 m3/m?. Accordingly, the less increase in VWC within
the CPB material with sulphate indicates the effect of sulphate in inhibiting the self-desiccation
process. Afterwards, the VWC slightly decreased and then remained relatively constant until the
end of the monitoring period. This increase in VWC is attributed to the self-desiccation induced
decrease in the total volume of the CPB since the VWC expresses the ratio of volume of water to
the total volume of the soil. Also, the decrease in the amount of water or water content during this
period was confirmed by the suction measurements results presented in Figure 4.12, at which a
small suction has been recorded in both CPB samples shortly after its disposal into the laminar
shear box. Afterwards, there was a gradual increase in suction until reaching its peak after 6hrs.
After that, the suction decreased slightly and then remained relatively constant until the end of the
monitoring. The evolution of suction in both samples can be attributed to the chemical reactions
of the cement hydration, which causes the consumption of water in the capillary pores of CPB
(Wang et al. 2016) and reduces the water content in the hydrating backfill or any other cemented
soils. This reduction in water content will allow air to enter the pores between tailings or soil
particles, generating the air bubbles. As a result, the backfill or soil will turn from saturated
condition to partially saturated conditions (Fredlund et al. 2012). The reduction in saturation leads
to a decrease in the pore water pressure, in other words to an increase in the effective stress, and
thus to an increase in the liquefaction resistance of the CPB. Moreover, the air bubbles that enter
inside the pores of a soil will reduce the pores volume, so it will absorb the generated excess PWP
and enhance liquefaction resistance (Okamura and Soga 2006). It was also noted that the suction
values in the CPB material that contains sulphate were lower than those in CPB material that does
not contain sulphate, which provides a strong indication of the negative effect of sulphate on the
performance of cement hydration. In other words, this negative effect results in the higher water
content and less air bubbles in the CPB that contains sulphate. Thus, the effective stress and effect
of air bubbles in absorbing the excess PWP will be reduced in the CPB that contains sulphate, and
liquefaction resistant will consequently decrease. It should be pointed out that, as mentioned in the
Section 2.3, the suction sensor (ECH2-MPS6) used has a measurement accuracy of £10% of
reading + 2 kPa, from 9 to 100 kPa. Thus, considering the low values of suction obtained (Figure
4.12) and these suction sensor measurement limitations, the evolution of the suction presented in
Figure 4.12 should be considered as qualitative.

(i) Production of less cement hydration products

The production of less cement hydration products in the 4.0 hours-CPB with sulphate as compared
to the same sample without sulphate is experimentally supported by the results of the thermal
analyses (TG/DTG), as shown in Figure 4.18. In this figure, a comparison of the TG/DTG
diagrams between the CPB samples with and without sulphate is shown. The CPB with sulphate
results in lower weight loss (TG) and the peaks (DTG) in the 400-500°C temperature, that means
less amount of hydration products in CPB sample due to sulphate (Wang et al. 2016, Xu et al.
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2020). The first peak (sudden change in weight) is due to the destruction of the C-S-H, ettringite,
and gypsum (Taylor 1990, Fall et al. 2010), while the second peak is associated with the
degradation of CH (Li and Fall 2016) and is much lower for the CPB sample that is prepared with
sulphate compared to the sulphate free CPB sample. The third peak represents the decomposition
of the calcite in the cement (Bian et al. 2019).
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Figure 4.17 Change in volumetric water content at different depths vs times for 4.0 hrs-CPB samples
prepared: (a) without sulphate; (b) with sulphate.
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Figure 4.18 Effect of sulphate content on TG/DTG diagrams for 4.0 hrs-CPB samples prepared:
(a) without sulphate; (b) with sulphate.
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Moreover, Figures 4.19 and 4.20 present the results of the monitoring of the evolution of
EC and temperature with curing time progress at different depths of both CPBs, respectively. From
these figures, it can be seen that the rate or progress of the cement hydration, in other words the
amount of cement hydrations formed within the CPB, is relatively similar at all depths of each
CPB sample. However, the presence of sulphate has affected these rates.

For instance, the EC reaches the peak value in the CPB without sulphate (Figure 4.19a)
faster than in the CPB with sulphate (Figure 4.19b). Moreover, it was noted that the EC peak value
of CPB with sulphate is lower than the EC peak value of CPB without sulphate. According to the
working principles of EC sensors, the initial increase in EC refers to the increase in the
concentration of ions in the CPB pore water solution due to the dissolution of cement particles.
So, the delay in EC to reach the peak value with the presence of sulphate indicates the retardation
of cement hydration process, and the lower EC values indicate a reduction in cement hydration
intensity (Li and Fall 2016).

On the other hand, by comparing the generation of hydration heat of sulphate-free CPB
sample (Figure 4.20a) and CPB sample that contains sulphate (Figure 4.20b), it can be seen that
the presence of sulphate reduced the amount of generated hydration heat. It is agreed that the
generated heat of hydration is a result of the exothermic reaction of aluminate (C3A), gypsum, and
tricalcium silicate (CsS) with water to form ettringite and the Calcium silicate hydrate (C-S-H)
(Bullard et al. 2011, Ghirian and Fall 2015). Thus, the reduction in the hydration heat generated
within CPB samples that contain sulphate may confirm the above stated assumption of the effect
of sulphate on the production of less cement hydration products.
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Figure 4.19 Electrical conductivity at different depths of 4.0 hrs-CPB samples prepared: (a) without
sulphate; (b) with sulphate.

Thus, this production of less amount of hydration products due the sulphate ions, as
demonstrated above, will reduce the cohesion between the tailings particles, thus decreasing the
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shear strength of the CPB material as well as increasing the CPB damping ratio. Indeed, the
movement (due to shaking) of tailings particles, which did not react with cement (within the
sulphate-bearing CPB), will cause high friction between particles and increase the material
damping ratio. This assertion and the explanation are consistent with the above discussed results
of acceleration and displacement monitoring, such as the evident decrease in the acceleration
values within sulphate-free sample. It should be underlined that the impact of the volume of cement
hydration products generated or progress of cement hydration on the consolidation behavior of the
CPB samples were not assessed in this study. Future study should address it
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Figure 4.20 Evolution of hydration heat with curing time at different depths vs times for 4.0 hrs-CPB
samples prepared: (a) without sulphate; (b) with sulphate.

4.6  Summary and Conclusion

This manuscript has assessed and discussed the effect of the chemistry of CPB pore water (initial
sulphate content) on the geotechnical response (e.g. deformation, excess of pore water pressure,
effective stress, and liquefaction potential) of paste backfill undergoing cementation to cyclic
loadings by using the shaking table testing technique. This assessment was conducted by applying
cyclic loading on paste backfills prepared by adding sulphate to the mixing water and without
adding sulphate to the mixing water. Both samples were casted in a flexible laminar shear box and
securely cured to 4.0 hours. The paste backfills were also instrumented with numerous sets of
sensors and transducers to monitor the evolution of several parameters (pore water pressure,
suction, lateral and horizontal displacement, acceleration, temperature, and electrical conductivity)
before, during, and after shaking. The obtained results show that the presence of sulphate
significantly affects the cyclic response of the CPB in terms of acceleration, horizontal and vertical
displacement, and excess pore water pressure. Moreover, 4.0 hours old CPB material that contains
sulphate can be susceptible to liquefaction, whereas the sulphate-free 4.0 hours old CPB is resistant
to liquefaction under the studied cyclic conditions. This liquefaction susceptibility is due to the
combined effect of two factors: (i) the sulphate induced decrease in cement hydration intensity that
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leads to a less self-desiccation within the CPB with sulphate. It results in lower effective stress in
the sulphate-bearing CPB, and consequently increases the liquefaction susceptibility; (ii) the
sulphate-induced inhibition of cement hydration process that leads to the formation of less cement
hydration products (C-S-H and CH) within the CPB that contains sulphate. It reduces and weakens
the cementation between the tailings particles, and thus increases the liquefaction susceptibility of
CPB with sulphate. These 1-g shaking table tests on CPB are time consuming, however they have
allowed to acquire a better understanding of the effect of the pore water chemistry or chemistry of
mixing water on the cyclic behavior and liquefaction potential of CPB at early ages besides
acquiring information and data that are useful for liquefaction assessment of CPB structures, and
also for future development of constitutive samples to describe and predict the cyclic behavior of
hydrating paste backfill or soil undergoing cementation.
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5.1 Abstract

Cemented paste backfill (CPB), which consists of a fine-grained soil undergoing cementation, has
been extensively used in the mine industry to backfill underground mine cavities for ground
support and/or tailings management. Generally, CPB consists of tailings (mostly silt particles)
mixed with water and binders cement. Once placed in mine underground cavities, the geotechnical
and liquefaction response of the CPB under dynamic (cyclic) loadings is a key design concern in
mine backfilling. Moreover, fresh CPB might be exposed to several sources of heat that might
affect its cyclic behavior and liquefaction potential. However, up to date, no studies have addressed
the effect of temperature on the geotechnical and liquefaction response of CPB under cyclic
loadings by using shaking table technique. This manuscript presents findings of assessing the
effect of backfill temperature on its geotechnical and liquefaction response to cyclic loading by
using shaking table. CPB mixtures were prepared under different temperatures (20°C and 35°C),
poured into a flexible laminar shear box, cured (under the same mixing temperature) for 2.5 hours,
and then exposed to cyclic loading using 1-D Shaking table. Numerous parameters (pore water
pressure, lateral deformation, settlement, acceleration, suction, electrical conductivity, effective
stress, liquefaction susceptibility etc.) were monitored or determined before, during, and after
shaking. Obtained results illustrate that CPB prepared and cured under the temperature of 20°C
can be prone to liquefaction under the studied loadings conditions. However, CPB prepared and
cured under the temperature of 35°C is resistant to liquefaction. These results are expected to
provide better comprehension of the effect of backfill temperature on the cyclic behavior of CPB,
and thus assist in designing more efficient CPB structures.

Keywords: Cemented paste backfill; Liquefaction; Shaking table; Earthquake; Tailings; Mine

5.2 Introduction

World economy is known to be significantly affected by the development of mine industry. For
example, in 2018, mining activities produced around 700 billion USD to the world economy
(Statista 2020). However, the process of ore extraction creates large underground openings
(stopes) that might be susceptible to several geotechnical issues, such as ground subsidence and
the instability of the mine. This might endanger the safety of the people in the mine workplace and
the neighboring area along with the economic damages of the failed mine ground. Also, various

135



Temperature Induced Changes in the Behavior of ...

environmental challenges were found to be associated with mining activities, such as the
generation of huge quantities of harmful mining wastes (tailings; tailings are the soil material that
are generated in a mine processing plant), which were found to be a potential source of
environmentally hazardous materials, such as acid mine drainage (Ghirian and Fall 2015,
Aldhafeeri et al. 2016, Xianggian Xu et al. 2020).

An innovative solution of tailings management method was developed in past decades in
order to deal with these challenges, by allowing large amount tailings to be returned to the mine
cavity or stope. This method is named cemented paste backfilling. Cement paste backfill (CPB)
can also improve the short and long-term stability of the stopes besides ensuring the safety of the
workers in the mine and the surrounding areas. CPB involves the reuse of around up to 60% of the
total amount of tailings produced by the mine, and mixing them with certain percentage of water
and hydraulic binder (cement), to fill the voids created by mining activities (Landriault et al. 1997,
Benzaazoua et al. 2004, Haruna and Fall 2020). From a geotechnical point of view, CPB is
considered as a fine-grained (silt) soil undergoing cementation.

The CPB is prepared in the paste backfill plant usually located on the mine surface. Freshly
prepared CPB is then delivered into the mine stope by gravity and/or pumping (Landriault et al.
1997, Benzaazoua et al. 2004, Aldhafeeri et al. 2016, Yilmaz and Fall 2017). CPB can shorten the
completion of the stope backfilling process to several days, whereas with traditional backfilling
methods, it might take weeks or months. This characteristic makes CPB a globally common
practice as it improves the generated revenue (Ercikdi et al. 2009, Thompson et al. 2009).

Underground mines were found to be exposed to cyclic loadings at several occasions.
These cyclic loadings are either naturally generated (natural earthquakes) or produced owing to
mining activities (e.g. due to fault slip, pillar punching, pillar burst, rockburst, outburst, failure of
overburden strata and bump) (Hasegawa et al. 1989, Ahn et al. 2017). Due to the low availability
of ores in the shallow depths and the increase in the rates of the greater volume extraction,
underground mining operations around the world have significantly increased with greater volume
and at greater depths. The frequency and severity of mining-induced seismicity have been found
to increase with the high rate of volume extraction and the increase in the extraction depth
(Hasegawa et al. 1989, Becker et al. 2014). Hence, the risk of cyclic-induced liquefaction of CPB
structures at the early ages could increase because more severe and/or frequent cyclic events are
expected. Liquefaction-induced failure of CPB structures can cause injuries and/or fatalities in the
mine workers and the surrounding public besides having negative environmental impacts and
economic damages (Poulos et al. 1985, Abdelaal 2011). Therefore, understanding liquefaction
potential of CPB material under cyclic loading conditions at the early ages is critically important
for an efficient and safe design of CPB structures.

Moreover, there are several heat sources that might affect the temperature of fresh CPB
placed in mine stopes. These sources include the internal heat produced during cement hydration,
and external heat that is related to geothermal gradient (i.e. temperature variation with depth,
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geological conditions, and geographic location of the mine) (Fall et al. 2010, Aldhafeeri et al.
2016, Ali et al. 2021). Thus, with the increase in the depths of the underground mine stopes and
the associated mine and rock temperature increase, it is essential to understand the cyclic
performance of CPB under diverse temperature conditions.

Up to date, only few studies (e.g. Saebimoghaddam 2010, Abdelaal 2011) have
experimentally examined the behavior and liquefaction potential of early aged CPBs under cyclic
loading conditions. However, all these previous studies assessed the liquefaction response of CPB
by applying cyclic loading on small-size CPB samples using common small cyclic triaxial test
apparatus (Saebimoghaddam 2010, Abdelaal 2011). Moreover, none of these previous studies has
evaluated the effect of temperature (initial and curing) on the response of CPB to cyclic loading.
All the previous studies (e.g. Fall and Samb 2008, Fall et al. 2010, Fall and Pokharel 2010, Cui
and Fall 2016) on the temperature-induced changes in the mechanical or geotechnical behavior of
CPB were conducted under static loading conditions. These studies have revealed that high initial
temperature of CPB can significantly improve its static mechanical properties (strength), and thus
enhances its mechanical stability. However, the question whether the initial temperature of CPB
can enhance its liquefaction resistance when subjected to cyclic loadings still remains ambiguous
and unanswered. There is a need to address this information dearth, since CPB is often subjected
to internal and/or external heat, which is commonly originated from cement hydration of the CPB
itself or from the adjacent circumference.

In addition to the facts mentioned above, no study has been conducted to assess the
behavior and liquefaction potential of CPB under different temperatures by using shaking table
testing techniques. Despite its high cost and the difficulty in reproducing or simulating the in-situ
stress, shaking tables have been frequently used for assessing the cyclic response of geo-materials
and engineering structures in the past decades (Moncarz and Krawinkler 1981, Bairro and Vaz
2000, Ngadimon 2006). Since the beginning of the current century, numerous researches (e.g.
Bairro and Vaz 2000, Prasad et al. 2004, Dungca et al. 2006, Ueng et al. 2006, Chen et al. 2013,
Mohamed 2014, Guoxing et al. 2015, Ghorbani et al. 2020) have applied the shaking table test to
evaluate the cyclic-induced liquefaction response of natural soils. On the other hand, only few
studies (James et al. 2003, Pépin et al. 2009, 2012a, 2012b, Ozgen et al. 2011, Salam et al. 2020)
have used shaking table to assess the cyclic behavior of tailings (without cement). Nevertheless,
there are no studies to date that have been conducted to assess the effect of initial temperature on
behavior and liquefaction potential of early aged tailings undergoing cementation or CPB under
cyclic loadings by using shaking table.

Accordingly, this study aims at using shaking table technique to understand the effect of
the temperature (mixing and curing) of hydrating CPB material on its geotechnical behavior and
liquefaction response at the early ages during cyclic loadings.
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5.3  Materials and Equipment Used in the Experiment

5.3.1 Materials

The materials used in this study for the preparation of the CPB mixtures were silica tailings (ST)
as the main component of CPB, Portland cement type | (PCI) as hydraulic binder, and tap water
as mixing water. ST is synthetic tailings material that contains ground silica. It is essentially made
of quartz, which is the predominant mineral in Canadian hard rock mine tailings. The grain size
distribution of ST is similar to that of numerous natural tailings (NT) from Canadian hard rock
mines. Figure 5.1 shows a comparison between the grain size distribution of ST and the average
grain size distribution of nine mine tailings (9MT) extracted from nine different mines in eastern
Canada. The use of ST can eliminate uncertainties that are otherwise found with the use of natural
tailings, because ST contains high percentage of silica (99.8% SiO>), which makes it a chemically
inert material. The NT may contain reactive minerals that can potentially have chemical
interactions with other ingredients in the CPB mixture (Carraro et al. 2009, Fall et al. 2010,
Aldhafeeri and Fall 2016). Table 5.1 illustrates the physical properties of the tailings used in this
study.
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Figure 5.1 Grain size distribution of the silica tailing (ST) vs average grain size distribution of tailings

extracted from nine Canadian mines (9MT).

5.3.2 Preparation of Paste Backfill Mixture

In this study, two CPB specimens were prepared. In both specimens, ST was mixed with PCI (4.5
wt %) and water, with water-cement ratio (w/c) of 7.6. CPB specimens were mixed for 10 min in
order to obtain homogenous mixture. The degree of water saturation (S) of the prepared CPB was
determined to be equal to 100%. Also, the slump of the prepared backfill mixture was tested
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according to (ASTM C143/C143M-15a 2015), and it was found to be equal to 18 cm, which is one
of the most frequent slump values being used in paste backfill operations in Canadian mines.

Table 5.1 Primary physical properties of the tailings

TaiIings Gs Do (um) Dso (um) Dso (um) Deo (1m)
ST 2.7 1.9 9.0 22.5 315

Table 5.2 Primary physical and chemical properties of the Portland cement type | (PCI)

Gs SSA® (m?/g) Ca (wt%) Si(wt%) Al (Wt%) Fe (Wt%) Mg (Wt%) S (wt%) Si/Ca

3.15 1.32 44.9 8.4 2.4 1.9 1.6 15 0.2

@ Specific Surface Area

In order to determine the effect of the initial (mixing and curing) temperature of CPB on
its cyclic response, the CPB components (ST, PCI, and water) were first stored in a temperature
controlled chamber for a minimum duration of 24 hours or until they reach the desired temperature
(200C and 350C). Afterwards, the two CPB samples were prepared and mixed as described above,
and then CPB mixtures were poured into the developed laminar shear box (described below). In
order to maintain the desired curing temperature and to avoid changes in water content due to
evaporation, laminar shear box with CPB mixtures was sealed and kept for curing under the same
temperatures (~20°C and ~23°C ) until it reached the testing age of 2.5 hours. Detailed testing
program is described in Section 5.4.

5.3.3 Shaking Table

The shaking table of the University of Ottawa (Figure 2) was used in this research to simulate
dynamic loading. Series of one-dimensional (longitudinal) sinusoidal cyclic motion was applied
in this regard.

This shaking table consists of around ~1200 mm x ~1060 mm platform with a maximum
base displacement and shear capacity limit of 12 cm and 27 kN respectively. The shaking ranges
from 1 to 17 Hz and is driven by a digitally controlled hydraulic actuator (Mohamed 2014).

In order to evaluate the cyclic behavior of CPB using the shaking table, a Flexible Laminar
Shear Box (FLSB) (Figure. 5.2) was used. The FLSB was designed and built at the Faculty of
Engineering of the University of Ottawa for this research program.

The FLSB consists of 30 horizontal laminas, made of aluminum alloy box sections of 31.7
mm x 31.7 mm, with inner dimensions of each lamina of 750 mm x 750 mm. In order to ensure
the independent movement of each lamina, the FLSB was designed to have a clearance spacing of
2 mm between each lamina. Accordingly, the total capacity of assembled FLSB becomes 750 mm
x 750 mm x 10000 mm.
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Figure 5.2 Shaking table and Flexible Laminar Shear Box (FLSB) used in this study

A 0.5 mm thick flexible polyethylene membrane was placed in the FLSB to contain/hold
the CPB mixture before and during the tests. The high flexibility of the membrane shows no (or
negligible) effect on the movement of the FLSB (Mohamed 2014). The FLSB and the membrane

were securely attached to the platform of the shaking table.

The prepared CPB mixture was poured into the FLSB, with a final dimension of each tested
CPB sample of 750 mm x 750 mm x 700 mm. Several sensors and transducers were placed at
different levels within the CPB model (FLSB and its content) as shown in Figure 5.3. They are

described below:

Linear variable differential transformer (LVDT) (Item 1 in Figure 5.3) was used to monitor the
vertical displacement (settlement) of the surface of the CPB sample. In this regard, HCD-1000

LVDTs of 25 mm range were used.

- Cable transducers (Celesco SP2-12 compact string with 317 mm range) (Item 2 in Figure 5.3)
were used to measure:

a. The vertical displacement (settlement) within the CPB sample at different depths of 20 cm,
40 cm, and 60 cm. These transducers were attached to a measuring supporting system that
consists of thin metal rods, lightweight plastic plates, and cylindrical guidance towers
(Figure 5.4). The thin metal rods were connected to the plastic plates. These plates have
dimensions of 20 mm (length) x 20 mm (width) x 20 mm (thick) and were perforated to
minimize their displacement due to seepage pressure. The plastic plates were installed at
the three different depths within the sample. In order to avoid unwanted movement/tilting
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during shaking process, the metal rods and the perforated plastic plates were installed
within the cylindrical guidance towers that are made of thin metal mesh sheets. The
measuring supporting system was then securely connected to the shaking table to follow
the same motion rhythm and to avoid being a reinforcement factor.

- The horizontal displacement of the CPB sample at different depths (20 cm, 40 cm, and 60 cm).
These transducers were attached to the outside of the FLSB at the depth related laminas.

- Pressure transducers (Item 3 in Figure 5.3) were used to monitor the change in pore-water
pressure before, during, and after applying the dynamic load. PX309 series pressure
transducers, with a measuring range and static accuracy of -15 to +15 PSI and +0.25%,
respectively, were used and installed at different depths (20 cm, 40 cm, and 60 cm) of the CPB
models inside the FLSB.

- Accelerometers (Item 4 in Figure 5.3) were used to measure the shaking acceleration.
These accelerometers were attached to the external side of the FLSB at different depths (20 cm,
40 cm and 60 cm). In addition, another accelerometer was attached to the shaking table to
monitor its acceleration. Endevco — 7593A accelerometer with a full-scale range of +2g and
frequency response of 0 — 50 Hz was used in this regard.

- Suction Sensors (Item 5 in Figure 5.3) were used and installed at different depths (20 cm, 40
cm, and 60 cm) within the sample to monitor the suction potential with time during CPB curing
duration. The monitoring of suction also enables to assess the self-desiccation of CPB. In this
regard, dielectric water potential sensors (ECH2-MPS6 sensors) that were designed to measure
soil water potential were used. These sensors are characterized with a measurement range of -
9 to -100,000 kPa, a resolution of 0.1 kPa. The accuracy of these sensors is £10% of reading +
2 kPa, from -9 to -100 kPa.

- EC/VWC/Temp. sensors (ECH2-5TE sensor) (Item 6 in Figure 5.3) were used and installed at
different depths (20 cm, 40 cm, and 60 cm) within the sample to monitor the changes in
electrical conductivity (EC), the volumetric water content (VWC), and temperature. The
changes in EC reflect the rate of ion movement due to the chemical reactions between cement
and water. Monitoring EC is an effective way to assess the cement hydration progress and the
related structural changes (Li and Fall 2016). This sensor measures electrical conductivity (EC)
in the range of 0-23 dS/m with the accuracy of £0.1. On the other hand, monitoring the VWC
enables to assess the self-desiccation of CPB (capillary water consumed by the cement
hydration) as well as the water flow within the CPB mass. This sensor measures volumetric
water content (VWC) in the range of 0-80% with the accuracy of £0.01 from 1 to 40% and the
accuracy of +0.15 from 40 to 80%. Furthermore, the monitoring of the temperature provides
valuable information about the progress of the cement hydration. The temperature measurement
accuracy of this sensor is +1°C.
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Figure 5.3 Schematic view of the FLSB and instruments locations: (1) LVDT, (2) Cable transducers, (3)

Pressure transducers, (4) Accelerometers, (5) MPS6 sensors, and (6) 5TE sensors.
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Figure 5.4 Schematic view of one the guidance towers and related instrumentation setup.
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In order to maintain its positions during shaking, the pressure transducers, MPS6 and 5TE
sensors were connected to the guidance towers. Transducers, accelerometers and LVDT were
connected to signal conditioning and Data Acquisition Systems (DAQS), while 5TE and MP6
sensors were connected to Decagon Em50 series data loggers. DAQS and Em50 were connected
to computer in order to record/analyze the required data at an interval of almost 1 sec during
shaking and an interval of 10 min before and after shaking. Furthermore, digital camera was used
to record each step of the testing program (mixing, installation, and shaking operation).

54  Testing Program and Procedure

5.4.1 Shaking Table

5.4.1.1 Cyclic parameters and test conditions
Figure 5.5 shows the experimental program carried out and the testing conditions, whereas
Table 5.3 summarizes the testing program.

TEST PROGRAM
v
Effect of the initial temperature of CPB on its seismic behavior
v v v v v
SPHA: 0.13g SLF:1Hz HDA: 32 mm SD: 30 min CT:25hrs
Initial (Mixing and Curing) Temperature
v v
20°C 35°C
SPHA : Shaking Peak Horizontal Acceleration SD : Shaking Duration
SLF : Sinusoidal Loading Frequency CT : Curing time

HDA  : Horizontal Displacement Amplitude

Figure 5.5 Flow chart of the experimental program and testing conditions

Table 5.3 Summary of the testing program

Initial Temp. SLF HDA SD CT PLMD
Test Material SPHA
(9] (Hz) (mm) (min) (hrs) (hrs)

1 CPB 20 0.13g 1 32 30 2.5 24

2 CPB 35 0.13g 1 32 30 2.5 24
SPHA : Shaking Peak Horizontal Acceleration SD : Shaking Duration
SLF : Sinusoidal Loading Frequency CT : Curing time
HDA  : Horizontal Displacement Amplitude PLMD : Post Loading Monitoring Duration
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The values of the testing parameters applied in this research (Table 5.4) were based on
parameters used in previous shaking table studies (e.g. Carter 1988, Ishihara 1996, James et al.
2003, Pépin et al. 2012a, Salam et al. 2020) as well as adapted to accommodate the experimental
(shaking table) limitations though they might not reflect the real situation of a seismic event. Thus,
shaking table tests were conducted in this study using a dynamic load that was applied in one-
dimensional signal, a uniform amplitude, and constant frequency. Comparable types of loading
have often been used in other cyclic behaviour and/or liquefaction studies (e.g. Finn et al. 1971,
DeAlba et al. 1975, James et al. 2003, James 2009, Pépin et al. 2012a,b, Ferdosi et al. 2014). It
should be underlined that in natural earthquakes, the number of cycles is a function of the
earthquake magnitude (and is commonly of the order of 5 to 20), and the motion amplitudes have
a gradual increase, and a gradual decrease. The shaking table tests were performed in this study
using a sinusoidal loading of 1 Hz frequency, under undrained conditions. As shown in table 4, a
similar loading frequency has been used in previous shaking table studies, such as (Pépin et al.
2012a, Salam et al. 2020). Also, previous studies (e.g. Sriskandakumar 2004, Srilatha et al. 2013)
have mentioned that the seismic response of the tested soil materials is insignificantly affected by
the values of loading frequency applied in laboratory seismic tests under undrained loading, and
the response of these materials is almost similar at frequencies less than 7 Hz. The peak ground
acceleration applied in this study was 0.13g, which is equal to the acceleration that was recorded
in the Saguenay earthquake 1988 in Quebec (Canada) (Tuttle et al. 1990) (it is important to mention
that only the peak acceleration corresponds to the peak of Saguenay Earthquake, not the whole
time series). Also, this selection was made based on the fact that tailings may liquefy when they
are exposed to a ground motion with peak horizontal ground acceleration that exceeds 0.05g, as
concluded in previous studies (e.g. James et al. 2003, Pépin et al. 2012a). Although the recorded
earthquakes or mine-induced seismic events do not last that much long (Natural Resources Canada
2019), the cyclic loading (shaking) in this study (Table 4) has been carried out for 30 minutes
(1800 seconds). The duration of cyclic loading in this study is not meant to be representative of
the actual duration of earthquake, but it was selected to allow good observation of the dynamic
behavior of the CPB sample and relative comparisons of their response. This will help better
develop future constitutive models to describe the effect of initial temperature on the dynamic
response of soils undergoing cementation. Moreover, several previous researches (e.g. James et al.
2003, Pépin et al. 2012b) have used similar durations in their studies. Also, it was found that the
cyclic peak of the liquefaction of tailings (without inclusions and/or cement) can be reached in
shaking for 1000 seconds (James et al. 2003). As the material used in this study is cementing
tailings (CPB mix), shaking duration was selected in the range of 1 min to 30 min (60 — 1,800
cycles) depending on the material response and the post loading monitoring duration (PLMD) to
continue (depending on material response) for additional 24 hours.
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Table 5.4 Selected cyclic parameters used in the present study and previous studies

Parameter Values used in previous studies?  Values used in the present study
Shaking Peak Horizontal Acceleration 0.1g —1.0g 0.13g

Sinusoidal Loading Frequency 0.1-50 (H2) 1 (Hz)

Horizontal Displacement Amplitude 10 - 80 (mm) 32 (mm)

Shaking Duration ° 3 —2,000 (sec) 1,800 (sec)

Post loading Monitoring Duration 15 (min) — 36 (hr) 24 (hr) ©

aSuch as (James et al. 2003, Prasad et al. 2004, Ueng et al. 2006, Pépin et al. 2009, 2012a, 2012b, Ozgen et al.
2011, Mohamed 2014, Guoxing et al. 2015, Salam et al. 2020, Peng Xu et al. 2020); "Depends on the
material response; cAfter initial casting.

5.4.1.2 Effect of initial temperature on the cyclic behavior of CPB

To evaluate the cyclic behavior of fresh CPB under cyclic conditions and different initial
temperatures, two CPB mixtures were prepared; one mixture was prepared at room temperature
(20°C), while the other mixture was prepared at 35°C. Both samples were then poured into FLSB,
securely sealed and kept for curing (for the maturity age of 2.5 hrs) under same temperature of
20°C and 35°C, respectively. Afterwards, series of shaking table tests were performed on both CPB
samples (see Figure 5.5).

5.4.2 Microstructural Analysis

Microstructural analysis was conducted on CPB samples that were prepared and cured at
temperatures of 20°C and 35°C. The microstructural analysis enabled to assess the temperature-
induced changes in the microstructure of the CPB material, which may impact its response to
cyclic loadings. In this study, microstructural analysis included thermal analysis (differential
thermogravimetry (DTG) and thermal gravimetry (TG)). The TGA Q 5000 IR from TA
Instruments was used in this regard. Before conducting these tests, testing samples were first dried
at 45 °C in a vacuum oven up to mass stabilization. The various (dried) samples (about 20 mg
each) were heated in an inert nitrogen atmosphere at the rate of 10°C per minute up to a temperature
of 1000°C.

55 Results and Discussion

5.5.1 Acceleration and lateral deformation

5.5.1.1 Acceleration

The peak acceleration histories at different depths during the shaking event for both CPB samples
(with different temperatures) and cured for 2.5 hours are illustrated in Figure 5.6(a-b). This figure
illustrates that the change in initial temperature and the depth have impact on the measured
acceleration values. It can be observed that CPB samples mixed and cured at 20°C show lower
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peak acceleration values than CPB samples mixed and cured at 35°C, especially at shallow depths.
The recorded acceleration significantly varied with depth for the models prepared and cured at
20°C, while the variation of acceleration with depth was low for models with initial temperature
of 35°C. For instance, the peak acceleration of CPB sample prepared at 20°C (Figure 5.6a) was
between 0.100g and 0.125g at 60 cm depth (10 cm above the shaking table), around 0.080g -
0.100g at 40 cm depth (30 cm above the shaking table), and 0.040g — 0.080g at 20 cm depth (50
cm above the shaking table). On the other hand, for the CPB sample that was prepared at 35°C,
the peak acceleration (Figure 5.6b) at 60 cm, 40 cm, and 20 cm depths was recorded to be around
0.125g — 0.130g, 0.105g — 0.118g, and 0.107g — 0.115g respectively. This increase in the peak
acceleration as the initial temperature of CPB rises can be attributed to the effect of the high initial
temperature on increasing the rate of cementation and consequently decreasing the damping ratio.
It was mentioned in the literature that the damping ratio decreases when the degree of cementation
is higher (Acar and El-Tahir 1986, Yang and Woods 2015). Furthermore, previous studies (e.g.
Fall et al. 2010, Cui and Fall 2016) concluded that high initial temperature increases the curing
temperature and consequently accelerates the cement hydration process. The acceleration of
cement hydration process leads to more precipitation of cement hydration products, such as CH
and C-S-H), and intensifies the cement self-desiccation (Nasir and Fall 2010). Consequently, there
will be an increase in the degree of cementation within CPB that was prepared and cured at high
temperature as compared to those CPBs that were prepared and cured (to the same age) at low
temperature. It means that the CPBs that were prepared at high temperature will have lower
damping ratio, since the high initial temperature is associated with higher degree of cementation
(cement hydration rate) as evidenced by Figure 5.15 (discussed later). The higher the degree of
cement hydration, the more the bonds between tailings (soil) particles; consequently, less
deformation level of the material (Mamlouk and Zaniewski 2011). However, the decrease in
cement hydration degree reduces the bonds between tailings particles. The significant reduction in
acceleration values that was observed at lower depths in the CPB prepared at 20°C can be attributed
to nonlinearity and stiffness degradation of CPB caused by liquefaction as evidenced by the
liquefaction analysis results presented in Section 5.5.3. The significant development of excess
pore-water pressure (i.e. liquefaction) causes a large deformation in the CPB that was prepared
and cured at lower temperature, wherein the cementation effect is still weak due to slow progress
of cement hydration (see Figures 5.15). This large deformation will cause more damage in the pore
structure within CPB material. Moreover, the shaking-induced slip and dislocation of tailings
particles, which did not react with cement (within the CPB of low initial temperature), will cause
high friction between particles and increase the material damping ratio. Thus, there will be
decrease in the acceleration values. This finding and the explanation are coherent with the other
results of this research, such as displacement monitoring, the determination of effective stress, and
liquefaction analysis, which will be discussed later.
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Figure 5.6 Measured peak acceleration histories at different depths vs time for 2.5 hrs-CPB samples
prepared at different temperatures: (a) 20°C; (b) 35°C.
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5.5.1.2 Lateral (horizontal) displacement

Shaking-induced liquefaction causes deformation of liquefiable soils, which can be inferred from
lateral (horizontal) displacement. Indeed, ground vibration destabilizes the contact between solid
particles, which will diminish the soil resistance against shaking (Takahashi et al. 2001, Dungca
et al. 2006). Figure 5.7(a-b) illustrates the lateral displacement at various depths during the cyclic
loading durations for 2.5 hours aged CPB models mixed and cured at temperatures of 20°C and
35°C, respectively.

(@)

(b)

Two key behaviors can be observed, as shown in Figure 5.7(a-b):

In both samples, the lateral displacement decreased in higher depths. This behavior is coherent
with the findings of several past researches (e.g. Motamed et al. 2013, Srilatha et al. 2013)
and can be attributed to the shaking-induced densification (compaction) of the tailings
particles that leads to the increase in material density during shaking (Zhu and Clark 1994,
Anastasopoulos et al. 2010). However, the displacement variation with depth was lower within
the CPB sample that was prepared at 35°C (Figure 5.7b) as compared to the specimen prepared
at 20°C (Figure 5.7a). This reduction can be attributed to the effect of high initial temperature
on accelerating the progress of cement hydration, and consequently increasing the CPB
solidification. Faster cement hydration means the precipitation of a more amount of cement
hydration products (e.g., C-S-H, CH), which plays the main role in increasing the cementation
degree or cohesion of the CPB material (Ercikdi et al. 2009, Fall et al. 2010, Fang and Fall
2018, Yilmaz 2018). This argument regarding the increase in the amount of cement hydration
products with the increase in temperature is experimentally supported by the results of thermal
analysis (TG/DTG) on cement pastes of CPB, which are presented in Figure 5.15 and will be
discussed later.

The magnitude of lateral displacement within CPB sample of initial temperature of 35°C was
lower in value as compared to the CPB specimen of initial temperature of 20°C. This reduction
in the lateral displacement at high temperature is the consequence of the increase in bonds
between the tailings particles with the acceleration of cement hydration progress because of
the high temperature (Yilmaz et al. 2004, Fall et al. 2007, Ercikdi et al. 2009) (Figure 5.16).
Comparative analysis of the results presented in the Figures 6 and 7 suggests that the bonds
between particles of 2.5 hours-CPB mixed and cured at high temperature were strong enough
to resist the cyclic induced shear stress, while the bonds between the particles of the 2.5 hours-
CPB mixed and cured at low temperature were weaker and thus had lower shear resistance,
which minimizes the acceleration and increases the lateral displacement. These facts
strengthen the assumption that the high initial temperature of CPB mixture might enhance the
CPB resistance against liquefaction during ground movement, while the CPB material of low
initial temperature is more susceptible to the cyclic loading-induced liquefaction.
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Figure 5.7 Lateral displacement histories at different depths vs times for 2.5 hrs-CPB samples prepared at
different temperatures: (a) 20°C; (b) 35°C.

5.5.2 Evolution of Pore Water Pressure, Effective Stress and Settlement

5.5.2.1 Pore-water pressure
The pore water pressure (PWP) variation with depths before, during, and after shaking (from the
time of casting in the FLSB to about 24 hours) within the CPB samples mixed and cured at 20°C
and 35°C has been illustrated in Figure (5.8a) and (5.8b), respectively.
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Figure 5.8 Pore water pressure histories at different depths vs times for 2.5 hrs-CPB samples prepared at
different temperatures: (a) 20°C; (b) 35°C.

(i) Before shaking: during the first 1 hour (3600 sec), after depositing the fresh CPB in the
FLSB, there was a rapid increase in PWP in all depths of both 2.5 hours-CPB samples. This is
related to the reduction in the voids volume due to the self-weight settlement and rearrangement
of the tailings particles at the very early age (Yilmaz 2018). Afterwards, there was a clear reduction
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in PWP in both samples as a result of the water consumption during cement hydration (Helinski et
al. 2007, Ghirian and Fall 2014, Scrivener et al. 2015). However, it was evident that the decrease
in PWP within the CPB sample prepared at 35°C was more significant than the decrease in PWP
within CPB sample that was prepared at 20°C. This observation is consistent with the results of
suction monitoring presented in Figure 5.9(a-b) (discussed later). Moreover, it is worth noting that
the PWP near the surface of the CPB might also be subjected to water evaporation.

(i) During shaking: when shaking began, as expected, there was a rapid increase in pore water
pressure at all depths within both 2.5 hours-CPB materials until reaching peak values. Also, as
expected, the greater depths showed higher increase in PWP. This shaking-induced buildup in pore
water pressure can be attributed to the contractive behavior of the saturated backfill material or
particles causing rapid evolution of excess pore water (Bouckovalas et al. 2009, Saebimoghaddam
2010, Jefferies and Been 2015, Porcino et al. 2015) (Figure 5.12; it will be discussed later).
However, the increase in pore water pressure within the CPB sample mixed and cured at 35°C was
insignificant as compared to the increase in pore water pressure within the CPB that was mixed
and cured at 20°C. This can be attributed to the coupled effect of curing time and the influence of
high initial temperature on the cement hydration processes. Regarding the curing time, as the
cement hydration progresses with time, cement hydration products will be precipitated within the
CPB pores (Bullard et al. 2011, Scrivener et al. 2015). Also, the progress of cement hydration with
time leads to the consumption of pore-water (self-desiccation), which strengthens the cementing
bonds between the tailings particles, and thus reduces the contraction of the CPB materials
(Saebimoghaddam 2010, Jamali 2012, Ghirian and Fall 2013). As far as the effect of high initial
temperature on the cement hydration processes is concerned, it accelerates the progress of cement
hydration, leading to more production of cement hydration products (as mentioned above in
section 5.5.1.1). This will increase the consumption of the pore-water and thereby intensify the
self-desiccation (Fall et al. 2010, Aldhafeeri et al. 2016).

(iii) After shaking: after the end of shaking, the 2.5 hours-CPB specimen prepared at 20°C
exhibited a slight increase in pore water pressure with time at all depths (with different magnitudes)
regardless of the progress of cement hydration. This observed slight increase in PWP can be
explained by the settlement or contraction of some tailings particles, which might have been partly
in suspension due to the termination of the cycling loading. This contraction generated additional
pore water pressure (Pépin et al. 2009). This slight increase in PWP within the CPB sample
prepared at 20°C was then followed by relative stabilization of the PWP at each depth until the end
of the monitoring period. However, after around 16 hours of curing (around 13.5 hours after the
end of shaking), the near surface depth experienced dissipation of PWP, which is attributed to the
combined effect of self-desiccation due to cement hydration and the near surface evaporation as a
result of the difference of relative humidity (RH) between the ambient air and the surface of the
CPB model (Abdul-Hussain and Fall 2012). This explanation was confirmed by determining the
evaporation-induced reduction in water content of a CPB material. This was experimentally
conducted by exposing CPB samples (prepared with the same mix components and conditions as
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the CPB used in this study) to environmental conditions (RH and temperature) similar to those in
which the shaking tests were conducted. It was found that around 60% of the near surface reduction
in CPB water content (water loss) was associated to evaporation when the CPB sample is placed
under the conditions of 20°C temperature and 24% of RH.
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Figure 5.9 Suction evolution at different depths vs times for 2.5 hrs-CPB samples prepared at different
temperatures: (a) 20°C; (b) 35°C.

On the other hand, there was no noticeable change in PWP (for around three hours) after
shaking the 2.5 hours-CPB model prepared at 35°C. Afterwards, this sample exhibited a significant
and rapid reduction in PWP and reached full dissipation at all depths of the sample. This can also
be attributed to the acceleration of cement hydration process due to the high initial temperature
(Aldhafeeri et al. 2016).

5.5.2.2 Effective stress

Figure 5.10 (a-b) presents the vertical effective stress evolution during shaking at different depths
of 2.5 hours-CPB samples that were prepared at temperatures of 20°C and 35°C. During shaking,
there was a reduction in these stresses from their initial values in both samples due to the
contraction of CPB particles leading to development of excess pore pressure. However, the 2.5
hours-CPB sample prepared at 35°C experienced less reduction in effective stress as compared to
the 2.5 hours-CPB sample prepared at 20°C due to the aforementioned effects of temperature on
accelerating the cement hydration.

5.5.2.1 Vertical displacement (Settlement)

The downward movement (settlement) in soil particles during ground shaking can provide an
indication of the contractive behavior of the particles of liquefiable soil and the increase in the soil
density (Ueng et al. 2006, Pépin et al. 2012b). In this study, shaking-induced vertical displacement
was recorded in both 2.5 hours-CPB samples that were prepared at different temperatures, as
shown in Figure 5.11(a-b). However, it was evident that the CPB prepared at higher temperature
(Figure 5.11b) shows less significant settlement as compared to the CPB sample prepared at lower
temperature (Figure 5.11a).
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Figure 5.10 Effective stress at different depths vs times for 2.5 hrs-CPB specimens prepared at different
temperatures: (a) 20°C; (b) 35°C.
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Figure 5.11 Settlement at different depths vs times for 2.5 hrs-CPB samples prepared at different
temperatures: (a) 20°C; (b) 35°C.

This observation suggests that high temperature will increase the degree of cement
hydration, causing less settlement or contraction (volume change) during shaking. This behavior,
which is consistent with the results of PWP measurements and liquefaction analysis discussed in
Sections 4.2.1 and 4.3 respectively, is owing to the fact that higher cement hydration degree (due
to high temperature-induced acceleration in cement hydration) leads to the precipitation of more
cement hydration products (see Figure 5.15), thus increasing the strength of the CPB material (Fall
et al. 2010, Yilmaz 2018). Therefore, the contracting behavior or settlement of the CPB of higher
initial temperature becomes lower (Seed et al. 1975, Tokimatsu and Seed 1987) during shaking. It
is also evident from Figure 5.11 that the settlement of 2.5 hours-CPB varied with the measurement
depth. The settlement becomes higher in shallow depths. This could be explained by the fact that
the CPB material may be slightly less dense at shallower depth due to tailings particles self-weight
settlement. However, as expected and coherently with the above-mentioned explanation, the
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settlement variation with depth was more significant within the CPB samples prepared at 200C.
On Figure 5.11a, the recorded displacement at the depth of 20 cm became higher than expected
after 600 seconds because the plastic plate that was installed at this depth was shifted due to the
excessive movement.

5.5.3 Liquefaction Analysis

There are several triggering criteria for assessing soil liquefaction in the laboratory. These criteria
encompass strength-based criteria, strain/deformation-based liquefaction criteria, energy-based
liquefaction criteria, and (excess) pore ratio-based criteria. However, previous studies (e.g. Wu et
al. 2004) have indicated that each of these criteria has its advantages and limitations. This study
has assessed the liquefaction of CPB using the criteria that determine the excess pore-water
pressure ratio (R,), which represents the ratio between the excess PWP (Au) and the initial
effective stress (o). This criterion was extensively used in the shaking table assessment of
liquefaction potential of natural soils and/or tailings, as it defines liquefaction when R, > 1.
However, if R, < 1, there is no liquefaction (Wu et al. 2004, Ueng et al. 2010, Pépin et al. 2012a).

Figure 5.12 (a-b) illustrates the excess PWPs developed during shaking at different depths
within 2.5 hours-CPB samples prepared at the temperatures of 20°C and 35°C, respectively. This
figure depicts that the excess PWP developed within both samples varied with depth and shaking
time. The pore-water pressure ratios determined during shaking of the 2.5 hours-CPB samples
mixed and cured at 20°C and 35°C have been depicted in Figure 5.13 a & b, respectively.
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Figure 5.12 Excess pore water pressure (Au) development at different depths vs times for 2.5 hrs-CPB
samples prepared at different temperatures: (a) 20°C; (b) 35°C.
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Figure 5.13 Pore-water pressure ratios determined at different depths vs times for 2.5 hrs-CPB samples
prepared at different temperatures: (a) 20°C; (b) 35°C.

It is evident that 2.5 hours-CPB sample prepared at 20°C is susceptible to liquefaction (R,, =
1) when exposed to these cyclic loading conditions, while the 2.5 hours-CPB sample prepared at
35°C was resistant to shaking-induced liquefaction (R, < 1). In other words, the higher initial
temperature of CPB reduces the susceptibility of CPB liquefaction under cyclic conditions. This
enhancement in liquefaction resistance of CPB with higher initial temperature can be attributed to
the combined effects of the following two factors as discussed below: (i) the acceleration of cement
hydration process because of the effect of high temperature leading to intensification of self-
desiccation of CPB; and (ii) production of more cement hydration products within the CPB pores
due to the acceleration of the cement hydration, which strengthen the cementation or cohesion
between the tailings particles, thus corroborates the shear strength of the CPB material. These
factors obviously result in the enhancement in the liquefaction resistance of the CPB. The
aforementioned arguments are supported by the experimental evidence discussed below.

(i) Cement hydration rates

It is generally agreed that the primary goal of using cement (or other hydraulic binders) in
cementitious soils is to bind the soil particles, which increases the strength of the mixture as the
cement hydration progresses with time (Bullard et al. 2011, Jamali 2012). It is also known that
cement hydration progress leads to a net reduction in the total volume of water and solids (self-
desiccation), which plays a significant role in the strength of materials undergoing cementation
(Persson 1997, Bentz 2008).

The effect of temperature on boosting the cement hydration rate is attributed to the role of the
high temperature in accelerating the cement hydration process leading to fast consumption of the
pore-fluid, and consequently increases the intensity of self-desiccation. This will consequently
decrease the PWP and/or generate negative pore water pressure (suction) (Helinski et al. 2007,
Ghirian and Fall 2013). Therefore, the intense self-desiccation improves the effective stress and
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strength of these materials (Helinski et al. 2007, Ghirian and Fall 2014). Figures 5.14 (a, b) and
5.9 (a, b), which show the evolution of the volumetric water content (VWC) and suction in the
CPB at different depths respectively, support the fact that self-desiccation was insignificant or less
intense in both 2.5 hours-CPB samples. However, it is evident that the increase in VWC within
the CPB material prepared at 35°C was much faster and significantly higher as compared to CPB
material prepared at 20°C. Hence, it can be said that the faster and higher increase in VWC within
the CPB material prepared at higher temperature indicates the effect high temperature in
accelerating and intensifying the self-desiccation process. Afterwards, the VWC exhibited
reduction within the CPB samples of initial temperature of 35°C and remained relatively constant
within the CPB samples of initial temperature of 20°C until the end of the monitoring period. Since
the VWC expresses the ratio of volume of water to the total volume of the soil, so the increase in
VWC can be related to the self-desiccation-induced decrease in the total volume of the CPB. Also,
the decrease in the amount of water or water content during this period was confirmed by the
suction measurements results presented in Figure 5.9, at which a gradual increase in suction was
evident in both samples until reaching its peak after around 6 hours. However, it was clearly
observed that the suction potential was much higher within the CPB sample prepared at higher
temperature, while it was less within the CPB sample prepared at low temperature. After that, the
suction slightly decreased and then remained relatively constant within both CPB samples with
respect to the difference in values between the two samples. The evolution of suction in both
samples can be attributed to the chemical reactions of the cement hydration, which causes the
consumption of water in the capillary pores of CPB (Wang et al. 2016) and reduces the water
content in the hydrating backfill or any other cemented soils. This reduction in water content will
allow air to enter the pores between tailings or soil particles, generating the air bubbles. As a result,
the backfill or soil will turn from saturated condition to partially saturated conditions (Fredlund et
al. 2012). The reduction in water content leads to a decrease in the pore water pressure, in other
words to an increase in the effective stress, and thus to an increase in the liquefaction resistance of
the CPB. Furthermore, the presence of air bubbles inside the pores of a soil will enhance its
liquefaction resistance, because the air can absorb the generated excess PWP, and consequently
enhances liquefaction resistance (Okamura and Soga 2006). It was also noted that the suction
values in the CPB material prepared at higher temperature were higher than those in CPB material
prepared at lower temperature, which strongly support the argument of the effect of high
temperature on boosting the performance of cement hydration. In other words, this positive effect
of high temperature results in the higher water consumption and more air bubbles in the CPB
model that was prepared at high temperature. Thus, the effective stress and effect of air bubbles in
absorbing the excess PWP will increase in the CPB prepared at 35°C, and liquefaction resistant
will consequently improve.
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Figure 5.14 Change in volumetric water content at different depths vs times for 2.5 hrs-CPB samples

prepared at different temperatures of 20°C and 35°C.
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Figure 5.15 Effect of initial temperature on TG/DTG diagrams for 2.5 hrs-CPB samples prepared at
different temperatures of 20°C and 35°C.

(it) Production of more cement hydration products

The production of more cement hydration products in the 2.5 hours-CPB prepared at higher

temperature as compared to the 2.5 hours-CPB sample prepared at lower temperature is

perimentally supported by the results of the thermal analyses (TG/DTG) performed on 2.5
urs-CPBs mixed and cured at temperatures of 20°C and 35°C (Figure 15). In this figure, a
mparison of the TG/DTG diagrams of the two 2.5 hours-CPB samples (of higher and lower

initial temperature) shows that the weight loss (TG) and the peaks (DTG) in the 400-500°C
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temperature range are higher for the CPB prepared at 35°C, which refers to more amount of
hydration products that were formed in CPB sample of high initial (Wang et al. 2016, Fang and
Fall 2018).

Moreover, Figures 16 and 17 present the results of the monitoring of the evolution of EC and
temperature with curing time progress at different depths of both CPB samples respectively. From
these figures, it can be seen that the rate or progress of the cement hydration, in other words the
amount of cement hydrations formed within the CPB, is relatively similar at all depths of each
CPB sample. However, the difference in initial temperature has affected these rates.

For instance, the EC reaches the peak value in the CPB prepared at 35°C (Figure 16b) faster
than in the CPB prepared at 20°C (Figure 16a). Moreover, it was noted that the EC peak value of
CPB of higher initial temperature is higher than the EC peak value of CPB of lower initial
temperature. According to the working principles of EC sensors, the initial increase in EC refers
to the increase in the concentration of ions in the CPB pore water solution owing to the dissolution
of cement particles. So, the quick increase in EC to reach the peak value in high initial temperatures
indicates the acceleration of cement hydration process, and the higher EC values indicate a
boosting in cement hydration intensity (Fang and Fall 2018).
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Figure 5.16 Electrical conductivity at different depths for 2.5 hrs-CPB samples prepared at different
temperatures: (a) 20°C; (b) 35°C.

On the other hand, by comparing the generation of hydration heat of CPB sample prepared
at 20°C (Figure 17 a) and CPB sample prepared at 35°C (Figure 17 b), it can be seen that the
generation of hydration heat was faster and higher within the CPB sample prepared at 35°C. It is
agreed that the generated heat of hydration is a result of the exothermic reaction of aluminate
(CsA), gypsum, and tricalcium silicate (C3S) with water to form ettringite and the Calcium silicate
hydrate (C-S-H) (Bullard et al. 2011, Ghirian and Fall 2015). Thus, the quick and higher generation
of hydration heat within CPB of high initial temperature may confirm the above stated assumption
of the effect of high temperature on the production of more cement hydration products.
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Figure 5.17 Evolution of hydration heat with curing time at different depths vs times for 2.5 hrs-CPB
samples prepared at different temperatures: (a) 20°C; (b) 35°C.

56  Summary and Conclusion

This manuscript has assessed and discussed the effect of the initial temperature of CPB on the
geotechnical response (e.g. liquefaction potential, deformation, excess of pore water pressure, and
effective stress) of paste backfill undergoing cementation to cyclic loadings by using the shaking
table testing technique. This assessment was conducted by applying cyclic loading on paste
backfill samples prepared at different mixing and curing temperatures of 20°C and 35°C. Both
samples were casted in a flexible laminar shear box and securely cured to 2.5 hours. The paste
backfill samples were also instrumented with numerous sets of sensors and transducers in order to
monitor the evolution of several parameters (vertical and horizontal displacement, pore water
pressure, acceleration, suction, and electrical conductivity etc.) before, during, and after shaking.
The obtained results show that high initial temperature significantly affects the cyclic response of
the CPB in terms of acceleration, horizontal and vertical displacement, and excess pore water
pressure. Moreover, 2.5 hours old CPB material prepared at high temperature is resistant to
liquefaction, whereas the 2.5 hours old CPB prepared at lower temperature can be susceptible to
liquefaction under the studied cyclic conditions. This liquefaction resistance can be attributed to
the combined effect of two factors: (i) the high temperature-induced increase in cement hydration
rate and increase in the self-desiccation intensity within the CPB of high initial temperature. It
results in higher effective stress in the CPB prepared at high temperature, and consequently
enhances the liquefaction resistance; (ii) the high temperature-induced acceleration of cement
hydration process that leads to the formation of more cement hydration products (C-S-H and CH)
within the CPB prepared at high temperature. It increases and strengthens the cementation between
the tailings particles, and thus improves the liquefaction resistant of CPB mixed and cured at 35°C.
These 1-g shaking table tests on CPB are time consuming and expensive, however they have
allowed to acquire a better understanding of the effect of the initial (mixing and curing)
temperature on the cyclic behavior and liquefaction potential of CPB at early ages besides
acquiring information and data that are useful for liquefaction assessment of CPB structures, and
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also for future development of constitutive samples to describe and predict the cyclic behavior of
hydrating paste backfill or soil undergoing cementation.
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CHAPTER G Pore Water Pressure and Liquefaction Response of
Layered Fine-Grained Soils Undergoing Cementation to

Dynamic Loadings (Paper 1V)
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Imad Alainachi, and Mamadou Fall

6.1 Abstract

Cemented paste backfill (CPB) is widely used in underground mining operations as it provides
support for the underground opening (mine stope) and allows the reuse of the mining wastes
(tailings) that might cause environmental damage if improperly disposed. In general, CPB may be
placed in the mine stope in different filling methods. It may be placed in one layer (continuous
filing), or by multiple layers (discontinuous or sequential filling). However, it was previously
noted that CPB are prone to liquefaction when subjected to cyclic loading at the early age. Till
today, no studies have addressed the effect of the different filling strategies on the response of CPB
during cyclic events by using the new findings of investigating the effect of the different filling
strategies of CPB on its geotechnical response to dynamic loading by using shaking table. CPB
samples were prepared with different scenarios, including one Layered-CPB (discontinuous
filling) sample at which each layer was cured to different curing time, and two unlayered-CPB
(continuous filling) that were cured to 2.5 hrs and 4.0 hrs, respectively. All samples were exposed
to same cyclic loading using 1-D Shaking table. Geotechnical parameters, including pore-water
pressure, settlement, volumetric water content and liquefaction susceptibility were monitored or
determined before, during, and after shaking. Obtained results indicate that Layered-CPB samples
are resistant to liquefaction, while the unlayered-CPB samples are prone to liquefaction when are
cured to less than 4.0 hrs of curing time. These results are expected to contribute significantly to
enhancing the efficient designs of CPB structures.

Keywords: Cemented paste backfill; Liquefaction; Shaking table; Tailings; Mine; Sulphate
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6.2 Introduction

The mining industry has been contributing significantly to the economies of numerous countries
and regions in the world. However, mining activities generate a large volume of potentially
harmful wastes, such as tailings. The tailings are man-made soils with high water content that
result from the hydrometallurgical processing during the mineral extraction/liberation process
(Fall et al. 2009). The solid particles of the tailings mainly consist of fine-grained soil particles
(typically silt-sized), whereas the water results from the water used in the aforementioned recovery
process. Traditionally, the tailings have been stored on the ground surface in a variety of ways.
However, the surface tailings disposal methods are associated with major environmental (e.g., acid
mine drainage, ecosystem pollution) and geotechnical (e.g., tailings dam failures) hazards with
severe social and economic consequences

One of the most novel technologies developed in the past decades to reduce the
aforementioned issues related to surface tailings disposal methods is the technology of cemented
paste backfilling. Cemented paste backfill (CPB) also enables to increase the mine productivity
and stability of the underground mine cavities (Yilmaz et al. 2004, Ghirian and Fall 2013). CPB is
a mixture of tailings (mostly silt-sized soil particles; 70% - 85% solids), 3% - 7% (by total weight
of solid; often) of hydraulic binder (usually cement), and a large volume of fresh and/or mine
processed water. In other words, CPB is a fine-grained soil undergoing cementation. The CPB
components are mixed and prepared in the paste backfill plant usually located on the mine surface,
and delivered into the mine cavity or stope (Figure 6.1) by gravity and/or pumping (Fall and
Benzaazoua 2005, Aldhafeeri et al. 2016). To prevent the initially fluid CPB from flowing into the
active mining area during the stope filling process, a barricade (retaining structure) is commonly
built at the drawpoint, which represents the access points at the base of the stope (Ghirian and Fall
2016, Cui 2017). The barricade blocks the drawpoint until the CPB mass gains sufficient strength.

The mechanical stability of the barricade represents a vital part of a successfully application
of cemented paste backfilling. Barricade failures often result in fatalities and are associated with
severe financial and social consequences for the mine. Numerous barricade failures have been
reported in the literature (e.g. Grice 1998, Yumlu and Guresci 2007, Nasir and Fall 2010,
Mozaffaridana 2011, Abdul-Hussain and Fall 2012, Li and Yang 2015, Cihangir and Akyol 2016,
Cui and Fall 2017). Excessive pressure applied by the CPB mass (at early ages) to the barricade is
one of the main causes of barricade failures. Therefore, in the practice, it is imperative to ensure
that the pressure applied by the fresh CPB does not exceed the barricade strength or capacity
(Ghirian and Fall 2016, Fang and Fall 2019). To achieve this goal, the sequential or two-stage
backfilling strategy, which leads to formation of layered CPB, has been adopted in many mines.
This backfilling strategy begins with filling the stope to a height just above the barricade to form
a first layer of CPB or a plug. Then, the plug is cured for few hours or days to allow cementation
and consolidation to take place. Subsequently, the remainder of the stope is backfilled (residual
fill) (Yumlu and Guresci 2007, Abdul-Hussain and Fall 2012). Adopting this discontinuous filling
strategy helps to maintain reasonable (not excessive) stress on the barricade (Ghirian and Fall
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2016). Moreover, the discontinuous backfilling of a stope, in other words, the formation of layered
CPB mass, can also result from backfilling interruptions due to technical issues related to the
backfilling operations and/or mining activities (Ghirian and Fall 2013).

Mme15tope Ground Surface

- e e e e e e e 8

Pillar/Rock Mass CPB Fill Pillar/Rock Mass Adjacent
Stope
CPB Plug
Barricade 5 ETr
Pressure b

Figure 6.1 Underground mine stope and sequential (two-stage) filling strategy.

The resistance or susceptibility of the freshly placed layered CPB to liquefaction induced
by seismic events is a concern in backfilling operations because CPB can be exposed in
underground mines to various types of seismic events, including natural earthquakes and seismic
events induced by mining activities (e.g., outburst, pillar burst, pillar punching, rockburst, failure
of overburden strata) (Hasegawa et al. 1989, Ahn et al. 2017). Moreover, due to the progressive
depletion of ore available at shallow depths in many underground mines in the world, mining
activities are more and more taking place at greater depths, which is obviously associated with
more severe and/or frequent seismic events (Hasegawa et al. 1989, Becker et al. 2014). However,
the liquefaction resistance of layered CPB during its curing at the early age is not understood or
well-known.

This lack of understanding leads to the fact that, in the practice, the judgment of the
liquefaction resistance of CPB is often based on unconfirmed “rule of thumbs” or anecdotal
evidences, which may be unreliable, conservative and not supported by scientific evidences. The
evaluation of the liquefaction resistance of the CPB by the aforementioned approaches can lead to
the design of unsafe and/or uneconomical CPB structures as well as to a significant delay in the
opening of the barricades. Delayed opening of barricades has a significant impact on the mining
cycle, thus on the productivity of the mine. Therefore, in order to better judge the liquefaction
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susceptibility or resistance of CPB, and thus achieve an efficient and safe design of barricades and
CPB structures, it is critically important to understand the geotechnical behavior (e.g., pore water
pressure response, liquefaction potential) of layered CPB material subjected to cyclic loading at
the early ages. At the time of writing however, no studies have addressed the geotechnical behavior
of layered and hydrating CPB at early ages under cyclic loadings. This research gap has motivated
the authors of this paper to assess the geotechnical behavior of layered CPB during its hydration
at the early age by using the shaking table technique. This manuscript presents new findings of
pore water pressure and liquefaction responses of layered and hydrating CPB material under cyclic
loading conditions by using a shaking table. The behaviour of the layered CPB materials is
compared to those of unlayered CPB materials of different ages. This paper emphasizes the
evaluation of the behaviour of the CPB material under cyclic loadings rather than that of the CPB
structure. The assessment of the behaviour of freshly placed and hydrating CPB structure under
cyclic loadings is out of the scope of this paper.

6.3  Materials and Equipment Used in the Experiment

6.3.1 CPB Material and Mix Design

The ingredients of the CPB material used in this study include synthetic silica tailings (ST),
hydraulic binder, and water. ST is essentially made of quartz, which is the predominant mineral in
Canadian hard rock mine tailings, and its grain size distribution is similar to the average grain size
distribution of nine mine tailings (9MT) extracted from nine different mines in eastern Canada
(Figure 6.2). Natural tailings usually contain reactive minerals that can potentially have chemical
interactions with other ingredients in the CPB mixture. This may influence the interpretation of
the obtained results. Thus, the use of ST can eliminate uncertainties that are found with the use of
natural tailings, because ST contains high percentage of silica (99.8% SiO2), which makes it a
chemically inert material in CPB systems (Carraro et al. 2009, Fall et al. 2010, Aldhafeeri and Fall
2016). Portland cement type I (PCI) was used as the hydraulic binder, as PCI is most popular type
of cement used in backfill operations. Tap water was used as the mixing water.

ST, PCI and water were mixed and homogenized for about 10 min. The cement proportion
was 4.5%, and the water-to-cement ratio (w/c) was 7.6 in all mixtures prepared in this study. The
degree of water saturation (S) of the prepared CPB was determined to be equal to 100%. The slump
(according to ASTM C143/C143M-15a) value of the prepared CPB material was 18 cm, which
enables the transportability of the CPB in the field (Ghirian and Fall 2013, Aldhafeeri and Fall
2016). The prepared fresh CPB mixtures were then poured into the developed laminar shear box
(Figure 6.3) with a final dimension of each tested CPB sample of 75 cm x 75 cm x 70 cm (length
x width x height). In order to avoid changes in water content due to evaporation, the laminar shear
box with CPB mixtures was sealed and kept for curing under the room temperature (~20° C) until
it reached the desired testing age.
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Figure 6.2 Grain size distribution of the silica tailing (ST) vs average grain size distribution of tailings

extracted from nine Canadian mines (9MT).

6.3.2 Test Setup and Instrumentation

The Flexible Laminar Shear Box (FLSB) shown in Figure 6.3 was designed and built at the Faculty
of Engineering of the University of Ottawa for this research program. The FLSB was securely
attached to the platform of the shaking table of the University of Ottawa (Figure 6.3) to simulate
the behaviour of the CPB samples under cyclic loadings.

The platform of this shaking table is around ~120 cm x ~106 cm. The table is driven by a
digitally controlled hydraulic actuator with a shaking range from 1 to 17 Hz. The maximum base
displacement and shear capacity limit in this shaking table are 12 cm and 27 kN respectively
(Mohamed 2014). The FLSB was made of 30 horizontal aluminum laminas. The inner dimensions
of each lamina are 75 cm x 75 cm. To ensure the independent movement of each lamina, the FLSB
was designed to have a clearance spacing of 0.2 cm between each lamina. Accordingly, the total
capacity of assembled FLSB becomes 75 cm x 75 cm x 100 cm. In order to contain/hold the CPB
mixture in the FLSB before and during the tests, a high flexible polyethylene membrane of 0.5
mm thickness was placed in the FLSB before pouring the CPB mixtures. The high flexibility of
the membrane shows insignificant effect on the movement of the FLSB (Mohamed 2014).

Various types of instruments or sensors were placed at different depths in the FLSB to
monitor the properties and response of the CPB sample before, during and after shaking, as shown
in Figure 6.4. These instruments or sensors include:
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Figure 6.3 Shaking table and Flexible Laminar Shear Box (FLSB) used in this study.

Figure 6.4 Schematic view of the physical model showing the instrumented FLSB.
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1. Linear variable differential transformer (LVDT), which was used to monitor the vertical
displacement (settlement) of the surface of the CPB sample. HCD-1000 LVDT of 2.5 cm
range was used in this regard.

2. Cable transducers (Celesco SP2-12 compact string with 31.7 cm range) were used to
measure the settlement (vertical displacement) within the CPB sample during shaking at
different depths of 20 cm, 40 cm, and 60 cm. These transducers were attached to thin metal
rods connected to 0.2 cm thick, 0.2 cm x 0.2 cm, lightweight, perforated plastic plates that
were installed at three different depths within the sample. These plates were perforated to
minimize their displacement due to seepage pressure. These metal rods were installed
within cylindrical guidance towers (made of thin metal mesh sheets) in order to avoid
unwanted movement/tilting of these metal tubes during the shaking process. Guidance
towers were connected to the shaking table in order to avoid being a reinforcement factor
and to allow the whole system to follow the same motion rhythm.

3. Pressure transducers were used to monitor the change in pore-water pressure before,
during, and after shaking. PX309 series pressure transducers, with a measuring range and
static accuracy of -15 to +15 PSI and +0.25% respectively, were used and installed at
different depths (20 cm, 40 cm, and 60 cm) of the CPB models inside the FLSB. These
transducers were also connected to the above-mentioned guidance towers in order to
maintain its positions during shaking.

4. Volumetric Water Content (VWC) sensors were installed at different depths (20 cm, 40
cm, and 60 cm) within the sample to monitor the changes in the volumetric water content
(VWC), and were also connected to the guidance towers to maintain their positions during
shaking. The sensor used in this regard was ECH2-5TE sensor, which measures volumetric
water content (VWC) in the range of 0-80% with the accuracy of +0.01 from 1-40% and
the accuracy of £0.15 from 40-80%. Monitoring the VWC enables assessment of the self-
desiccation of CPB (capillary water consumed by the cement hydration) as well as the
water flow within the CPB mass

The LVDT, transducers and accelerometers were all connected to signal conditioning and
Data Acquisition Systems (DAQS). The 5TE sensors, on the other hand, were connected to
Decagon Em50 series data loggers. DAQS and Em50 were connected to computer to
record/analyze the required data at an interval of almost 1 sec during applying the cyclic loading
and an interval of 10 min before and after applying the cyclic loading. Furthermore, digital camera
was used to record each step of the testing program (mixing, installation, and shaking operation).

6.3.3 Description of the Tested CPB Specimens

As described earlier, the main objective of the study is to investigate the pore water pressure and
liquefaction responses of layered CPB materials of early age to dynamic (cyclic) loading. To do
so, shaking table tests were conducted on three CPBs that were prepared with different filling
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scenarios (discontinuous vs continuous) to create layered and unlayered (serve as a control) CPB
specimens as well as cured at different ages:

Q) Layered CPB sample was constructed by filling the FLSB with the prepared CPB mixture
in two stages (discontinuous filling) to create two layers of CPB. The first layer was poured
into the FLSB and kept for curing for 1.5 hrs before pouring the second layer. Then, the
second layer was cured for 2.5 hrs before applying the cyclic loading. This means that at
the time of applying cyclic loadings, the first layer was 4 hrs old. For simplicity, this
sample will be called in the following sections, Layered-CPB.

(i) 2.5-hr-old unlayered CPB specimen was constructed by continuously filling the FLSB
(continuous filling) with the CPB mixtures until reaching the target sample height (70 cm)
to create one layer of CPB. The freshly deposited CPB mixture was then cured for 2.5 hrs
before the cyclic loads were applied. Thus, the curing time of this unlayered CPB
corresponds to that of the second layer of the Layered-CPB specimen described above.
This sample will be called 2.5hrs&Continuous filling-CPB in the rest of the manuscript.

(iti)  4.0-hr-old unlayered CPB sample was constructed in the same manner (continuous filling)
as the 2.5-hr-old unlayered CPB specimen. However, in this case, the CPB mixture was
cured for 4.0 hrs before applying the cyclic loading. The curing time of the 4.0-hr-old
unlayered CPB corresponds to that of the first layer of the layered CPB specimen described
previously. This sample will be called 4.0hrs&Continuous filling-CPB in the sections
below.

In practice, continuous backfilling has been suggested to enable early opening of the
barricades, and thus speed up the mining cycle. However, there is a significant concern and
uncertainties with respect to liquefaction susceptibility of CPB structures placed by using
continuous backfilling.

6.3.4 Shaking Table Test Conditions

The shaking table testing program carried out and the related testing conditions are illustrated in
Figure 6.5 and discussed below.

The cyclic loading conditions applied in this study are similar to those adopted in previous
studies on cyclic behaviour of slurry tailings (e.g. James et al. 2003, Pépin et al. 2009, 20123,
2012b). The shaking table testing program and conditions (Tables 6.1-6.2) consisted of applying
in one-dimensional signal, a uniform amplitude, constant frequency (1 Hz) and peak horizontal
acceleration of 0.13g on the CPB sample. Moreover, the CPB was shaken for about 1,800s. In
should be underlined that the loading conditions applied in this study were not meant to be
representative of the same conditions that happen during a natural or real earthquake, since these
conditions had a one-dimensional signal, uniform amplitude, constant frequency and long
duration. In natural earthquakes, the number of cycles depends on the earthquake magnitude (and
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is typically of the order of 5 to 20), and the motion amplitudes have a gradual increase, and a
gradual decrease.

TEST PROGRAM
v
Effect of the Filling Strategy of CPB on its seismic behavior
|
v v v v
SPHA: 0.13g HDA: 3.2cm SLF:1Hz SD: 30 min
Filling Strategy (Curing Time)
v v v
. . 11z st
Continuous Filling Continuous Filling Discontinuous Filling 1
(2.5 hrs) (4.0 hrs) Layer (4.0 frs)
' ' 2" Layer (2.5 hrs)

SPHA : Shaking Peak Horizontal Acceleration SLF : Sinusoidal Loading Frequency
HDA  : Horizontal Displacement Amplitude SD : Shaking Duration

Figure 6.5 Flow chart of the testing program and conditions.

Table 6.1 Summary of the testing program

Filling CT SLF HDA SD PLMD
Test Material SPHA
Strategy (hrs) (Hz) (cm) (min) (hrs)
1 CPB Continuous 25 0.13g 1 3.2 30 24
2 CBP Continuous 4.0 0.13¢ 1 3.2 30 24
3 CPB Discontinuous 1% Layer: 4.0 0.13g 1 3.2 30 24
2" Layer: 2.5
SPHA : Shaking Peak Horizontal Acceleration SD : Shaking Duration
SLF : Sinusoidal Loading Frequency CT : Curing time
HDA : Horizontal Displacement Amplitude PLMD : Post Loading Monitoring Duration

175



Pore Water Pressure and Liquefaction response of ...

Table 6.2 Selected cyclic parameters used in the present study and previous studies

Parameter Values used in previous studies ?  Values used in the present study
Shaking Peak Horizontal Acceleration  0.1g — 1.0g 0.13g

Sinusoidal Loading Frequency 0.1-50 (Hz) 1 (Hz)

Horizontal Displacement Amplitude 1.0-8.0 (cm) 3.2 (cm)

Shaking Duration ? 3 —2,000 (sec) 1,800 (sec)

Post Loading Monitoring Duration 15 (min) — 36 (hr) 24 (hr) ©

aSuch as (James et al. 2003, Prasad et al. 2004, Ueng et al. 2006, Pépin et al. 2009, 2012a, 2012b, Ozgen et
al. 2011, Mohamed 2014, Guoxing et al. 2015, Salam et al. 2020, Xu et al. 2020).

® Depends on the material response

¢ After initial casting

The selected applied frequency (sinusoidal loading of 1 Hz frequency) herein was based
on previous liquefaction studies (e.g. Ishihara et al. 1981, Ishihara 1996, James et al. 2003, Pépin
et al. 2009, 2012a, 2012b, Ueng et al. 2010, Geremew and Yanful 2012) and compatible with the
capability of the used sensors in terms of the monitoring as well as with the capacity of the used
shaking table. Previous studies (e.g. Sriskandakumar 2004) concluded that the value of the loading
frequency adopted in laboratory seismic tests under undrained loading has only a minor effect or
negligible effect on the dynamic response of the tested porous media (undrained conditions were
applied in this study). Moreover, Srilatha et al. (2013) found that the cyclic responses of the tested
soils are virtually comparable at frequencies less than 7 Hz. The applied peak horizontal
acceleration (0.13g) corresponded to the peak ground acceleration recorded in the Saguenay
earthquake in 1988 in Québec (Tuttle et al. 1990). It should be indicated that only the peak
acceleration correlates with the peak of Saguenay Earthquake, not the whole time series. Previous
researches (e.g. Carter 1988, James et al. 2003) have found that tailings may liquefy under ground
shaking with peak horizontal ground acceleration of 0.05g or more. Furthermore, the cyclic
loading in this study was applied to CPB samples for 1,800 seconds. Although recorded
earthquakes do not last that much long (Natural Resources Canada 2019), the purpose of applying
this long shaking duration is to allow good observation of the dynamic behavior of the CPB
samples and relative comparisons of their responses. This will help to develop future constitutive
models to compare the dynamic response of CPBs that are placed in different filling methods.
Moreover, similar durations were used in several previous investigations on dynamic behavior of
tailings materials (e.g. James et al. 2003, Pépin et al. 2012b). Furthermore, it has been reported
that the cyclic peak of the liquefaction of tailings (without inclusions and/or cement) can be
reached in shaking for 1000 seconds (James et al. 2003). As the material used in this study is
cementing tailings (CPB mix), shaking duration was selected in the range of 1 min to 30 min (60
— 1,800 cycles) depending on the material response and the post loading monitoring duration
(PLMD) to continue (depending on material response) for additional 24 hours.
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6.4 Results and Discussion

6.4.1 Evolution of Pore Water Pressure

Figure 6.6(a-c) illustrates the changes in pore water pressure (PWP) at various depths with time
within the Layered-CPB (Figure 6.6a), 2.5 hrs&Continuous filling-CPB (Figure 6.6b), and 4.0
hrs&Continuous filling-CPB (Figure 6.6¢) samples, respectively, before, during and after cyclic
loading (i.e. from deposition time to about 24 hours).

(i) Before shaking: Figure 6.6a shows that during the first 15 minutes (900 sec) of the disposal of
the first layer of the Layered-CPB sample, the pore water pressure (PWP) within the CPB gradually
increased to reach the peak values of 3.0 kPa at the end of the first filling. This initial increase in
PWP is resultant of the increase of the CPB height (total stress increase), the reduction in the
volume of the voids between tailing particles due to the self-weight settlement and rearrangement
of the tailings particles at the very early age (Yilmaz et al. 2012, Ghirian and Fall 2013, Muir
Wood et al. 2016). Afterwards, the PWP values progressively decreased down to 2.0 kPa before
the start of second filling. This decrease in PWP before the start of second filling is attributed to
the dissipation of the PWP due to the cement hydration-induced self-desiccation (Helinski et al.
2007, Ghirian and Fall 2014, Scrivener et al. 2015). At the end of the second filling, the PWP in
the first (bottom) layer increased up to 4.5 kPa. This second increase in PWP within the first layer
(depth: 60 cm) following the addition of the second layer is mainly related to the increase in total
stress at this depth due to weight of the CPB material added. Also, the second CPB fill (upper
layer) gives additional hydrostatic load and drain its water (gravity-drainage) through the interface
to the first CPB fill (lower layer) (EI Mkadmi et al. 2014, Ghirian and Fall 2014, Karaoglu and
Yilmaz 2017). This can also contribute to this increase in PWP because of the water accumulation
in the lower layer. Indeed, the reduction of water content in the (older) lower layer allows
unsaturated voids to be generated between tailings particles. In turn, these voids will be filled up
with water that comes from the upper layer. . In addition, there was an increase in PWP within the
second layer (depth: 20 cm) and at the interface between the two layers (depth: 40 cm). This
increase can also be attributed to the self-weight settlement and the rearrangement of tailings
particles within the second layer. Subsequently, the PWP decreased slightly at all depths just after
the end of the second filling (due to self-desiccation) and then remained relatively stable within all
depths of the Layered-CPB until the start of the shaking. From Figures 6.6b and 6.6c, it can be
noted that the PWP behavior or evolution in the unlayered CPB samples (2.5 hrs&Continuous and
4.0 hrs&Continuous filling CPBs) during the filling of the FLSB is qualitatively similar to that
observed during the disposal of the first layer of the Layered-CPB. Indeed, both unlayered CPB
samples experienced the initial increase in PWP in all depths (due to aforementioned causes). This
increase was followed by a self-desiccation-induced decrease in PWP in all depths. However, the
unlayered samples did not experience the second increase in PWP that was noted in the Layered-
CPB sample.
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Figure 6.6 histories at different depths vs times for the CPB samples:
(a) Layered CPB; (b) 2.5 hrs&continuous filling-CPB (c) 4.0 hrs&continuous filling-CPB fill.
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(ii) During shaking: prior to applying cyclic loads, initial conditions (hydrostatic conditions) of
each CPB sample were determined. When shaking began, as expected, there was a quick increase
in pore water pressure at all depths within all CPB samples until reaching peak values due to the
generation of excess pore water because of the contractive behavior of the saturated backfill
material or particles (Bouckovalas et al. 2009, Saebimoghaddam 2010, Jefferies and Been 2015,
Porcino et al. 2015) (as supported by Figure 6.8; will be discussed below). Moreover, as expected,
greater depths experienced more increase in PWP. However, the increase in pore water pressure
within the Layered-CPB sample was less than that within the unlayered CPB samples for
comparable depths and curing times. This can be explained by the downward water drainage from
the upper layer towards the bottom layer (during shaking) because the lower layer, which was
cured for 4.0 hrs and thereby experienced higher progress of cement hydration (Figure 6.10), have
acted as a preferential path for excess PWP from the upper layer. This will allow the excess pore-
water to flow downward instead of the upward buildup, and thus cause less increase (dissipation)
in the PWP comparing with the unlayered samples (Pépin et al. 2009, EI Mkadmi et al. 2014).

(iii) After shaking: after the end of shaking, the pore water pressure first slightly increased (with
different magnitudes) with time (i.e. regardless of the progress of cement hydration) at the depths
of 60 and 40 cm for all CPB samples. This slight increase in PWP at these depths was then followed
by a gradual decrease in the PWP until the end of the monitoring period. This observed slight
increase in PWP may be related to the end of the cyclic loading, which allowed the settlement or
contraction of some tailings particles that might have been partly in suspension at the end of
shaking, thereby generating additional PWP (Pépin et al. 2009). Similar behaviours were observed
by Pépin et al. (2012a,b), who assessed the liquefaction susceptibility of uncemented hard rock
slurry tailings using the shaking table technique. The aforementioned decrease in PWP observed
in all samples is mainly attributed to the self-desiccation (Ghirian and Fall 2013). On the other
hand, the PWP at the shallow depth (20 cm) for all CPB samples declined to less than the
hydrostatic PWP as shown in figure 6.6(a-c). This can be attributed to the combined effect of (i)
self-desiccation process (Ghirian and Fall 2013) and (ii) near surface evaporation due to the
difference in relative humidity of the CPB surface and the ambient air (Abdul-Hussain and Fall
2012).

6.4.2 Settlement (vertical displacement)

In shaking table tests, the cyclic-induced settlement of soil particles usually provides an indication
of the contractive behavior of these particles and the increase in its density (Ueng et al. 2006, Pépin
et al. 2012b). The measured vertical (downward) movement induced by shaking of CPB in this
study are presented in Figure 6.7(a-c). Figure 6.7a presents the settlement time histories measured
during the cyclic loading within the Discontinuous filling-CPB sample, while Figures 6.7b and
6.7c illustrates the settlement within the unlayered CPB samples cured for 2.5 hrs and 4 hrs,
respectively. It is clearly observed from Figure 6.7(a-c) that Layered-CPB sample shows less
settlement (0.6 cm — 2.0 cm) as compared to 2.5 hrs&Continuous filling-CPB sample (2.5 cm —
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3.8 cm) and the 4.0 hrs&Continuous filling CPB-sample (1.2 cm — 1.9 cm). The variation in
settlement between these samples can be related to two factors.

(i) The effect of the cement hydration progress with time: the longer curing time leads to less
shaking-induced settlement. This is evident from the 4.0 hrs-continuous filling sample and the first
layer (depth 60 cm) within the discontinuous filling sample as compared to the 2.5 hrs-continuous
sample. This is attributed to the fact that a greater cement hydration degree causes the precipitation
of more cement hydration products (see Figure 6.10), thereby increasing the density and strength
of the CPB material (Fall etal. 2010, Scrivener et al. 2015). Consequently, the contracting behavior
or settlement of the CPB becomes smaller (Seed et al. 1975, Tokimatsu and Seed 1987) during
shaking.

(ii) The effect of the filling discontinuity (multiple layer): it leads to less settlement within the
second layer (depth 20 cm) and the interface (40 cm) that were cured for 2.5 hrs as compared to
the CPB material that was prepared with continuous filling and was cured for the same curing
time. This can be attributed to the fact that the bottom layer (first layer that was cured for 4.0 hrs)
acted as a preferential path for the excess PWP generated within the upper layer during shaking.
Hence, the excess PWP development was inhibited, and the contraction behavior or the settlement
within this layer becomes smaller (Pépin et al. 2009, EI Mkadmi et al. 2014) (Pépin et al. 2009, EI
Mkadmi et al. 2014, Rollins et al. 2019). While the continuous filling sample remained in
undrained condition at each depth, so only path for the PWP buildup is upward, thereby the
contracting behavior became higher and more settlement encountered (Seed et al. 1975, Tokimatsu
and Seed 1987).

The above-mentioned explanations are consistent with the results of PWP measurements
and liquefaction analysis discussed in Sections 6.4.3. On Figure 6.7(a&b), the recorded
displacement at the depth of 20 cm became higher than expected after 1200 seconds because the
plastic plate that was installed at this depth was shifted due to the excessive movement.

6.4.3 Liquefaction Analysis

Soil liquefaction is often assessed by different methods, such as strength-based method,
stain/deformation-based method, energy-based method, and excess pore-water pressure-based
method. However, selecting any of these criteria has its advantages and limitations (Wu et al.
2004). Shaking-induced liquefaction of CPB was investigated in this study by using the excess
pore-water pressure-based method. This method has been extensively used to evaluate the
liquefaction potential of soils and/or tailings in shaking table tests by several previous researches
(e.g. Ueng et al. 2010, Pépin et al. 2012a, Dinh et al. 2020, Sudevan et al. 2020). In this method,
the liquefaction is assessed by determining the excess PWP ratio (R,,), which represents the ratio
between the excess PWP (Au) and the initial effective stress (¢;). When R,, = 1, the liquefaction
is generally defined, while if R, < 1, there is no liquefaction (Wu et al. 2004).
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Figure 6.7 Settlement at different depths vs times for CPB models prepared with:

(a) Discontinuous fill; (b) 2.5 hrs&continuous fill (c) 4.0 hrs&continuous fill.
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Figure 6.8(a-c) shows a comparison of the excess PWP developed, during shaking, at
different layers/depths for the Layered-CPB and unlayered CPB samples. As expected and in line
with previous studies (e.g. Saebimoghaddam 2010), the excess PWP developed during shaking of
the 2.5 hrs&Continuous filling CPB sample (Figure 6.8b) was significantly higher than that
developed during the shaking the 4.0 hrs&Continuous filling CPB specimen (Figure 6.8c).
However, it was clearly observed that the excess PWP developed within the bottom layer (depth:
60 cm) of the Layered-CPB (Figure 6.8a) was higher than that observed in the same depth of the
4.0 hrs&Continuous filling CPB, regardless of the fact that they were both cured for the same time
(4.0 hrs). Moreover, it was also observed that the excess PWP developed within the upper layer
(depth: 20 cm) and the interface between the two layers (depth: 40 cm) of the discontinuous filling
CPB was lower than that observed in the same depth of the 2.5 hrs&Continuous filling CPB,
although they were both cured for the same time (2.5 hrs). This can be attributed to the fact that
the lower layer became a partial drainage pathway for the excess PWP generated within the upper
layer during shaking, which causes a reduction in excess PWP at the upper layer and the interface
and an increase in the excess PWP in the lower layer.

Figure 6.9(a-c) presents the pore-water pressure ratios determined during shaking of the —
Layered-CPB samples, 2.5 hrs&Continuous filling and 4.0 hrs&Continuous filling CPB samples,
respectively. The 2.5 hrs&Continuous filling CPB sample (Figure 6.9b) was susceptible to
liquefaction (R, = 1) under the applied cyclic loading conditions, while the 4.0 hrs&Continuous
filling CPB sample (Figure 6.9c) was resistant to liquefaction (R,, < 1). In other words, the longer
curing time reduces the susceptibility to cyclic-induced liquefaction of the CPB, which is
consistent with the conclusion of Saebimoghaddam (2010).

On the other hand, it is evident that the sequential (discontinuous) filling strategy enhanced
the liquefaction resistant of CPB, as both layers (lower layer that was cured for 4.0 hrs and upper
layer that was cured for 2.5 hrs) as well as the interface between these layers were resistant to
liquefaction (R, < 1).

Analogous to the settlement behavior, which is explained in section 6.4.2, the variation in
liquefaction resistance between the Layered-CPB sample and the two unlayered-CPB samples can
be attributed to the coupled influence of two factors:

(i) Progress of cement hydration process

The progress of cement hydration will lead to more precipitation of cement hydration
products, such as ettringite, gypsum C-S-H, and CH as shown in the thermal analysis (TG/DTG)
diagrams presented in Figure 6.10. These hydration products will progressively bond the tailings
particles together (generation of cohesion) and reduce the pore spaces between these particles (Fall
et al. 2010, Wang et al. 2016). Also, the progress of cement hydration will lead to a net reduction
in total volume of water and solid particles or total volume of the material, which is called
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Figure 6.8 Excess pore-water pressure (Au) development at different depths vs times for CPB models
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Figure 6.10 Effect of curing time on TG/DT diagrams of CPB cured to 2.5 hrs and 4.0 hrs.

self-desiccation (Li and Fall 2016). This causes a reduction in PWP and moisture content in the
hydrating backfill. The reduction in water content in the backfill or soil allows air to enter the pores
between tailings or soil particles and generates air bubbles. Consequently, this turns the backfill or
soil from saturated condition to partially saturated conditions (Fredlund et al. 2012, Ghirian and
Fall 2013). The presence of air bubbles inside the pores of a soil will enhance its liquefaction
resistance, because the air can absorb the generated excess PWP by reducing its volume (Okamura
and Soga 2006).

(i) Influence of created drainage condition

As mentioned above, letting the CPB material of the lower layer (layer 1) to cure up to 4.0
hrs before applying the cyclic load allowed the cement self-desiccation to progress and reduces
the PWP and water content of the CPB material. Hence, the material of this layer has turned to
unsaturated condition. Accordingly, the excess PWP generated (during shaking) within the upper
layer (layer 2 that was cured for 2.5 hrs) have found a preferential path to evacuate through the
unsaturated lower layer, instead of building upward and causing liquefaction. In other words,
applying discontinuous (sequential) filling strategy allows the shaking to be applied in drained
condition. Previous researches (Marinucci et al. 2008, Pépin et al. 2009, Hasan et al. 2013, Rollins
et al. 2019) have stated that the presence of vertical drains is effective in reducing the PWP ratios,
and thus reduces the liquefaction susceptibility of this material. Moreover, it was previously found
that CPB material cured in drained conditions have shown higher shear strength than those cured
in undrained conditions (Helinski et al. 2007, El Mkadmi et al. 2014, Ghirian and Fall 2016, Fang
and Fall 2019).
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Figure 6.11(a-b), which shows the evolution of the volumetric water content (VWC) at
different layers/depths within the CPB models that were prepared with discontinuous (sequential)
filling and continuous filling strategies respectively, supports the fact that self-desiccation did take
place in the CPB. A gradual increase in the volumetric water content (VWC) in the initial hours at
all depths of each CPB model can be observed in Figure 6.11(a-b). The VWC reached its peak
value after around 5-6 hrs. Afterwards, it experienced a slight decrease and then remained
relatively constant till the completion of the monitoring period. This increase in VWC is attributed
to the self-desiccation induced decrease in the total volume of the CPB since the VWC expresses
the ratio of volume of water to the total volume of the soil. Furthermore, it was clearly observed
in Figure 6.11a that the VWC within the lower layer (layer 1) of the discontinuous filling CPB
model has experienced two rapid increases. The first rapid increase, which occurred after around
1.5 hrs (between stages 3 and 4 in figure 6.11a) is mainly due to the rapid filling of the second fill
(layer 2). This argument is consistent with the PWP development at this depth (60 cm) that was
observed in this same period of figure 6.6a. The second rapid development of VWC in the lower
layer has encountered during shaking period. This increase is attributed to the shaking induced-
development of the excess PWP within this layer, in addition to the excess PWP evacuated from
the upper layer downwards. Thus, the VWC within the upper layer (20 cm) was less than in the
lower layer. On the other hand, the VWC development within CPB sample prepared with
continuous filling (Figure 6.11b) showed different behavior. Firstly, there was no rapid increase
in VWC after around 1.5 hrs as the hole CPB material was filled once at the same time. Secondly,
the values of VWC during shaking periods in the shallow depth (20 cm) were higher than those in
the deep depth (60 cm), because the shaking was applied in undrained condition and the developed
excess PWP (at all depths) had only on pathway to move, which is the upward buildup.
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Figure 6.11 Change in volumetric water content at different depths of the CPB models prepared with:
(a) Layered-CPB; (b) Continuous fill.
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Accordingly, the findings of Figure 6.11(a-b) confirm the aforementioned argument that
the effect of filling the fresh CPB material in sequential or discontinuous (layered) filling strategy
may reduce the susceptibility of shaking-induced liquefaction of fresh CPB during seismic events.

6.5  Summary and Conclusion

This study has used the shaking table testing technique to investigate the geotechnical response
(e.g. settlement, excess pore-water pressure, and liquefaction analysis) of fresh cemented paste
backfill to cyclic loadings, with respect to the effect of different filling strategies. This assessment
was conducted by applying cyclic loading on paste backfill samples prepared with different filling
strategies of discontinuous (layered) filling, 2.5 hrs&Continuous filling, and 4.0 hrs&Continuous
filling, which were casted in a flexible laminar shear box. The paste backfill samples were
instrumented with numerous sets of sensors and transducers to monitor the evolution of several
parameters (pore water pressure, vertical displacement, and volumetric water content) before,
during, and after shaking. The obtained results show that adopting different filling strategies leads
to significant variation in settlement and the development of excess pore water pressure of the CPB
when subjected to cyclic loading. It is also found that discontinuous (layered) CPB material is
resistant to liquefaction, whereas continuous filling CPB material can liquefy under the studied
cyclic conditions if it was exposed to cyclic loading before achieving 4.0 hrs of curing time. The
enhanced liquefaction resistance of Layered-CPB sample is attributed to the combined effect of
two factors: (i) strengthening of the cementation between the soil (tailings) particles of the lower
(first) layer, which increases the shear resistance of the CPB material in this layer; (ii) the influence
of the created drainage conditions within the lower layer, which creates a preferential path for the
excess pore water pressure to escape from the upper layer and minimizes the upward buildup of
excess PWP and downward movement (settlement) of the soils particles within the backfill. These
1-g tests on CPB are time consuming and expensive. However, they have facilitated a better
understanding of the cyclic behavior and liquefaction potential of layered and unlayered CPB at
early ages as well as provided information and data that are useful for liquefaction assessment of
CPB structures and also for future development of constitutive models to describe and predict the
cyclic behavior of hydrating paste backfill or soil undergoing cementation.
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CHAPTER 7 | Synthesis and Integration of Results

7.1 Introduction

In order to better understand the cyclic behavior of fresh CPB material subjected to cyclic
conditions at the early age, the results obtained from the four technical papers presented in
Chapters 3, 4, 5, and 6 of this dissertation have been synthesized in this chapter. Each of these
papers has investigated one or more factors affecting the behavior of fresh CPB material subjected
to cyclic conditions at the early age by using the shaking table testing technique as shown in Table
7.1. Although these chapters (technical papers) did not explain the development and design of the
experimental setup in detail, the detailed explanation and presentation of the development and
design of the setup can be found in the appendix of this thesis.

Table 7.1 Summary of influential factors investigated in this dissertation

Sulphate Initial -
] ] Filling
Technical Curing Time (hrs) Content Temperature
Chapter Strategy
Paper (ppm) (°C)
2.5 4.0 10 0 5000 | 20 35 CF DF

1 3 X X X X X X

2 4 X X X X X

3 5 X X X X X

4 6 X X X X X X
CF: Continuous Filling; DF: Discontinuous Filling

Section 7.2 of this chapter presents the synthesis of representative results from Chapter 3
in order to illustrate the effect of the progress of cement hydration on the cyclic behavior of CPB
samples that were cured for different curing time (2.5 hrs, 4.0 hrs, and 10.0 hrs). Afterwards,
Section 7.2 presents the main results obtained from Chapter 5, which discusses the effect of the
chemistry of the mixing water of CPB on its cyclic behavior by conducting the shaking table testing
on CPB samples that were prepared with different content of sulphate (O ppm and 5000 ppm).
Next, the representative results of Chapter 5, which studies the effect of the initial (mixing and
curing) temperature on the cyclic behavior of CPB samples that were prepared and cured under
different temperatures (20°C and 35°C), are presented in Section 7.3. In addition, the cyclic
behavior of CPB prepared with different filling strategies (continuous filling and discontinuous
filling) are compared in Section 7.4, which illustrates the main results of Chapter 6.
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7.2  Effect of Cement Hydration Progress with Time

In Chapter 3, the effect of cement hydration progress (curing time) on the liquefaction potential of
fresh CPB under cyclic loadings has been studied by conducting shaking table testing on three
CPB specimens that were poured into FLSB and cured for different maturity age (curing time).
All CPB samples were filled inside the FLSB in one layer (continuous filling), and the three CPB
samples were cured under stable room temperature of 20°C for 2.5, 4.0, and 10.0 hours
respectively.

It has been observed that the progress of cement hydration process with time has a
significant effect on the cyclic behavior of CPB, as the young (2.5 hrs old) CPB material was found
to be susceptible to liquefaction under the considered cyclic loading conditions, while the older
CPB materials (cured for 4.0 hrs or 10 hrs) were resistant to liquefaction. Moreover, cyclic loading
has negligible effect on CPB materials that were cured for 10.0 hrs. The enhancement in the
liquefaction resistance of CPB with the progress of curing time is due to the combined effect of
two factors: (i) the increase in the shear resistance of the CPB material due to the improvement in
the cementation between soil (tailings) particles; and (ii) the reduction in PWP and the
development of suction (negative PWP) within the backfill due to the progress of cement self-
desiccation with time, consequently increasing the effective stress in the CPB. This will enhance
the liquefaction resistance of CPB under seismic conditions.

In addition to the above stated findings, it is possible to expand the implication of the results
obtained from this study in backfill practice by connecting the seismic behavior of early age CPB
material with the values of the compressive strength of CPB material that is freshly placed in mine
stopes. Several researches have used this approach and connected the cyclic failure or liquefaction
of CPB to the minimum required strength values (UCSmin). The “role of thumb” suggested by le
Roux (2004) considers that the UCS of CPB material must be >100 kPa to be judged as resistant
to liquefaction. Belem and Mbonimpa (2016), on the other hand, found that the value of UCSmin
of non-liquefiable CPB was 32 kPa. However, none of these recommendations or values was based
on the cyclic response of CPB in shaking table test. Accordingly, it is worth to analyze the results
obtained in the current study with respect to the UCS values of CPB that were determined based
on vane shear tests performed on fresh CPB material at very early ages (less than 24 hours) by Fall
and Haruna (2020) (Figure 7.1). The CPB tested has the same mix composition as the CPB material
considered in this PhD study. It is widely agreed that the unconfined (uniaxial) compression test
of a soil represents a special case of the undrained shear test of that soil at which the confining
pressure (a3) is equal to zero, and the relation between the shear strength (7) and the unconfined
compression strength (or the axial pressure, o;) can be defined as T = 0.5, (Das and Sobhan
2013).
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Figure 7.1 Strength development of CPB sample made with 4.5%PCI (w/c: 7.6; Silica tailings used)
(experimental data from Fall and Haruna 2020)

From figure 7.1, the UCS values of CPB are determined to be around 2.0 kPa, 10.0 kPa, and 40
kPa at 2.5 hours (curing time), 4.0 hours (curing time), and 10.0 hours (curing time), respectively.
By comparing these values with the results of the current study, wherein it is found that the CPB
material cured for 4.0 hours is resistant to liquefaction under the tested cyclic conditions, it can be
assumed that the minimum compressive strength (UCSmin) of CPB material (composed of 4.5%
PCI and w/c of 7.6) is 10.0 kPa. It is also found from this analysis that under earthquake-induced
stresses caused by ground acceleration of 0.13g, the risk of the liquefaction failure becomes
negligible when the UCS value reaches 10.0 kPa (i.e. after 4.0 hours of curing). Owing to these
estimations, the aforementioned ‘“role of thumb” for this condition was found to be too
conservative. Adopting UCSnin values that are less conservative in backfilling practices instances
may have significant implications with respect to the mining cycle and productivity, as the lower
UCSnin values allow more CPB material to be backfilled in the mine stopes in shorter time. In
other words, instead of waiting the CPB material to have a strength of 100 kPa, which might need
around 35 hours (as per Figure 7.1), the cyclic time could be reduced to 4.0 hours (UCSmin:10.0
kPa) or (conservatively) 10.0 hours (UCSmin:40.0 kPa). However, it is important to know that this
conclusion is subjected to several uncertainties, because there is a large number of (internal and
external) variables that can command the seismic response of CPB at a particular age. The internal
variables include the origin of tailings and their grain size, mineralogy, binder type, and content,
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water content (w/c ratio) of CPB mix, and the presence of chemical elements etc. The external
variables include the magnitude of seismic events (such as the acceleration, frequency, and
amplitude), temperature variation of CPB, and the surrounding environment, backfilling method,
and the condition of water drainage during backfilling and curing period. Accordingly, further
interpretation with respect to these variables is always required.

7.3  Effect of the Chemistry of Mixing Water

Previous studies (e.g. Ercikdi et al. 2009, Fall and Pokharel 2010, Pokharel and Fall 2013, Ercikdi
etal. 2017, Aldhafeeri 2018) have found several (internal and external) sources of sulphate in CPB.
Internal sources include the oxidation of sulphide minerals (such as pyrite) that are commonly
found in hard rock tailings, and the mine processing water used as the mixing water in CPB
preparation that might contain sulphate ions. The external sources include the usage of sulphur
dioxide and air method in the remediation of cyanide in gold mines as well as the chemical
additives (such as gypsum and anhydrite) that are often added to the clinker to control the cement
setting.

In Chapter 4, the effect of chemistry of the mixing water (initial sulphate content) on the
liquefaction potential of 4.0 hours aged CPB under cyclic loadings has been studied by conducting
shaking table testing on two CPB samples that were prepared with different sulphate contents of 0
and 5000 ppm. Both CPB samples were prepared and cured under stable room temperature of 20°C
for 4.0 hrs and were poured into the FLSB in one layer (continuous filling).

It has been found that the presence of sulphate has a considerable effect on the cyclic
behavior of CPB. The 4.0 hours old CPB materials containing sulphate are susceptible to
liquefaction, while the sulphate-free 4.0 hours old CPB materials were resistant to liquefaction.
The sulphate-induced reduction in liquefaction resistance of CPB is related to the effect of two
factors: (i) the reduction in the intensity of cement hydration, and the consequent reduction in self-
desiccation, which weakens the effective stress of CPB containing sulphate; and (ii) the inhibition
of cement hydration process due to the presence of sulphate, which reduced the production of
cement hydration products, thereby resulting in weakening of the bonds between CPB particles.
This will consequently increase the liquefaction susceptibility of sulphate-rich-CPB when
subjected to seismic conditions.

Based on the findings of this chapter, it can be concluded that the decrease in the
liquefaction resistance of CPB due to the presence of sulphate ions may have practical
consequences with respect to the mining cycle and productivity. The decrease in CPB liquefaction
resistance because of the sulphate-induced inhibition of cement hydration process will slow down
the filling cycles, as more time will be required for each fill of CPB material to reach the minimum
required strength before allowing more CPB material to be backfilled. Hence, the productivity of
the mine will be reduced. However, there are several solutions that can be adopted to address this
challenge. Indeed, the use of binders (e.g. Portland cement type V and blast furnace slag), which
are resistant to sulphate attack, will improve the strength and strength gain rate of the CPB, and
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consequently enhance its liquefaction resistance. Moreover, adopting or allowing proper drainage
conditions during the backfilling process will help in reducing the seismic-induced development
of excess pore-water pressure.

7.4  Effect of the Initial Temperature of CPB

Previous studies (e.g. Fall et al. 2010, Aldhafeeri et al. 2016) have found that several heat sources
can influence the temperature of CPB in the field. These sources include internal heat that is
generated during cement hydration process and/or produced by CPB transportation through
pipelines, and external heat sources that are related to the temperature variation with depth,
geological conditions, geographic location of the mine, and human-induced temperature
variations.

In Chapter 5, the effect of the initial mixing and curing of CPB on its cyclic response was
studied subjecting shaking conditions on two CPB samples that were prepared and cured at
different temperatures of 20°C and 35°C, by using the shaking table test. Both CPB samples were
poured into the FLSB in one layer (continuous filling), and were prepared and cured for 2.5 hrs.

The results of this part of the study show that high initial temperature reduces the
liquefaction susceptibility of CPB material subjected to dynamic loading. The 2.5 hours old CPB
samples prepared and cured at 35°C temperature can be resistant to liquefaction, whereas the 2.5
hours old CPB samples prepared and cured at 20°C temperature are prone to liquefaction. The
improvement in the liquefaction resistance of CPB samples when prepared and cured at high
temperature is attributed to the coupled effect of two factors: (i) the increase in cement hydration
rate in CPB of high initial temperature, which intensifies the self-desiccation and consequently
increases the effective stress in the CPB; and (ii) the acceleration of cement hydration process due
to the high initial temperature, which leads to the formation of more cement hydration products
and strengthens the cementation between tailings particles. Accordingly, the resistance of CPB
towards the cyclic-induced liquefaction will enhance when prepared and cured at high temperature.

Based on the findings of this chapter, it can be concluded that backfill operations carried
out under conditions (e.g. deep mines, and CPB prepared with a binder that generates large amount
of heat (Portland cement), long transportation of CPB through the pipelines, mining operations
near geothermal sources, and use of warm mixing water that favors an increase in the temperature
of the backfill will result in CPB structures that are more resistant to liquefaction. This has practical
implications with respect to the mining cycle and productivity. The enhancement in liquefaction
resistance because of the high initial temperature-induced acceleration in cement hydration process
will speed up the filling cycles, as less time will be required for each fill of CPB material to reach
the minimum required strength, consequently allowing more CPB material to be backfilled in
shorter time. Hence, the productivity of the mine will be improved. On the other hand, when
backfilling conditions result in CPB with low or lower temperature (e.g. mine in permafrost or
cold region, use of cold mixing water, and use of binders with low hydration heat), CPB structures’
higher liquefaction susceptibility will be expected. In other words, the mining cycle will increase,
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which will, in turn, decrease the productivity of the mine, because low or lower initial temperature
will diminish the liquefaction resistance of CPB. For instance, by reducing the initial temperature
to near zero degree, the cement hydration process will significantly slow down and thereby
increase the time required for CPB material to reach the desired strength. This will definitely cause
delay in the backfilling process as more time will be required for each CPB fill before allowing
the next fill to be placed. Thus, the backfilling cycle will require more time. This issue can be fixed
by using chemical additives (such as sodium silicate) that accelerate cement hydration process,
altering the mixing temperature, and/or using some additional artificial heat sources that can help
in balancing the reduction in the temperature of the surrounding environment. Further assessment
is suggested in this regard.

7.5 Effect of CPB Backfilling Strategy

In most modern underground mines, it is common practice to sequentially place the CPB in the
mine stope in two (or more) layers or stages (Plug + residual or main fill). The first layer often
consists of high binder content (7% wt) and is usually kept for curing for several (2-7) days. The
second layer consists of lower binder content (typically 3-4.5% wt) and is usually left for curing
for longer period. On the other hand, some mines adopt continuous filling, where the CPB material
is placed within the mined-out stope continuously (in one layer). However, in some cases, the
continuous filling operation might be interrupted due to technical issues (such as plant breakdown,
and operational factors), causing the CPB to be filled in multiple layers (Yilmaz et al. 2015, Abdul-
Hussain and Fall 2012).

In Chapter 6, the effect of backfilling strategy of CPB on its cyclic response has been
investigated by conducting shaking table testing on three CPB samples (layered, unlayered) that
were prepared with different filling strategies. The first CPB sample was prepared and filled inside
the FLSB in one layer (continuous filling) and kept for curing for 2.5 hrs. The second CPB sample
was prepared and filled inside the FLSB in one layer (continuous filling) and kept for curing for
4.0 hrs, while the third CPB sample was prepared and filled inside the FLSB in two layers
(sequential or discontinuous filling), where the first layer was kept for curing for 4.0 hrs, and the
second layer (consisting of the components exactly same as that of the first layer) was cured for
2.5 hrs. All CPB samples were prepared and cured under stable room temperature of 20°C.

It was found from the results obtained from this part of the study that the discontinuous
(layered) filling of CPB material will reduce the liquefaction susceptibility or increase the
liquefaction resistance of CPB, while the CPB material prepared in continuous (one layer) filling
can liquefy under the studied cyclic conditions before achieving 4.0 hrs of curing. The liquefaction
resistance in the layered CPB sample is related to the combined effect of two factors: (i)
strengthening of the cementation between soil particles of the lower layer, which increases the
shear resistance of the material of this layer; and (ii) the influence of the created drainage
conditions within the lower layer, which creates a preferential path for the excess PWP to escape
from the upper layer, and consequently reduces the shaking-induced buildup of PWP within the
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backfill. Hence, the CPB material prepared in discontinuous (sequential or layered) filling will be
less prone to liquefaction when subjected to the studied cyclic loadings.

The results presented and discussed in the Chapter 6 suggest that discontinuous filling
strategy enhances the liquefaction resistance of CPB. However, unlike the common sequential
filling, where the plug has to contain high binder content (e.g., 7%) and has to be first cured for 1-
3 days before pouring the residual fill of lower binder content (e.g., 3-4.5%) to minimize the
liquefaction risk of the CPB structure, the results obtained indicate that a much shorter curing time
of the plug with lower binder content may be possible without jeopardizing the liquefaction
resistance of the backfill structure, which means that the backfilling cycle can be significantly
accelerated, thus the mine productivity will be potentially improved. Indeed, the liquefaction
susceptibility of the layered CPB samples, where the first layer is cured for 4.0 hours and the
second layer is cured for 2.5 hours, has been found to be potentially low.
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CHAPTER 8 | Conclusions and Recommendations

8.1 Conclusions

Following findings have been drawn from the results obtained in this study: -

There was a significant increase in PWP (development of excess PWP) when shaking
CPB samples were cured for 2.5 hours.

Less excess PWP was developed under cyclic conditions for CPB samples cured for
4.0 hours.

No excess PWP was developed under cyclic conditions for CPB samples cured for
10.0 hours.

Cyclic-induced liquefaction was achieved for CPB samples cured for 2.5 hours.

CPB samples cured for 4.0 hours were resistant to liquefaction under dynamic
loadings.

CPB samples cured for 10.0 hours were highly resistant to cyclic loadings.

Excess PWP was significantly developed by shaking sulphate-rich 4.0 hours-aged
CPB samples.

Less development of excess PWP was observed owing to shaking sulphate-free 4.0
hours aged CPB sample.

The presence of sulphate within the CPB mixture will increase the susceptibility of
cyclic-induced liquefaction of CPB material at an early age.

Development of excess PWP was significantly reduced in shaking 2.5 hours-aged CPB
samples that were prepared and mixed in high initial temperature.

Higher development of excess PWP was observed in shaking 2.5 hours-aged CPB
samples that were prepared and mixed in low initial temperature.

The high initial (mixing and curing) temperature of CPB mixture will decrease the
susceptibility of cyclic-induced liquefaction of CPB material at an early age.
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8.2

Using discontinuous or sequential (layered) backfilling strategy while placing the fresh
CPB material in underground mine stopes will reduce the susceptibility of this material

to liquefy.

Using continuous (one layer) backfilling strategy while placing the young CPB
material will increase its liquefaction susceptibility when subjected to cyclic
conditions at an early age (less than 4.0 hours).

The study also provides a detailed discussion on other factors that are used to confirm
the above stated findings, such as the shaking acceleration, settlement (vertical
displacement), horizontal deformation (displacement), and changes in effective stress
by monitoring the changes in electrical conductivity, volumetric water content,
temperature, and suction (before shaking, during shaking, and after shaking).

Microstructural analysis was also used for comprehending the obtained results.

The relatively large-scale 1-g shaking table tests on CPB materials that were conducted
in this study are time consuming and expansive. However, they provided significant
contribution to the understanding of cyclic behavior and liquefaction potential of CPB
at early ages.

The results obtained in this study can contribute to cost effective and safer design of
CPB structures in mining area and reduce the susceptibility of liquefaction-induced
failure of these structures under seismic conditions.

The obtained results can contribute to eliminate the risks related to human lives in the
mine area, negative environmental impacts, and the associated economic damages that
may occur duo to the seismic-induced failure of CPB structures.

Recommendations

Taking into consideration the experimental limitations, time consumption and high cost of the
experimental tests conducted in this study, the following recommendations are proposed for future

works.

Investigating the seismic behavior of CPB and/or soils undergoing cementation with
cyclic parameters or seismic loading conditions different than those applied in this
study. These conditions should be close to conditions induced by natural earthquakes.
Indeed, cyclic loading conditions selected in this study were not intended to simulate
a natural earthquake. Unlike natural earthquakes, the signal used in this study was one-
dimensional, of uniform amplitude, constant frequency, and of long duration. In
natural earthquakes, the number of cycles is a function of the earthquake magnitude
(and is commonly of the order of 5 to 20), and the motion amplitudes have a gradual
increase, and a gradual decrease. However, the dynamic loading conditions selected
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in this study allowed to gain a deeper insight into the seismic behavior of CPB material
as well as provide key information necessary for the future development of model to
describe the seismic behaviour of CPB.

¢ Investigating the seismic behavior of CPB materials that are prepared with mix designs
that are different from which was used in this study. For instant, CPB prepared using
different binder material (such as Slag and/or Flay Ash), different binder content,
and/or different wic ratio.

e Studying the seismic behavior of CPB and/or soils undergoing cementation under the
effect of the different conditions described below:

v

The effect of sulphate on the seismic behavior of CPB materials that are cured
for 10.0 hours.

Combined effect of the presence of sulphate and high initial temperature on CPB
materials that are cured for 2.5 hours and 4.0 hours.

Studying the effect of the presence of sulphate within the CPB materials that are
filled using discontinuous filling strategy.

Investigating the liquefaction potential of CPB materials that contain different
initial chemical components, such as different dosages of sodium silicate and/or
superplasticizer.

Investigating the seismic behavior of CPB materials that are prepared and cured
with sub-zero initial temperature and cured for more than 4.0 hours.

e Constitutive modeling and simulation of the seismic behavior and liquefaction response of
CPB materials under seismic loadings
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APPENDIX: Experimental setup

In this appendix, the experimental setup, its design and development, and CPB sample preparation are
explained in detail.

1. Shaking Table and Fexibale Laminar Shear Box (FLSB)

The cyclic behavior of fresh CPB was investigated in this study by exposing CPB samples to
seismic (cyclic) loadings using the shaking table of the University of Ottawa (Figure Appendix.1).
This shaking table consists of a rigid steel base and has a platform of (~1200 mm x ~1060 mm),
with steel C-channels between them. The cyclic loading of this is driven by an MTS hydraulic
actuator (Figure Appendix.2) that provides a series of one dimensional (longitudinal) sinusoidal
cyclic motion with one degree of freedom of horizontal displacement. The cyclic loading range,
maximum base shear capacity, and displacement limit of this table are 1 to 17 Hz, 27 kN, and 120
mm, respectively. The MTS actuator is controlled by a digital control module (MTS module). The
input data that have to be provided to the MTS module to operate are the maximum amplitude
(horizontal displacement), displacement time (movement frequency), and desired shaking period.

In order to achieve the goals of this study, and to simulate shaking events in semi-realistic
conditions, a flexible laminar shear box (FLSB) (Figure Appendix.3) was developed for this
research program, and fabricated and assembled at the facilities of the University of Ottawa. The
FLSB consists of 30 horizontal laminae made of (31.7 mm x 31.7 mm) aluminum alloy box
sections. The inner dimensions of each lamina are (75 mm x 750 mm), and the clearance spacing
between lamina was arranged to be (2 mm) to ensure the independent movement of each lamina.
Accordingly, the total capacity of assembled FLSB is 750 mm x 750 mm (in plan) and 1,000 mm
(in depth).

Figure Appendix.1 Shaking table of the University of Ottawa
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Force Transducer

Figure Appendix.3 Flexible Laminar Shear Box (FLSB) designed and built at the University of Ottawa
for this study

A flexible polyethylenic membrane of 0.5 mm thickness was placed in the FLSB to
contain/hold the CPB mixture (Figure Appendix.4). The high flexibility of this membrane causes
no (or negligible) effect on the movement of the FLSB. The FLSB and the membrane were
securely attached to the platform of the shaking table.
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Top view

Figure Appendix.4 Flexible membrane placed in the FLSB.

2. Instrumentation Setup

The FLSB was instrumented with numerous sensors and transducers to determine/measure the
desired characteristics of CPB material before, during, and after applying the cyclic loading.

In order to design an instrumentation setup that is suitable for this research, it was necessary
to study the available setups that were developed/adopted in previous studies from the literature.
Specially those studies that dealt with shaking table, laminar box, tailings, and/or fresh CPB. Also,
because the behavior and consistency of any cemented soil changes with the progress of time (due
to cement hydration), it was important to try these setups by conducting a series of trial tests on
uncemented tailing slurry (with same mix design of CPB, but without cement) (Figure
Appendix.5). However, due to the consistency of the mixture and the high water content, none of
these setups properly worked in the current research. Accordingly, it was necessary to develop a
new setup that appropriately works with the fresh CPB mixture.

Finally, and after conducting several trial tests, a suitable setup was developed for this
study (Figure Appendix.6). The design of this setup is described in the following sub-sections:

2.1 Vertical Displacement Transducers

The vertical displacement transducers are divided into two system groups: (i) surface settlement,
at which a linear variable differential transformer (LVDT) was used. The HCD-1000 LVDTs of
25.4 mm range were used and was placed on top of a lightweight perforated plastic plate, which is
placed on the CPB models surface. To avoid uncontrolled movement of the LVDT during shaking,
it was connected through a plastic bridge that is attached to the side of the FLSB (Figure
Appendix.7); and (ii) layered settlement, at which three Celesco SP2-12 compact string Cable
transducers (CTs) with 317 mm range were used to determine the shaking-induced settlement
within the CPB material at various depths. These CTs have an accuracy of £0.25 to +1.0%, and
they operate in temperature and vibration ranges of -18 to +71°C and 2000 Hz, respectively.
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Figure Appendix.6 Instrumentation setup used in this study
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CTs were attached to a thin metal rods connected to lightweight perforated plastic plates that were
installed at the three different depths. The CTs, metal rods and plastic plates were installed within
a cylindrical guidance towers (made of thin mesh sheets) to avoid unwanted tilting/ movement
during shaking. To allow the whole system to follow the same motion rhythm, the guidance towers
were connected to the shaking table horizontal bracing bridge and vertical supporting guides
(Figure Appendix.8).
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Figure Appendix.8 Layered settlement measuring system.
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2.2 Horizontal Displacement Transducers

The horizontal displacement during shaking was also determined using the cable transducers
(CTs). The CTs were attached to the shaking table frame and their strings were attached to the
outside of the FLSB at depth-related-laminas (Figure Appendix.9).

Shaking Table
Frame CT String

Figure Appendix.9 Horizontal displacement measuring system.

2.3 Puressure Transducers

Omega PX309 Pressure transducers were used to monitor the change in PWP at each depth before,
during, and after shaking. The measuring range of these transducers is -15 to +15 PSI and the static
accuracy is £0.25%, and they operate in temperature range of -40 to +85°C. To maintain its
position, pressure transducers were attached to guidance towers (Figure Appendix.10).

24 ECH2-5TE Sensors

ECH2-5TE sensors were used to monitor the change in electrical conductivity (EC), volumetric
water content (VWC), and temperature at each depth within the CPB models before, during, and
after shaking. This sensor determines the EC in the range of 0-23 dS/m with the accuracy of +0.1.
It measures the VWC in the range of 0-80% with the accuracy of +0.15% from 40-80 (VWC),
whereas the temperature measurement range and accuracy are -40 to 50°C and +1°C, respectively.
To maintain its position, these sensors were also attached to guidance towers (Figure
Appendix.10). These sensors were placed at different depths (0.20 m, 0.40 m and 0.60 m) within
the sample.
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| Pressure Transducers

Figure Appendix.10 Pressure transducteurs, 5TE, and MPS6 sensors.

2.5 ECH2-MPS6 Sensors

ECH2-MPS6 sensors were used to monitor the water suction within the CPB models at each depth
before, during, and after shaking. Measurement range of these sensors are -9 to -100,000 kPa with
a resolution of 0.1 kPa, and its accuracy is £10% of reading + 2 kPa, from -9 to -100 kPa. To
maintain its position, these sensors were also attached to guidance towers (Figure Appendix.10).

2.6 Accelerometers

Endevco-7593A accelerometers were used to determine/maintain the shaking acceleration. Three
accelerometers were attached to the outside of the FLSB at each depth-related-laminas, and one
accelerometer was attached to the shaking table (Figure Appendix.11). The full-scale range and
frequency response of these accelerometers are +2g and 0-50 Hz, respectively. These
accelerometers operate over a temperature range of -40 to 125°C.

2.7 Data Acquisition System and Data Loggers

LVDT, CTs, Pressure transducers, and accelerometers were all connected to signal conditioning
and Data Acquisition System (DAQS), while 5TE and MPS6 sensors were connected to Decagon
Em50 series data logger. DAQS was connected to external power supplies, while the Em50 is
designed to work on batteries. DAQS and Em50 were connected to a computer to record/analyze
the required data during the whole test period (Figure Appendix.12). Furthermore, a digital camera
was used to record each step of the testing program.

212



Appendix

Shaking Table Platform

Figure Appendix.11 Shaking accelerometers.
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Figure Appendix.12 Data collection system.

3. Instruments Calibration

Prior to conduct and experimental test, it is very important to calibrate all instruments. In this
study, the shaking table was calibrated, before placing the CPB material, by entering the input data
(maximum amplitude, shaking frequency, and shaking period) to the MTS system, performing the
shaking operation and measuring the maximum displacement of the table platform, frequency
(number of movement per second), and total shaking period.

Although they have manufacturer calibration sheets, it was necessary to manually calibrate
all sensors and transducers used in this research. For instance, pressure transducers were placed
under multiple known PWP conditions, and compared it with the values recorded in the DAQS.
Same procedure was applied on other sensors and transducers. However, it was difficult to check
the manually calibration of the accelerometers, so that the manufacturer calibration sheet was
adopted in this case.
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4. Models Preparation

After constructing experimental setup, CPB samples were then prepared for each test of
the experimental program. In this study, CPB mixtures were prepared and mixed by using a 3.5
Cubic ft mixer (1/3 electric cement mixer) (Figure Appendix.13 and Appendix.14) and then poured
into the FLSB (Figure Appendix.15) with final demotion of each CPB model of 75 cm x 75 cm x
70 cm. CPB samples were then securely cured under stable temperature conditions until reaching
the desired age (curing time).

5. Shaking Table Test

After curing for the desired age (Figure Appendix.16), shaking table test was performed
on each CPB sample. The cyclic loading applied to the shaking table tests of this study
encompassed 0.13 g acceleration, 1 Hz frequency, and 32 mm shaking amplitude. Shaking table
was conducted for 30 minutes (1800 sec). After shaking, all CPB samples were monitored for 24
hours to capture the post loading behavior. The CPB behavior at each test was recorded by the
digital camera, which allows to better evaluate/understand the observed behavior.

6. Microstructure Analysis

In addition to the CPB models prepared for the shaking table tests, CP specimens (CPB
material prepared without tailings) were prepared at the same condition of each tested CPB model
for microstructural analysis, such as thermal analysis and X-ray diffraction. This allowed better
understanding for the effect of microstructural evolution of CPB on its cyclic behavior.

214



Appendix

(2) Adding Cement

(3) Adding W ater

Figure Appendix.15 Pouring fresh CPB mixture inside the FLSB
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Figure Appendix.16 CPB sample ready for test
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