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Abstract Cemented paste backfill (CPB), a man-

made soil undergoing cementation, is extensively

applied to support underground mine openings or

spaces and provide regional ground stability. The large

underground cavities created by the ore extraction are

backfilled with the tailings (fine-grained soils) mixed

with cement and water in the form of CPB. Cyclic

loading-induced liquefaction potential of CPB struc-

tures is a crucial concern in underground mine

workplaces and backfilling operations. Failures of

CPB structures can cause loss of life and/or serious

injuries and have significant financial ramifications for

a mine. However, no studies have used the shaking

table testing method to address the cyclic and lique-

faction response of CPB undergoing hydration. This

research highlights new findings of using a shaking

table to understand the effect of the progress of cement

hydration (curing time) on the geotechnical response

of hydrating CPB during dynamic loading events.

CPB blends were produced, casted into a flexible

laminar shear box and kept for curing to different

maturity ages. Various factors (e.g., horizontal and

vertical deformation, development of excess pore

water pressure, temperature, electrical conductivity,

acceleration, effective stress) were monitored before,

during, and after shaking. Microstructural evolution of

CPB was also studied. Cyclic loading was applied

using a 1-D shaking table. The findings indicate that

the maturity age or the cement hydration development

and the depth in the CPB have a significant influence

on the acceleration and excess pore water pressure

(PWP), as well as on the horizontal and vertical

deformation of the CPB when subjected to cyclic

loading. It is also found that the cyclic loading has an

insignificant effect on the progress of the cementation

hydration. Furthermore, young (2.5 h old) CPB mate-

rial can be susceptible to liquefaction, whereas older

CPBs (curing time C 4 h) are resistant to liquefaction

under the studied cyclic conditions. These results

provide a better comprehension of cyclic behavior of

natural or man-made soil undergoing cementation and

the efficient and safer design of CPB structures. This

will contribute to increase the safety of the under-

ground mine openings and workplaces.

Keywords Liquefaction � Cyclic loading � Shaking
table � Cemented paste backfill � Tailings � Cement

hydration � Mine

1 Introduction

Mining 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
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billion of revenues every year (Dungca et al. 2006;

Ontario Mining Association 2017). However, it is

known that mine ore extraction activities have a

negative impact on the environment as they produce

huge quantities of solid waste (e.g., tailings). 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, the

extraction of mine ores leads to the formation of large

underground openings, which may cause ground

subsidence and/or many other geotechnical engineer-

ing problems in the mine and the nearby areas.

Furthermore, the instability of these underground

openings (stopes) can jeopardize the safety of the

mining workplace and the surrounding public agglom-

eration (Kesimal et al. 2005; Jamali 2012; Cui and Fall

2015).

To enhance the stability of these mine stopes or

underground openings, and to guarantee the protection

of the people in the mine and its adjacent areas as well

as to manage the aforementioned mine wastes (tail-

ings) in a safer and more environmental friendly way,

a mixture (named cemented paste backfill, CPB) of

tailings (predominantly made of silt-size particles),

water and binder 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 (Fall et al.

2005; Saebimoghaddam 2010; Abdul-Hussain and

Fall 2012). Geotechnically, CPB is viewed as a

cementing fine-grained soil.

The typical CPB mixture is prepared with tailings

(70–85wt%), hydraulic binder (3–8%; often) agent

(such as fly ash, slag, or cement) and water (fresh or

mine processed). These ingredients are mixed in paste

backfill production facility commonly situated on the

mine surface and then pumped into the mine stope

(Fall et al 2010; Yilmaz et al. 2015). Adopting CPB in

mine stopes backfilling is today a common practice in

many mines worldwide, because it can be prepared

and distributed in the mine stope in a relatively rapid

time. This allows the backfilling process to be

completed in a matter of days, compared to previous

backfilling methods that could take weeks or months.

Besides binder cost saving, decreasing stope cycle

time helps generating additional revenue (Fall et al.

2008; Thompson et al. 2009).

However, young CPB built in an underground mine

stope has been shown to be vulnerable to different

geotechnical engineering problems (e.g., mechanical

instability), when exposed to static loadings, as well as

liquefaction, when exposed to dynamic loadings, such

as seismic events or blast loadings. Failure of CPB in

mine stopes may cause loss of life and/or serious

injuries to mine workers, in addition to significant

economic consequences for the mine and its related

operations (Poulos et al. 1985; Fall et al. 2010; Becker

et al. 2014). Thus, studying the mechanical stability of

young CPB structures under static loading conditions

and cyclic-induced liquefaction of CPB material at an

early age is useful for efficient and safer design of CPB

structures.

Most of the earlier studies on mechanical stability

of young CPB focused on static loading conditions

(e.g., Nasir and Fall 2010; Li and Aubertin 2012; Wu

et al. 2014; Ghirian and Fall 2016; Fang and Fall

2020). There is a paucity of studies (Lu and Fall 2017;

Saebimoghaddam 2010) on the liquefaction response

of fresh CPB material under dynamic loading condi-

tions, particularly cyclic loadings. There is a need to

increase our understanding of the cyclic response and

liquefaction potential of early age CPB since seismic-

ity is common in underground mining activities.

CPB structures in underground mine cavities can be

exposed to various sources of cyclic loadings. These

cyclic loadings can originate from natural earthquake

or commonly from mining-induced seismic events.

There are various types of cyclic events that can occur

as a result of mining activities, including fault slip

(earthquake), rockburst, bump, pillar burst and out-

burst, pillar punching, disruption of geological fea-

tures (Hasegawa et al. 1989). Moreover, the frequency

of occurrence and seriousness of mine-induced cyclic

events tend to rise with a growing depth of mine and

volume of ore extraction (Hasegawa et al. 2009). Thus,

the gradual reduction of ore existing at shallow depths

in many underground mines in several regions 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 larger volume, and thus at higher magnitude

and/or recurrent seismic events. This would suggest

that CPB structures will be increasingly subjected to

more frequent and severe cyclic loadings, which could

increase the risk of liquefaction susceptibility in CPB

structures at early ages. There is a mutual consent that
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earthquake characteristics, such as peak ground

acceleration and shaking time (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 0.05 g (James et al.

2003). It should also be noted that exposure of soils

(natural or artificial) to dynamic loads (e.g., vibration)

results in the early rearrangement and settlement of

soil particles, which can lead to densification (com-

paction) of the soil. This behavior has led to the

development and application of soil dynamics

improvement techniques in several locations around

the world (Anastasopoulos et al. 2010; Plewes et al.

2010). Therefore, exposure of a fresh cementitious

material (e.g., fresh concrete, fresh CPB) to vibrations

during pouring, could lead to densification of the

cementitious material, thereby improving its solidifi-

cation (Sudarshan and Chandrashekar Rao 2017).

However, due to the presence of high water content in

CPB, exposure of this material to dynamic/cyclic

loading could lead to liquefaction (Porcino et al.

2015).

A shaking table has been commonly used in

engineering practice to study and understand the

behavior of geomaterials and engineering structures

when exposed to cyclic or seismic loadings for many

decades despite its limitations (e.g., in situ stress

simulation difficulty, high cost) (Moncarz and

Krawinkler 1981; Ngadimon 2006; Su et al. 2020).

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). In the past decades, numer-

ous shaking table tests were carried out to evaluate the

liquefaction response of natural soils during seismic

events (Bairro and Vaz 2000; Ueng et al. 2006;

Mohamed 2014; Guoxing et al. 2015; Wang et al.

2015; Zhend and Yue 2020), whereas only limited

studies were carried out to understand the dynamic

response of tailings (non-cemented) by using shaking

tables (James et al. 2003; Pépin et al. 2009, 2012b;

Özgen et al. 2011). These studies have significantly

contributed to understanding the response of natural

soils and/or uncemented tailings during cyclic events.

Previous studies by the authors (e.g., Alainachi and

Fall 2021a, b) have used the shaking table to study the

cyclic behavior of 4-h old-CPB fresh material (i.e.

CPB with a constant age) under different conditions,

such as the variation of mixing and curing temperature

and the presence of uncontrolled chemical compo-

nents. However, no studies have been carried out by

using a shaking table to assess the effect of maturity

(curing time), and thus, the effect of the progress of

cement hydration, on the dynamic or liquefaction

response of cemented tailings exposed to cyclic

loadings at early ages. It is therefore essential to

address this knowledge gap because, in the field, the

age of the CPB structure changes over time and the

CPB is subject to cement hydration processes that alter

its geotechnical response and properties over time.

Accordingly, the goal of this research is to use the

shaking table technique to study the effect of the

progress of cement hydration (curing time) on the

geotechnical behavior and liquefaction potential of

hydrating cemented paste backfill material at early

ages when subjected to cyclic loadings.

2 Experminatl Materials and Apparatus

2.1 Materials

The main ingredient of CPB mixture tested in this

research was Silica Tailings (ST), which is synthetic

tailings material that is made of ground silica. The

grain size distribution of (ST) is similar to the average

grain size distribution of various tailings that were

extracted from nine different Eastern Canadian mines

(9MT), as shown in Fig. 1. Minerals of ST are

principally constituted of quartz, which is the pre-

dominant mineral in hard rock mine tailings in

Canada. ST contains a percentage of as high as

99.8% SiO2 of silica, which makes it a chemically

inert material. Accordingly, silica tailings were

selected in this research in order to minimize the

uncertainties that might occur when using natural

tailings to the lowest level by reducing or controlling

the possible chemical reaction of the tailings with

other components in the CPB blend (Carraro et al.

2009; Aldhafeeri and Fall 2016; Haiqiang et al. 2016).

Figure 1 and Table 1 illustrates the physical properties

of ST that is used in this study.
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Adequate amounts of hydraulic binder are typically

blended with tailings and water in order to improve the

mechanical properties of CPB. The hydraulic binder

agent used in this research was Portland cement type I

(PCI) (Table 2), as it is the most common binder used

in preparing CPB around the world. Mixtures were

prepared using tap water as mixing water.

2.2 Paste Backfill Mixture Preparation

CPB samples were prepared by blending tailings with

4.5 wt% of PCI, and water with a water-cement ratio

(w/c) of 7.6. To obtain a homogenous paste, samples

were blended for 10 min. The prepared backfill

mixture was prepared with 18 cm of slump, which is

one of the most common slump values used in the

Canadian mines in their paste backfill operations. The

slump test procedure in this research followed the

ASTM C143/C143M-15a (2015). The CPB blend was

prepared with degree of saturation (S) 100%.

Afterward, CPB blends were casted into the

manufactured laminar shear box (described below).

The laminar box containing CPB mixtures was sealed

to eliminate changes in water content due to evapo-

ration and kept for curing in a temperature-controlled

room (* 25 �C) until reaching the testing ages

according to the testing program explained in Sect. 3.

2.3 Shaking Table

The shaking table, designed and manufactured at the

university of Ottawa (Fig. 2), was used in this research

to simulate the motion of the tested CPB when

subjected to a seismic or cyclic event. This shaking

table consists of a * 1200 9 * 1060 mm platform,

Fig. 1 Average grain size

distribution of tailings

extracted from nine

Canadian mines (9MT) vs

the grain size distribution of

the silica tailing (ST)

Table 1 Primary physical properties of the tailings

Tailings Gs D10 (lm) D30 (lm) D50 (lm) D60 (lm)

ST 2.7 1.9 9.0 22.5 31.5

Table 2 Primary physical and chemical properties of the Portland cement type I (PCI)

Gs SSAa (m2/g) S (wt%) Ca (wt%) Si (wt%) Al (wt%) Mg (wt%) Fe (wt%) Si/Ca

3.15 1.32 1.5 44.9 8.4 2.4 1.6 1.9 0.2

aSpecific surface area
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a steel base, and steel C-channels between them. This

table provides a series of longitudinal (1-D) 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

1–17 Hz. The displacement limit of this table is

120 mm, and the maximum base shear capacity is 27

kN (Mohamed 2014).

In order to use the shaking table to study the cyclic

behavior of CPB, a Flexible Laminar Shear

Box (FLSB) was manufactured at the Faculty of

Engineering of the University of Ottawa solely for this

research (Fig. 3). The Flexible Laminar Shear

Box consists of 30 horizontal laminas. The inner

dimension of each lamina is 75 9 75 cm, and the total

capacity of assembled box is 75 9 75 cm (in plan)

and 100 cm (in depth). The laminas are made of

3.2 9 3.2 cm aluminum alloy box sections. The

FLSB was manufactured with a 2 mm clearance

spacing between laminas to warrant the movement

independency of each lamina. To contain/hold the

CPB mixture, a flexible membrane (made of poly-

ethylene) was placed inside the FLSB. This membrane

has a high flexibility with a thickness of as low as

0.5 mm, which provides no (or negligible) effect on

the movement of the FLSB (Mohamed 2014). The

FLSB and the membrane were securely fixed to the

platform of the shaking table, and the prepared CPB

blend was then poured inside the FLSB. The dimen-

sion of the CPB sample to be tested was

75 9 75 9 75 cm.

Various sensors or transducers were installed at

various levels in the sample (the FLSB with its

content) as shown in Fig. 4A and B and explained

below:

2.3.1 Vertical Displacements Transducers: (Item 1

in Fig. 4)

a. Linear variable differential transformer (LVDT)

to determine the surficial vertical displacement of

the CPB sample. HCD-1000 LVDTs with a range

of 2.5 cm were used in this regard

b. Cable transducers (CTs) to monitor the vertical

displacement at various depths (20 cm, 40 cm and

60 cm). Each CT was securely fixed to a combi-

nation of a thin metal rod connected to light-

weight, perforated plastic plates of 2 cm

(L) 9 2 cm (W) 9 2 cm (Thickness) dimen-

sions, which were perforated to eliminate the

seepage pressure induced movement. CTs combi-

nations were installed at three different levels

within each specimen. To eliminate uncontrolled

tilting and/or displacement during the shaking,

these combinations were placed within cylindrical

Fig. 2 Shaking table used in this study

Fig. 3 Flexible Laminar Shear Box (FLSB) developed and built

for this study
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guidance towers that were made of thin metal

mesh sheets. These towers were securely fixed to

the platform of the shaking table (Fig. 5) to allow

the whole system to follow the same motion

rhythm and to avoid being a supporting factor.

Celesco SP2-12 compact string transducers were

used in this regard. The measurement range of this

transducer is around 32 cm.

Horizontal displacement (HD) transducers Cable

transducers (CT) to determine the horizontal displace-

ment of the CPB sample at the levels of 20 cm, 40 cm

and 60 cm. CTs were attached to the outside of the

FLSB at the depth-related laminas (Item 2 in Fig. 4).

The same type of transducers as in (a) were used in this

regard.

P.W.P transducers To determine the dynamic load-

induced changes in pore-water pressure, pressure

transducers were placed at the levels of 20 cm,

40 cm and 60 cm of each specimen inside the FLSB

(Item 3 in Fig. 4). PX309 series pressure transducers

were used in this regard. The range and static accuracy

of these transducers are -15 to ? 15 PSI and ±

0.25%, respectively.

VWC/EC/Temp. sensors ECH2-5TE sensors were

used to determine the variation in the volumetric water

content (VWC), electrical conductivity (EC), and

temperature. The range of volumetric water content

(VWC) that this sensor measures is 0–80% with the

accuracy of ± 0.01 from 1 to 40% and the accuracy

of ± 0.15 from 40 to 80%. The range and accuracy of

electrical conductivity (EC) that can be monitored

with this sensor is 0–23 dS/m and ± 0.1, respectively.

The accuracy of temperature measurement of this

sensor is ± 1 �C. In this regard, these sensors were

placed at the levels of 20 cm, 40 cm and 60 cm within

Fig. 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

Fig. 5 Guidance towers and related instrumentation setup
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each sample (Item 4 in Fig. 4). Changes in EC give

info about the rate of the water-cement chemical

reactions resulting from ion migration. Monitoring EC

is a powerful method to evaluate the development of

cement hydration and the related changes of the

material structure (Li and Fall 2016). By monitoring

VWC, the water flow in the CPB mass can be

determined and the self-dehydration of CPB (con-

sumption of capillary water by cement hydration) can

be assessed. Temperature variation monitoring pro-

vides valuable evidence about the cement hydration

progress.

Suction sensors To record/monitor the time histo-

ries of suction development during the CPB curing

period, section sensors were used and placed at various

levels (20 cm, 40 cm and 60 cm) within each speci-

men (Item 5 in Fig. 4). In this study, water suction

potential was determined using the ECH2-MPS6

sensors (Dielectric water potential sensors). This

sensor measures suction at the range of -9 to

-100,000 kPa with a resolution of 0.1 kPa, and

reading accuracy of ± 10%.

Accelerometers To measure/maintain the shaking

acceleration, four accelerometers were used in this

study (Item 6 in Fig. 4); one was connected to the

shaking table and three accelerometers were con-

nected to the outside of the FLSB at different depths

(20 cm, 40 cm and 60 cm). Endevco – 7593A trans-

ducers were used in this study. The frequency response

of these transducers is 0–50 Hz, and the full-scale

range is ± 2 g.

To eliminate any displacement of the pressure

transducers, 5TE and MPS6 sensors, they were all

attached to the guidance towers. VD transducers, HD

transducers, P.W.P. transducers and accelerometers

were connected to signal conditioning and Data

Acquisition Systems (DAQS). Also, 5TE and MPS6

sensors were connected to Decagon Em50 series data

loggers. DAQS and Em50 were connected to a

computer to record and analyze the required data.

The data collection interval was 1 s during shaking

and 10 min. before and after shaking. Moreover, each

step of the testing program (mixing, installation and

shaking operation) was recorded using a high defini-

tion digital camera.

3 Program and Procedure of Experimental Test

It should be emphasized that the main purpose of the

experimental program is to assess the effect of the

progress of cement hydration on the response of CPB

material under cyclic loading. The objective is not to

use the shaking table testing technique to assess the

response of hydrating CPB structure when subjected to

cyclic loading. Using shaking table testing technique

to simulate the seismic behavior of a CPB structure

that can be as high as 150 m requires an unrealistic

costly approach of using of a shaking table testing

instrument of very large-scale to reflect the full size (or

a reasonable height) of the CPB structure and/or its

complex in situ stress, or to accurately scale down the

experiment parameters based on the laws of similarity.

However, consideration of full field scale prototype

model does not ensure that all or key factors meet the

similitude laws in the 1-g gravity field, because the

CPB structures might be subjected to complex field

loadings conditions. Hence, this experimental pro-

gram was designed to assess the response of the

backfill material undergoing cementation during shak-

ing. In other words, a backfill height of 0.70 m (micro-

prototype) was considered. Though the CPB material

(not CPB structure) was assessed in this research,

gaining insight into the behavior of cemented backfill

material exposed to seismic loads will allow to

understand the cyclic response of CPB structure as

well as establish future constitutive models to describe

the cyclic response of hydrating CPB. Moreover,

considering a CPB micro-prototype will allow to

satisfy the key requirements of similarity between the

prototype and the physical model. Accordingly, a 1:1

geometric scaling factor (N) was implemented for

experimental shaking table tests on the scale model in

this study. The geometry and configuration of models

were designed based on the similarity theories related

to the 1 g shaking table test for the soil-fluid models

proposed by Iai (1989) and Meymand (1998). The

summary of the experimental testing program that was

conducted in this study is shown in Fig. 6 and Table 3

and described below.
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3.1 Shaking Table

3.1.1 Test Conditions and Cyclic Parameters

Prior to conducting a shaking table test, the test

conditions, as well as the cyclic/seismic parameters

need to be determined in order to simulate a cyclic

event. These parameters include Shaking Peak Hori-

zontal Acceleration (SPHA), Sinusoidal Loading

Frequency (SLF), Shaking Duration (SD), and Hori-

zontal Displacement Amplitude. Due to limitations of

this experiment (e.g., the sensitivity and/or limitation

of the monitoring sensors and transducers used in this

experiment, as well as the shaking table maximum

capacity), some values of these parameters were

altered to consider these limitations, although they

might not simulate the actual situation of a cyclic

event. However, this type of procedure is often used in

liquefaction related studies (Ishihara 1996). Hence,

shaking table tests were carried out in this study using

a cyclic load that was applied in a one-dimensional

signal, a uniform amplitude, and at constant

frequency.

Sriskandakumar (2004) found that the frequency

loading magnitude applied in laboratory cyclic tests

under undrained loading has insignificant influence or

negligible on the dynamic behavior of the tested

materials (undrained conditions were applied in the

present study). Moreover, Srilatha et al. (2013)

concluded that the cyclic response of tested material

is almost similar at frequencies less than 7 Hz. Thus,

shaking table tests were conducted in this study using a

sinusoidal loading of 1 Hz frequency.

On the one hand, the strongest ground motion

related to mining events in northeastern Ontario

(Canada) was recorded in 2006 with a value of

0.0027 g (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 peak

acceleration (GPA) value of 0.13 g (Tuttle et al.

1990). Many studies indicated that tailings may

liquefy when they are exposed to a ground motion

with horizontal GPA that exceeds 0.05 g (Carter 1988;

James et al. 2003). Hence, the GPA in this study was

selected to be equal to the GPA of the Saguenay

earthquake 1988 in Quebec. It should be emphasized

that the peak acceleration is the only parameter that

matches to the GPA of Saguenay Earthquake, not the

whole time series.

The maximum displacement of the simulator

(deformation amplitude) can be determined using

Fig. 6 Flow chart of the

experimental program and

testing conditions

Table 3 Summary of the testing program

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

1 CPB 2.5 32 1 0.13 g 30 24

2 CPB 4 32 1 0.13 g 30 24

3 CPB 10 32 1 0.13 g 30 24

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

Shaking Duration, PLMD: Post Loading Monitoring Duration
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Eq. 1 (Douglas 2003; Chopra 2005), which is based on

peak ground acceleration and the values of loading

frequency. Thus, the displacement amplitude used in

the tests conducted in this study was calculated to be

32 mm.

a ¼ 2p� 1=Tð Þ½ �2 �A ð1Þ

where a and A are the peak ground acceleration and

deformation (displacement) amplitude, respectively,

and T is the loading cycle time (Douglas 2003; Chopra

2005).

Although recorded mine cyclic events (or earth-

quakes) do not last very long (Natural Resources

Canada 2019), the shaking (cyclic event) applied in

this study is carried out for 1800s (30 min) as shown in

Table 4. This duration is not meant to represent the real

duration of mine seismic events or earthquakes. The

duration of 1800s was used to enable good examina-

tion of the seismic or cyclic behavior of the CPB

samples and relative comparisons of their response,

which is important for the future development of a

constitutive model that can be used to describe the

dynamic response of cemented soils or cemented

tailings backfill. Moreover, according to Pépin et al.

(2012b), who investigated the cyclic response of

tailings (without cement) using a shaking table ap-

proach, the selected shaking duration depends on the

material response towards liquefaction (reaching peak

excess pore-water pressure). In their study, 1,000 s.

was found to be a suitable shaking duration to reach

cyclic peak of liquefaction of tailings without inclu-

sions. They also found that another 1000 s of moni-

toring 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 during shaking (to around

1700 s) and accelerate the excess pore-water pressure

dissipation after loading. Accordingly, and as the

material used in this study is tailings undergoing

cementation (CPB mix), the duration of shaking was

selected to range from 1 to 30 min (60–1800 cycles)

depending on material response, and the post loading

monitoring duration (PLMD) to continue (depending

on material response) for additional 24 h.

3.1.2 Effect of the Progress of Cementation Hydration

on the Cyclic Response of CPB

To assess the cyclic response of young CPB subjected

to dynamic loadings, and to assess the effect of

cementation hydration progress on this behavior, it

was vital to apply dynamic (cyclic) loadings 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 (see Fig. 6). It is

important to note that the gradual formation of cement

bonds between CPB particles usually occur during the

early age of hydration. It was also found that the

magnitude of cement hydration rapidly increases and

reaches its peak in the period between 2 and 10 h after

mixing (Bullard et al. 2011; Yilmaz et al. 2015).

Accordingly, and to understand the effect of curing

time on the cyclic behavior of CPB material, the

shaking table tests were conducted on CPB samples

that were cured at the ages of 2.5 h, 4.0 h, and 10.0 h.

Table 4 Selected seismic parameters used in the present study and previous studies

Parameter Values used in previous studiesa Values used in the present study

Horizontal displacement amplitude 10–80 (mm) 32 (mm)

Shaking peak horizontal acceleration 0.1 g–1.0 g 0.13 g

Sinusoidal loading frequency 0.1–50 (Hz) 1 (Hz)

Shaking durationb 3–2000 (s) 1800 (s)

Post loading monitoring duration 15 (min)–36 (h) 24 (h)c

aSuch as (James et al. 2003; Ueng et al. 2006; Pépin et al. 2009, 2012a, b; Özgen et al. 2011; Mohamed 2014; Guoxing et al. 2015)
bDepends on the material response
cAfter initial casting
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3.2 Microstructural Analysis

To understand the effect of microstructural evolution

of CPB on its cyclic behavior, microstructural anal-

yses 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 con-

ducted using a Rigaku ultima IV diffractometer that is

equipped with cross beam optics.

4 Results and Discussion

4.1 Acceleration and Horizontal Displacement

The acceleration and horizontal displacement (lateral

deformation) results at various depths within each

tested CPB sample are shown in this section with

respect to curing time (which reflects the cementation

degree). Combining the results of these two parame-

ters can give an indication of the shear resistance of the

tested material at various depths (Takahashi et al.

2001; Nouri et al. 2006, 2008).

4.2 Acceleration

Figure 7a–c shows the peak acceleration progress with

time at various levels when shaking CPBmodels cured

(aged) for 2.5 h, 4.0 h, and 10.0 h, respectively. This

figure indicates that the maturity age or degree of

cementation (the cement hydration progress) and the

depth have an influence on the recorded acceleration

values. CPB material cured for a longer time display

higher values of peak acceleration comparing with

CPB samples cured for a shorter time, which is more

noticeable at shallow depths. The registered acceler-

ation highly changed with depth for the models tested

at early age (2.5 h), while the acceleration variation

with depth was low and insignificant (negligible) for

models tested at later ages: 4.0 h and 10.0 h,

respectively. For example, the peak acceleration of

the CPB sample cured to 2.5 h (Fig. 7a) ranged from

0.10 to 0.125 g at 0.6 m depth (0.1 m above the

shaking table), around 0.08–0.10 g at 0.4 m depth

(0.3 m above the shaking table), as low as 0.04–0.08 g

at 0.2 m depth (0.5 m above the shaking table). On the

other hand, for the CPB model cured to 4.0 h, the peak

acceleration (Fig. 7b) at depths 0.6 m, 0.4 m, and

0.2 m was noted to be around 0.115–0.125 g,

0.100–0.110 g, and 0.090–0.100 g, respectively. For

the CPB model cured to 10.0 h, the peak acceleration

at all depths was around 0.125–0.130 g. This reduc-

tion in the peak acceleration as the age or curing time

of CPB decreases can be related to the influence of the

cementation degree on the damping ratio. Previous

studies (e.g., Acar and El-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 (degree of

cement hydration) as evidenced by Figs. 17 and 18

and discussed later. The cement hydration progress

strengthens the bonds between tailings (soil) grains

and thus reduces the deformation level of the material

(Mamlouk and Zaniewski 2011). The detected signif-

icant alteration (decrease) of the acceleration values

with the diminution of the depth in the CPB cured for

2.5 h may be related to nonlinearity, and degradation

of shear resistance and stiffness degradation of CPB

because of liquefaction, as demonstrated by the

liquefaction analysis results presented in Sect. 4.3.

Excessive increase of the pore water pressure or

liquefaction leads to a large deformation of the CPB

cured for 2.5 h, in which the effect of cementation is

not yet significant due to the lower cement hydration

degree (see Figs. 17 and 18). The larger the deforma-

tion 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 be the

decrease of the acceleration value. This finding and

explanation are consistent with the results of displace-

ment monitoring as well as with the determination of

effective stress and excess pore-water pressure ratio as

discussed later. However, it should be mentioned that

additional factors could have caused or contributed to
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Fig. 7 Measured peak

acceleration histories at

different depths vs time for

CPB models cured to

different times: a 2.5 h;

b 4.0 h and c 10.0 h
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the observed changes of acceleration with depth.

These factors could be higher effect of excess pore

pressure and reduction in damping ratio.

4.2.1 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 8a–c shows the horizontal

displacement at various depths during the cyclic

loading times for CPB models cured (aged) for

2.5 h, 4.0 h, and 10.0 h, respectively.

Two key behaviours can be observed from these

figures:

(a) In all models, the horizontal displacement

increased with the decrease in depth. This

behavior is consistent with the conclusions of

many 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 compaction (dy-

namic densification) of the tailings particles

(Zhu and Clark 1994; Anastasopoulos et al.

2010). Nevertheless, the displacement variation

with depth within the CPB model cured to 2.5 h

was more significant than the variation in

displacement with depth within the CPB model

cured to 4.0 h. Moreover, there was a negligible

displacement change with depth within the CPB

model cured to 10.0 h. 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 cohesion or degree of

cementation 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 substanti-

ated by the results of TG/DTG on cement pastes

of CPB, which are presented (Figs. 17 and 18)

and discussed later.

(b) The lateral displacement magnitude within the

CPB model cured to 2.5 h was higher in value

compared to the CPB model cured to 4.0 h,

while there was low or insignificant lateral

displacement within the CPB model cured to

10.0 h. This decrease of lateral displacement

with progress of curing time is the result of the

increase in bonds between the tailings particles

with the increase in curing time due to the

Fig. 8 Lateral displacement histories at different depths vs

times for CPB models cured to different times: a 2.5 h; b 4.0 h

and c 10.0 h
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progress of cement hydration (Mamlouk and

Zaniewski 2011) (Figs. 17 and 18).

Comparative analysis of the results shown in

Figs. 7 and 8 indicates that the bonds between CPB

particles cured to 2.5 h were weak to resist the shear

stresses induced by the cyclic loading, while the shear

resistance of the 4.0 h-CPB was higher due to stronger

bonds between particles, which reduces the changes in

acceleration and lateral displacement. Also, the bonds

between the CPB particles cured to 10.0 h 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 hypothesis that the CPB model

cured to 2.5 h might be susceptible to cyclic loading-

induced liquefaction, and the CPB material cured to

4.0 h and 10.0 h, is more resistant to liquefaction and

ground movement.

4.3 Evolution the Pore Water Pressure, Effective

Stress and Settlement

4.3.1 Pore Water Pressure

Figure 9a–c exhibits the time-variation of pore water

pressure (PWP) at different depths within the CPB

models cured for 2.5 h (Fig. 9a), 4 h (Fig. 9b), and

10 h (Fig. 9c), respectively, before, during and after

cyclic loading (i.e., from deposition time to about

24 h).

4.3.1.1 Before Shaking As can be seen in Fig. 9a,

during the first 1 h (3600 s) after the disposal of the

fresh CPB, there was first a rapid increase in the PWP

in all depths of each CPBmodel. This progress in PWP

is mainly related 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 (Helinski et al. 2007;

Ghirian and Fall 2014; Scrivener et al. 2015). The

latter is experimentally supported by the suction

monitoring results presented in Fig. 10 and discussed

later. Moreover, the water evaporation should be

considered as an additional factor in decreasing the

PWP at shallow depths within the CPB samples.

4.3.1.2 During Shaking Prior to applying cyclic

loads, hydrostatic (initial) conditions of the CPB

material were determined. When shaking started, as

expected, there was a quick increase in pore water

pressure at all depths within the CPB materials cured

to 2.5 h and 4.0 h until reaching peak values, while

there was no rise in pore water pressure in the 10-h-old

CPB. Moreover, as expected, this increase is bigger at

greater depth. This buildup of pore water pressure is

Fig. 9 Pore water pressure histories at different depths vs times

for CPB models cured to different times: a 2.5 h; b 4.0 h and

c 10.0 h
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related to the generation of excess pore water due to

the contractive behavior of the saturated backfill

material or particles (Bouckovalas et al. 2009;

Saebimoghaddam 2010; Jefferies and Been 2015;

Porcino et al. 2015) (Fig. 12; will be discussed below).

However, the increase in pore water pressure within

the CPB sample cured to 2.5 h was more significant

than the increase in pore water pressure within the

CPB sample cured to 4.0 h. 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 (Fig. 17 and 18),

which in turn enhances the cementing bonds between

the tailings grains (Saebimoghaddam 2010; Ghirian

and Fall 2013; Scrivener et al. 2015), and thus reduces

the contraction of the CPB materials (Fig. 12).

4.3.1.3 After Shaking After the end of shaking, the

pore water pressure first slightly increased with time

(i.e., regardless of the cement hydration progress) at

the depths of 20 and 40 cm for the CPB models cured

to 2.5 h and 4.0 h (with different magnitudes). This

minimal rise in PWP at these depths was then followed

by a gradual reduction of the PWP until the end of the

monitoring time. However, the PWP gradually

decreased at the depth of 60 cm for the CPBs

mentioned above after the end of shaking. This

observed minimal increase in PWP at shallower

depths (20 and 40 cm) may be explained by the

contraction (settlement) of some tailings grains, 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 9a–c show that the pore-water

pressure at the shallow depth (20 cm) of each sample

declined to less than the initial pore-water pressure.

This phenomenon can be attributed to 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

Fig. 10 Suction evolution at different depths of the CPB model
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regarding surface evaporation was experimentally

confirmed in this study by determining the reduction

in water content of a CPB material (prepared with the

same mix components and conditions as the CPB used

in this study) due to evaporation when exposed to

environmental conditions (relative humidity,

temperature) like those in which the shaking tests

were performed. 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.

4.3.2 Effective Stress

The evolution of effective vertical stresses at various

depths during the shaking durations for CPB models

cured (aged) for 2.5 h, 4 h, and 10 h, respectively, are

shown in Fig. 11a–c. During shaking, these stresses

decreased from their initial values in the samples cured

to 2.5 h and 4.0 h. This decrease is due to the excess

pore pressure development (Fig. 9a and b) as result of

the contraction of CPB particles. However, in samples

cured to 10.0 h, the effective stresses remain constant

during shaking durations because there was no signif-

icant excess pore water pressure generation as shown

and discussed previously (Fig. 9c).

4.3.3 Settlement (Vertical Displacement)

In this study, settlement (downward displacement)

was recorded at various depths within the CPB models

during shaking. This can reflect to 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 h, 4.0 h, and 10 h, respectively, are

shown in Fig. 12a–c. This figure depicts that the CPBs

cured for 2.5 h and 4.0 h show significant settlement,

whereas the CPB cured for 10 h shows negligible

settlement (\ 2 mm). This observed settlement indi-

cates 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 h was higher than its values in the

backfill cured to 4.0 h and 10 h. This observation

suggests that the longer the curing time or the higher

cement hydration degree, the lesser the settlement

induced by the shaking. This behavior, which is

consistent with the results of PWP measurements and

liquefaction analysis discussed in Sects. 4.2.1 and 4.3,

respectively, is due to the fact that a greater cement

hydration degree causes the precipitation of more

cement hydration products (see Figs. 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;

Fig. 11 Effective stress at different depths vs times for CPB

models cured to different times: a 2.5 h; b 4.0 h and c 10.0 h
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Tokimatsu and Seed 1987) during shaking. The

stellement-depth variation of CPB cured for 2.5 h

and 4.0 h can also be observed from Fig. 12. The

settlement becomes smaller as the depth increases.

4.4 Liquefaction Analysis

Numerous liquefaction triggering methods have been

recommended and used to define or determine soil

liquefaction. These criteria include, strain/deforma-

tion-based liquefaction criteria, energy-based lique-

faction criteria, (excess) pore ratio-based criteria, and

strength-based criteria. Regardless of the advantages

of these methods, there are some limitations, as

detailed in various earlier studies (e.g., Wu et al.

2004). The excess pore-water pressure ratio (Ru),

which is the ratio between the excess pore-water

pressure (Du) and the initial effective stress (r
0
o), was

used as the evaluation factor of soil liquefaction

susceptibility. Liquefaction is generally defined as

Ru ¼ 1, while if Ru\1, there is no liquefaction (Jiaer

et al. 2004). The excess pore-water pressure ratio

criteria have been widely used in evaluating the

liquefaction potential of soils or tailings in the

laboratory, particularly in shaking table tests (Lu

et al. 2019; Wang et al. 2019).

Figure 13a–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 h and 4.0 h varied with

depth and shaking time, while there was no excess

pore water pressure development during shaking

within the CPB cured to 10.0 h. Figure 14a–c presents

the pore-water pressure ratios determined during

shaking of the CPB samples cured to 2.5 h, 4.0 h,

and 10.0 h, respectively. It can be seen that CPB

samples cured to 2.5 h are susceptible to liquefaction

(Ru � 1) under the applied cyclic loading conditions,

while samples exposed to shaking after 4.0 and 10.0 h

of curing were resistant to liquefaction (Ru\1). In

other words, the more time that is given to cement to

act, the less susceptible to cyclic loading-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) produc-

tion of more cement hydration products within the

CPB pores due to progress of the cement hydration,

which generates or 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-desicca-

tion), 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

Fig. 12 Settlement at different depths vs times for CPB models

cured to different times during shaking: a 2.5 h; b 4.0 h and

c 10.0 h
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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 anal-

yses (thermal analysis (TG/DTG) and x-ray diffraction

(XRD) analyses) performed on CPBs cured to

different ages, 1 h and 4 h, (Figs. 17 and 18), respec-

tively. From Fig. 17, it can be seen that the first peak

(DTG) or modification in weight (TG) is found

between 100 and 200 �C, which refers to the decom-

position 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 (Noumowé 1995; Zhou and

Glasser 2001). Finally, the third peak or weight change

Fig. 13 Excess pore water pressure (Du) development at

different depths vs times for CPB models cured to different

times: a 2.5 h; b 4.0 h and c 10.0 h

Fig. 14 Pore -water pressure ratios determined at different

depths vs times for CPBmodels cured to different times: a 2.5 h;

b 4.0 h and c 10.0 h
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is observed between 600 and 700 �C due to the

decomposition of the calcite (Noumowé 1995; Zhou

and Glasser 2001; Fall et al. 2010; Haiqiang et al.

2016). Moreover, by comparing the TG/DTG dia-

grams of the CPB cured to 1.0 h and 4.0 h, it can be

clearly noticed that the first and second peaks or

weight changes are higher for CPB cured to 4.0 h, 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 h and 4.0 h, respectively,

and presented in Fig. 18a, 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 h. In other words, more hydration

products were formed in the older than the younger

sample. For instance, the intensity of the ettringite at

9� � 2h is 260 CPS and 300 CPS in the case of CPB

samples cured to 1.0 h and 4.0 h, respectively. Sim-

ilarly, the ettringite intensity at 22� � 2h is 160 CPS

and 200 CPS in the case of CPB samples cured to 1.0 h

and 4.0 h, respectively.

Figures 15 and 16, which depict 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 cement hydration

rate (or progress), in other words, the magnitude of

cement hydrations formed within the CPB, is quite

similar at all depths of the CPBs. Indeed, these

figures show 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

(Fig. 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) de-

crease of the free water, and (c) refinement and

subdivision of the capillary pores (Salem and Ragai

2001; Courard et al. 2014) (Figs. 17, 18).

(ii) Self-desiccation of CPB

Self-desiccation of cementitious material, a mech-

anism caused by cement hydration, can be simply

described as the reduction of net total volume of water

Fig. 15 Evolution of hydration heat with curing time within CPB models
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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). Fig-

ures 19 and 10, which show the evolution of the

volumetric water content (VWC) and suction in the

Fig. 16 Electrical Conductivity at different depths of the CPB models

Fig. 17 Effect of curing time on TG/DTG diagrams for CPB cured to 1.0 h and 4.0 h
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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 Fig. 19. The peak values

of VWC were reached after 6 h. Afterward, it

experienced a slight decrease and became relatively

constant till the completion of the monitoring time.

This increase in VWC is related to the decrease of the

total volume of the CPB due to the self-desiccation

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

of time as evidenced by the suction measurements

results presented in Fig. 10. It should be recalled that,

as mentioned in the Sect. 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

(Fig. 10) and these suction sensor measurement

Fig. 18 Effect of curing time on the XRD result of CPB cured to: a 1.0 h; b 4.0 h
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limitations, the evolution of the suction presented in

Fig. 10, although useful and consistent with the

degrees of saturation of the CPB, should be considered

as qualitative. This figure shows a very 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 6 h. Afterward,

the suction decreased slightly and then remained

relatively constant until the end of the monitoring.

This generation of small 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 h). This reduction in

water content leads to a 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 (Oka-

mura and Soga 2006).

5 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 apply-

ing cyclic loading on paste backfill models cured at

different times (2.5 h, 4.0 h and 10.0 h), 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 evolu-

tion of several parameters (pore water pressure,

suction, lateral and horizontal displacement,

Fig. 19 Change in volumetric water content at different depths of the CPB models
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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 cyclic

loading has no significant influence on the progress of

the cementation hydration. Moreover, young (2.5 h

old) CPB material can be susceptible to liquefaction,

whereas older CPBs (curing time C 4 h) 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 facil-

itated 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 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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