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Abstract. Mining is an important economic activity in many parts of the world. 
However, extracting ore rocks produces huge quantities of potential toxic tailings 
(man-made soils) which can result in environmental and geotechnical problems if 
they are not properly managed. A novel method of tailings management; called 
cemented past backfill (CPB); was developed by mixing the tailings with water and 
binding materials (cement) to minimize the risks associated with traditional 
management. CPB enables to return a large amount of the mine tailings to the 
underground mine openings (stopes). However, it has been found that fresh CPB 
placed in a stope can be susceptible to several geotechnical problems, such as 
liquefaction under dynamic loading, which may cause injuries/fatalities and 
financial consequences. Many studies have evaluated the liquefaction behavior of 
natural soils and tailings (without cement) during seismic events using shaking table 
test techniques. There were few studies that evaluated CPB liquefaction during 
dynamic loading events using the triaxial test. However, there was no study that was 
performed to determine the liquefaction potential of CPB using shaking table test. 
Accordingly, this study aims to identify the behavior of early aged CPB (2.5 hrs. 4.0 
hrs, and 10.0 hrs) during seismic loading using shaking table tests. The results of 
this research show that CPB samples cured to 2.5 hrs are susceptible to liquefaction 
under the studied seismic loading conditions, while CPB samples cured to 4.0 and 
10.0 hrs were resistant to liquefaction. The findings in this research will contribute 
to more cost-effective design of CPB structures. 

Keywords. Liquefaction, shaking table test, seismic loading, earthquake, cemented 
paste backfill, mining backfill. 

1. Introduction 

Mining is an important industry that significantly contributes to the economy around the 

world. For instance; in 2017; the total revenue produced from mining activities in Ontario 

(Canada) was around 8 billion USD, and around 600 billion USD around the world [1]–

[3]. However, there are some environmentally negative impacts associated with ore 

extraction during mining activities, such as the generation of large quantities of 

potentially harmful waste (AKA tailings). Improper management of tailings can produce 

environmentally hazardous materials or fluids, such as toxic leachate. Also, mine stopes; 

which are large underground openings that are created by mining activates; might be 

susceptible to many geotechnical engineering problems (e.g. ground subsidence). The 
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instability of mine stope will endanger workers in the mine and the surrounding areas 

[4], [5]. 

A novel method of tailing management; named Cemented Paste Backfill (CPB); was 

developed to minimize the risks associated with mining activities and traditional mining 

waste management. CPB is a mixture of tailings, water, and binder materials. The typical 

CPB mixture consist of 70% - 85% tailings, fresh or mine processed water, and often 3% 

- 7% (by total weight of solid) hydraulic binder (usually cement). Fresh CPB is pumped 

or delivered through gravity into the mine underground openings [6], [7]. Using CPB in 

mine stope backfilling processes has become a common practice around the world, as it 

allows large volumes of mined tailings to be returned back to the extracted stopes. It also 

can increase mine productivity, reduce the cost of mine stope backfilling, and increase 

the stability of the stopes [8]. 

However, early aged (fresh) CPB placed into mine stopes can be susceptible to 

liquefaction under seismic conditions (such as earthquakes). Failure of tailings structures 

due to liquefaction may cause injuries and/or fatalities of workers in the mine and the 

surrounding public areas. Moreover, it negatively affects the environment, and incur 

significant economic repercussions [7]. 

There are numerous sources of mining-induced seismic events, such as the 

redistribution of stress around the mine due to the mining activities themselves [9], [10]. 

Accordingly, monitoring of mining seismicity has become an important task in mining 

operations and mining safety consideration.  

In the past decades, Canadian mines were exposed to several earthquakes with 

different magnitudes. For instance, five earthquakes with 3.5 or more magnitude hit the 

mine areas in north-eastern Ontario. Also, the Saguenay earthquake in Quebec was 

recorded in 1988 with a magnitude of 5.9 [11], [12]. 

There is a common agreement that seismic parameters (such as the peak horizontal 

acceleration and shaking duration) dominates the seismic-induced liquefaction in the 

affected areas. For instance, soil liquefaction might occur under a ground acceleration as 

low as 0.05g. Also, fresh CPB resistance against liquefaction is greatly affected by 

shaking duration [12], [13].    

Previous studies found that the evolution of cement hydration as a result of the 

exothermic reaction between cement components and water will increase the strength of 

cement-soil mixture [14]. This phenomenon was also found in the cement-tailings 

mixture (CPB), and it was proven that the strength of CPB material is directly 

proportional with maturity time (evolution of cement hydration)[15], [16].   

In the past, several researches [13], [17]–[19] have studied the liquefaction of natural 

soils and tailings (without cement) under seismic loadings with the use of a shaking table, 

while other studies [20], [21] have been conducted to evaluate the CPB mechanical 

behavior with time. However, only a few studies have addressed the behavior of CPB 

under dynamic loading by applying cyclic loading on CPB with the common triaxial test 

[12]. However, there are no studies to date that have evaluated the seismic response of 

early aged CPB by using a shaking table. Accordingly, this study aims to use shaking 

table test to evaluate liquefaction response of early aged CPB (2.5 hrs, 4.0 hrs, and 10.0 

hrs) during seismic events. 
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2. Materials and Procedures 

2.1. Materials 

Silica Tailings (ST), which are artificial tailings (manufactured by U.S. Silica Co.) made 

of ground silica, were used in this study as the main component of the CPB mixture. 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. The minerals of 

the ST are essentially made of quartz, which is the predominant mineral in Canadian hard 

rock mine tailings [7], [22].  

2.2. CPB Preparation 

The CPB samples were prepared by mixing ST with Portland cement type I (PCI; 4.5 

wt%) and tap water for a water-to-cement ratio (w/c ratio) of 7.6. Afterwards, the CPB 

mixture was poured into a laminar shear box. To avoid evaporation, the laminar shear 

box with the CPB mixture was sealed and kept at a constant temperature or room 

temperature of 25o C for curing until the tested ages in accordance with the testing 

program described below. 

2.3. Setup and Instrumentation 

In this study, CPB samples were subjected to a series of 1-D (longitudinal) sinusoidal 

cyclic motions by using a computer controlled shaking table at the University of Ottawa 

(Figure 1), to simulate seismic conditions. For more realistic conditions, a flexible 

laminar shear box (LFSB) (Figure 1) was designed and constructed at the University of 

Ottawa. The FLSB consists of 30 horizontal laminas made of aluminum alloy sections 

with dimensions of 31.7 mm × 31.7 mm. The inner dimensions of each lamina are 750 

mm × 750 mm, and the clearance spacing between the lamina was arranged to be 2 mm 

to ensure the independent movement of each lamina. Accordingly, the total capacity of 

the assembled FLSB is 750 mm × 750 mm × 1000 mm (W × L × H). 

The prepared CPB mixture was poured into the FLSB. In order to contain the CPB 

mixture, a flexible plastic bag was placed inside the FLSB. This bag has no or negligible 

effect on the movement of the FLSB as it has a maximum thickness of 0.5 mm, aside 

from its high flexibility. The final dimensions of the CPB samples for testing are 750 

mm × 750 mm × 700 mm. 

To monitor the change in pore-water pressure (PWP) during shaking, Omega PX309 

pressure transducers with a range of -15 to +15 PSI and ±0.25% accuracy was placed 

within the CPB specimens (Figure 2).  

2.4. Experimental test  

The main goal of the experimental test was to compare the seismic induced liquefaction 

response of fresh CPB at different maturity ages (curing time). In this regard, three CPB 

specimens were prepared. These specimens were cured to different curing time (2.5 hrs, 

4.0 hrs, and 10.0 hrs). 
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Figure 1. Shaking table and flexible laminar shear box (FLSB). 

 

 

Figure 2. Schematic of FLSB and location of instruments. 

 

All three samples were subjected to the same seismic condition using a 

predetermined seismic parameter. These parameters include sinusoidal loading 

frequency (SLF), shaking peak horizontal acceleration (SPHA), horizontal displacement 

amplitude (HAD), and shaking duration (SD). The experimental tests condition is 

summarized in Table 1. 

 

Table 1. Summary of experimental test conditions. 

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

1 2.5 32 1 0.13g 30

2 4 32 1 0.13g 30

3 10 32 1 0.13g 30

HDA : Horizontal displacement amplitude SLF : Sinusoidal loading frequency  

SPHA : Shaking peak horizontal acceleration SD : Duration of shaking 

 

Although the typical frequency range of many recorded earthquakes in North 

America is relatively higher, it has been found that the response of laboratory tested 
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materials are slightly influenced by the magnitude of loading frequency [23], [24]. 

Accordingly, the shaking frequency in this study was set to 1 Hz to accommodate the 

sensitivity/limitations of the monitoring instruments. 

Seismic loading in this study was applied on CPB samples for 30 minutes (1,800 

seconds), although recorded earthquakes do not last that much long. The purpose of 

applying shaking for 30 minutes is to allow good observation and relative comparison of 

the dynamic behavior of the CPB samples at different maturity ages. This will help in 

the future development of constitutive model to describe the dynamic response of soils 

undergoing cementation and subjected to chemical attacks. Moreover, similar durations 

have been often used in previous studies on liquefaction, such as [13], [25]. 

As the tests in this study were aiming to simulate seismic conditions in Canadian 

mining areas, the peak ground acceleration in this study was set to 0.13g, which is equal 

to the ground acceleration of the Saguenay earthquake in 1988 in Québec. Furthermore, 

it was found in many studies in the extent literature [26], [27] that tailings may liquefy 

under ground shaking with a peak acceleration as low as 0.05 g. 

Based on the values of loading frequency and peak ground acceleration, and using 

the basic dynamic equations in [28], [29], the horizontal displacement amplitude in this 

study is 32 mm. 

3. Selected Experimental Results 

Various tests have carried out in this study, providing large quantity of related data. Thus, 

this section is presenting some selected results that are related to the development of 

excess pore-water pressure as it is the main factor in evaluating liquefaction behavior of 

soil. Parameters presented in this section were evaluated at a depth of 60 cm from top of 

each CPB specimens. 

3.1. Excess pore-water pressure 

Prior to exposing CPB material to seismic loading, it was very important to determine 

the initial conditions (hydrostatic conditions) of the CPB material, in order to evaluate 

the CPB response at different ages. Accordingly, the initial PWP was determined by 

recording the PWP at each depth of the CPB sample (1 – 5 seconds) before shaking. The 

reason behind that is to differentiate between the change in PWP due to cement hydration 

before shaking and the shaking-induced change in PWP. 

The excess PWP in each sample was calculated by subtracting the initial PWP from 

the PWP recorded during shaking.  

When the shaking began, there was a significant evolution of excess PWP in the 

CPB samples cured to 2.5 hrs, while there was less excess PWP developed in CPB 

samples cured to 4.0 hrs, and there was no excess PWP developed in CPB samples cured 

to 10.0 hrs; see Figure 3. The maximum excess PWP developed in CPB samples 

subjected to 100 seconds of shaking after 2.5 hrs of curing is 4.3 kPa. On the other hand, 

the maximum excess PWP developed in the CPB sample cured to 4.0 hrs and also 

subjected to 100 seconds of shaking is less than 2.3 kPa. Furthermore, there was no 

excess PWP development during shaking the CPB sample cured to 10.0 hrs. After 1,400 

seconds of shaking, the maximum excess PWP in the CPB sample cured to 2.5 hrs 

reached more than 4.6 kPa, while the CPB samples cured to 4.0 hrs and 10.0 hrs remained 

constant until the end of the shaking events.  
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Figure 3. Excess PWP development during shaking. 

3.2. Liquefaction Analysis 

The basic criterion to evaluate liquefaction susceptibility is to determine the ratio 

between the excess PWP (∆�) and the initial effective stress (�
�

�). This ratio is called the 

excess PWP ratio (�
�

). If �
�
� 1, there is liquefaction, while if �

�
� 1, there is no 

liquefaction [30]. 

In this study, the PWP ratio (�
�
	 is determined for each tested CPB sample by using 

the Eq. (1) [30]: 

�
�

 ∆�/�	�

�

�	             (1) 

As shown in Figure 4, the CPB sample cured to 2.5 hrs is susceptible to liquefaction 

under the applied seismic loading conditions (�
�
� 1), while the CPB sample cured to 

4.0 hrs resists liquefaction (�
�
� 1), and CPB samples cured to 10.0 hrs was highly 

resistant to seismic conditions in general (�
�

 0). In other words, the increase in curing 

time reduces the susceptibility of CPB to liquefaction under seismic conditions. 

 

 

Figure 4. PWP ratio during shaking. 

3.3. Discussion 

The primary goal of using cement as binder material in CB mixtures is to bind the tailing 

particles. This particle bonding will increase the strength of the mixture [4]. The progress 

of cement hydration with time, in the other hand, as a result of the exothermic reaction 
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between cement components (such as aluminate, gypsum, and tricalcium silicate), water 

and soil particles, will change the pore-fluid ionic concentration and increase the ambient 

heat [14], [31], [32]. This will lead to gradual transformation of CPB martial from paste 

state to soil skeleton state [33].  

Thus, the difference in liquefaction response of the CPB samples at different curing 

time obtained in this study can be attributed to the effect of cement hydration.  As the 

cement hydration advances more cement hydration products, such as C-S-H, CH, will be 

precipitated within the CPB pores. These hydration products will progressively bond the 

CPB particles together (generation of cohesion), reduce the pore space between these 

particles and reduce the amount of water (water content) within the CPB through self-

desiccation (cement hydration leads to a net reduction of the total volume of water and 

solids, thereby decreasing the pore water pressure or moisture content inside 

cementitious materials [34]). These factors gradually increase the liquefaction resistance 

of a soil undergoing cementation with time; they explain why the CPB cured for 4 hrs 

did not liquefy during shaking, and the CPB cured for 10.0 hrs was highly resistant to 

the whole seismic loadings.   

4. Conclusions 

From the results and finding of this assessment, the study came out with the following 

conclusions: 

• Seismic behavior of early aged cemented paste backfill (CPB) was assessed in 

this study. 

• Excess PWP developed under seismic conditions for CPB samples cured for 2.5 

hrs and 4.0 hrs. 

• No access PWP was developed under seismic conditions for CPB sample cured 

for 10.0 hrs. 

• Seismic-induced liquefaction was achieved for CPB sample cured to 2.5 hrs. 

• CPB sample cured for 4.0 hrs was resistant to seismic-induced liquefaction 

• CPB sample cured to 10.0 hrs was highly resistant to seismic loading 

• More studies are required to determine the best means of reducing the 

liquefaction susceptibility of CPB samples cured to less than 4.0 hrs. 
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