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Abstract 
Cemented paste backfill (CPB) is considering a promising mine backfilling technology with 

several technical, environmental, and economic benefits for the underground mining operation. 

After placed into underground voids (termed stopes), the hardened CPB mass is required to 

provide reliable ground support to control ground pressure and limit surface subsidence. 

However, due to the complex field loading conditions, CPB mass may experience dynamic 

loadings induced by mining activities (such as drilling, blasting, and mechanical excavation) and 

seismic events. However, as a soft cementitious material, aged CPB is highly brittle in nature and 

also featured with poor strain-hardening capabilities, the low tensile strength, and weak post-

peak resistance. As a result, the in-situ CPB mass may undergo catastrophic failure under 

complex field dynamic loading condition. This highlights the complexity of loading conditions 

in-situ and the need to improve the mechanical stability and performance of CPB. Consequently, 

fiber reinforcement has recently attracted increasing attention in the improvement of the 

geomechanical behavior and performance of CPB. The benefits of small fiber inclusions on the 

mechanical performance of cementitious composites under quasi-static loading conditions and 

fiber reinforced cementitious composites (FRCCs) under cyclic loading conditions have been 

fairly established by previous researchers. However, there are no studies that have systematically 

studied the application of fiber reinforcement in CPB technology under cyclic loading 

conditions. The purpose of this thesis research is to study the geomechanical behavior of fiber-

reinforced cemented paste backfill (FR-CPB) under cyclic loading conditions. This body of work 

studies the effects of fiber inclusion on the evolutive cyclic compressive and tensile behaviors 

and mechanical properties of FR-CPB. Curing time, fiber length and fiber content were used to 

study the evolution of FR-CPB’s mechanical properties, including hysteretic energy dissipation, 

secant modulus, degraded stress, and damping index. Cyclic stress-strain data reveals that the 

geomechanical behavior of FR-CPB is highly influenced by curing time. Aging of FR-CPB 

results in a strengthened fiber-bridging effect leading to improvement in composite strength and, 

thus, load carrying capacity through full realization of the cement hydration process. 

Furthermore, different cyclic behavior and damage mechanisms are observed for FR-CPB. 

Additionally, the hysteretic energy dissipation capacity, secant modulus, degraded stress, and 

damping index of FR-CPB all show positive evolutionary trends. It is also found that fiber 

reinforcement plays a pivotal role in the pre-peak response of FR-CPB. Furthermore, there exist 
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a critical fiber length of 13 mm and a critical fiber content of 0.5wt% (0.5% of total weight of 

cement, water, and tailings). When these parameters are employed, FR-CPB demonstrates the 

most consistent enhancement to strength development and mechanical properties under cyclic 

loadings. The findings herein seek to promote further understanding of fiber reinforcement 

techniques and the safe design and implementation of FR-CPB in the mining industry.  
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Chapter 1 Introduction 

1.1 Background 

The contribution of minerals extraction to the world economy through the provision of raw 

materials cannot be underestimated. The extraction of precious minerals contributes to the 

evolution of societies around the world by boosting economies and employment markets [1]. In 

2020, the minerals sector was responsible for providing 692 000 jobs and generated $107 billion 

to Canada’s nominal gross domestic product (GDP), and accounted for $102 billion of Canada’s 

total domestic exports [2]. Furthermore, it has been found that more than 1150 million tons of 

heavy metals have been produced since the Stone Age, with a waste-to-product ratio of 100:1 in 

volume; that is approximately [3]. Further, production of this waste material termed mine tailings 

is estimated between 5 and 7 billion tonnes per year worldwide [4]. Subsequently, this level of 

mining activity and significant generation of waste material requires new and improved storage 

methods as opposed to conventional methods such as tailings ponds. Conventional storage 

methods not only contradict urban development and environmental initiatives but also pose 

significant threats to the environment due to catastrophic failures. Over a 58-year period, there 

were 117 total tailings pond failures due to a host of intrinsic and extrinsic factors [3,5].  

To rectify the environmental issues and provide a safe disposal method for mine tailings, 

cemented paste backfill (CPB) technology has received significant attention due to the technical, 

environmental, and economic benefits it offers. Furthermore, the implementation of CPB may 

reduce surface subsidence, decrease rehabilitation costs, and provide ground support to the 

surrounding rock mass [3]. Typically, cemented paste backfill is a cementitious material formed 

by mixing hydraulic binders (e.g., Portland cement, fly ash, and blast furnace slag), dewatered 

mine tailings, and mixing water. Compared to other disposal methods, CPB has several 

advantages, namely (1) it provides higher tailings use which reduces the need for surface 

disposal and its environmental impacts, (2) it significantly reduces mine operating and 

maintenance costs (for example, less damage to roads), and (3) it offers versatility as a part of 

tailings can be used for sprayed applications such as shotcrete [5]. CPB is commonly designed 

using a strength-based design approach, i.e., the factor of safety, 𝐹𝑠 =
𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ

𝑠𝑡𝑟𝑒𝑠𝑠
, to account for the 

unknown nature of in-service loads [6]. Moreover, CPB may be used as pillar structures in 
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underground stopes or act as a concrete beam in underhand cut and fill mining method to provide 

adequate ground support to surrounding rock mass.  

Due to this requirement, mechanical behavior plays an important role in the stability analysis of 

CPB mass under quasi-static loading conditions. Correspondingly, previous studies have been 

conducted to investigate the mechanical behaviors of CPB materials experimentally and 

numerically under monotonic loading conditions. Under compressive loading, Jafari et al. [7] 

found that CPB behaves linearly in the pre-yield compression section. Further, Chen et al. [8] 

found that the CPB matrix displayed brittle failure with a low strain, which was significantly 

alleviated when fibers were added to the matrix. Furthermore, similar findings were obtained by 

Yi et al. [9], where CPB failed suddenly after the peak stress and exhibited limited post-peak 

softening. Moreover, unreinforced specimens showed distinct spalling/splitting with no signs of 

strain-hardening behavior. Under tensile loading, Libos and Cui [10] found that the slope of the 

force-displacement curve in the pre-peak zone increases with time, indicating improved material 

stiffness. Furthermore, there is evidence of pseudo-strain hardening behavior as crack bridging 

forces develop due to fiber inclusion. As for shear loading, Festugato et al. [11] found that CPB 

demonstrates a pronounced hardening effect which leads to higher shear deformation and higher 

strength. It is worth noting that CPB develops greater strength by experiencing a higher level of 

deformation, however, the cementitious matrix suffers greater damage. Similarly, numerical 

modeling and simulations [12,13] have been conducted to investigate the strain response and 

failure patterns of CPB as well as simulate the application of CPB in strip mining methods.  

Cemented paste backfill may be described as a slurry when freshly placed and becomes brittle in 

nature as the mass ages. In this research, late-aged CPB is of concern to study the effects of fiber 

inclusion on the geomechanical behavior under cyclic loading conditions. Specifically, it has 

been established previously that CPB becomes resistant to liquefaction when the unconfined 

compressive strength (UCS) reaches a minimum value of 100 kPa [14] and Alainachi [1] found 

that 4 hours-CPB sample was resistant to shaking-induced liquefaction. Soft cementitious 

materials such as CPB are commonly highlighted by their limited strain-hardening behavior and 

weak tensile capacity. Due to the complex nature of loadings existing in underground stopes, 

there is a need to improve the mechanical behavior and properties of cementitious composites, 

short – randomly distributed fibers may be added to the matrix as reinforcements [15]. The 
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emergence of fiber reinforcement as a promising technique is owing to the ability of fibers to 

provide bridging forces across cracks in the cementitious matrix, thereby restricting crack growth 

[16]. Correspondingly, the cementitious matrix, in conjunction with fiber reinforcement, has the 

capacity to withstand deformation to a higher degree resulting in more ductile material behavior. 

It is widely accepted that the role of fibers is only initiated once the composite matrix has 

undergone cracking or exceeded the first-crack stress [17]. Specifically, after the matrix cracks, 

the fibers’ tensile strength is mobilized, and the tensile forces are transferred back into the matrix 

[18]. This transference of stress to the matrix causes subsequent cracks to develop and further 

fibers to be involved in the cracking process; this defines the multiple cracking characteristics 

afforded to cementitious composites by fiber reinforcement. Furthermore, this improved cracking 

behavior provides a significant enhancement to energy dissipation and the degradation rate of 

stress and material stiffness [19].  

For example, previous studies [9,20,21] showed that fiber reinforcement complements the 

cementitious matrix in the strength development of FR-CPB. Moreover, the fiber-matrix network 

acts in unison by providing resistance to the applied loads through an enhanced grain-fiber 

interaction and thus improving the crack resistance of FR-CPB. Furthermore, the introduction of 

fiber reinforcement creates new damage mechanisms such as fiber sliding, fiber pullout, fiber-

matrix debonding, and fiber rupture, which contribute to the mechanical response of FR-CPB as 

well as the damping characteristics [16,22]. 

 

1.2 Problem statement 

The cyclic geomechanical behaviors of FR-CPB is of great significance in the safe 

implementation of CPB as a backfill method as the cyclic stress-strain relationship may be 

evaluated to provide insight into the pre- and post-peak behavior and the evolution of mechanical 

properties. Previous studies [10,23,24] focused on the conventional geomechanical behaviors 

including compressive, tensile, and shear behaviors of CPB and/or FR-CPB materials under 

monotonic loading. However, there exists complex dynamic loadings in underground stopes due 

to seismic loadings and dynamic loadings induced by mining operations such as drilling and 

blasting [25]. This dynamic loading causes a progressive degradation in load carrying capacity 

due to damage accumulation in the cementitious matrix; this significantly affects the engineering 
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performance. Consequently, a thorough understanding of the cyclic geomechanical behaviors of 

FR-CPB is needed to prevent surface subsidence and to ensure safety to mine workers during 

operation. However, no studies have been designed and conducted to systematically investigate 

the cyclic geomechanical behavior of FR-CPB under cyclic loadings, which significantly affects 

the thorough understanding of mechanical behaviors of FR-CPB under complex field loading 

conditions and thus the safe design of FR-CPB technology [16].  

To address this research gap, a comprehensive experimental testing program is developed 

through this thesis study to investigate the effect of fiber length and fiber content on the cyclic 

compressive and tensile behaviors and properties of FR-CPB at various curing times. To study 

the effects of fiber length on the cyclic compressive and tensile behaviors of FR-CPB, three fiber 

lengths are selected namely 6 mm, 13 mm, and 19 mm while the fiber content is held constant at 

0.5wt%. On the other hand, to study the effects of fiber content, fiber length is fixed at 13 mm 

and three fiber contents are selected namely 0.25wt%, 0.5wt%, and 0.75wt%. Furthermore, an 

extensive period of trial testing is forecasted to create a custom cyclic sequence that verifies the 

ability of the testing system to employ the established loading rate and displacement increment to 

produce the known cyclic hysteretic behaviors of FR-CPB. Moreover, the stress-strain data is 

recorded to analyze the evolution of the mechanical properties of FR-CPB under the test 

conditions.   

To further the understanding of the cyclic geomechanical behaviors of FR-CPB, the recorded 

data is used to study the hysteretic energy dissipation capacity, secant modulus, degraded stress, 

and the damping index. Subsequently, the obtained results may significantly improve the 

understanding of engineering behavior of FR-CPB materials, and thus promotes its successful 

application in underground mine backfill operation.  

 

1.3 Research methodologies 

The methodologies adopted in this thesis research are illustrated in the schematic flowchart in 

Figure 1.1. To better understand the geomechanical behavior of fiber reinforced cemented paste 

backfill under cyclic loading conditions, this study was conducted in 5 steps: 
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• Step 1 – In this step the research problem is identified, studied, and the research 

objectives are outlined.  

• Step 2 – In this step extensive review of the current literature regarding (1) the 

constitutive behavior of FRCC, (2) factors affecting the mechanical properties of FRCC, 

and (3) failure patterns of FRCC under cyclic loading conditions. After establishing a 

baseline, the research gap is established – there have been no previous works that 

systematically studied the geomechanical behavior of FR-CPB under cyclic loading 

conditions. 

• Step 3 – In this step, an extensive testing program and test schedule is designed to 

address the research gap. Several trial tests are proposed using a custom cyclic sequence 

to confirm cyclic loading rate and strain increment to ensure an accurate representation of 

the damage process in FR-CPB through stress-strain data.  

• Step 4 – Over a six-month period, the cyclic compressive and tensile responses of FR-

CPB samples are tested for curing periods of 7, 28, 90 days and the mechanical properties 

are calculated. The effect of fiber length and fiber content are studied.  

• Step 5 – Involves processing and analyzing the experimental results through cyclic 

stress-strain data to assess the geomechanical behavior of FR-CPB with regards to the 

test conditions.  
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Figure 1.1 Research methodologies applied in this thesis research. 

 

1.4 Thesis organization 

The organization of this thesis is a paper-based thesis consisting of technical papers formatted in 

five total chapters as seen below:  

 

Chapter 1: entails the introduction to the body of work. It contains background information on 

the area of study, the research problem, research objectives, research methodology, and 

organization of the thesis.  

Chapter 2: provides a literature review detailing the current literature regarding the multiscale 

geomechanical behavior of fiber reinforced cementitious materials (FRCC) under cyclic loading 

conditions – Technical Paper #1.  

Chapter 3: presents the experimental testing program utilized in the completion of the 2nd and 3rd 

technical papers which studies the evolutive cyclic compressive and cyclic tensile responses of 

fiber reinforced cemented paste backfill (FR-CPB) 

Step 1
•Problem Identification
•Research Objective

Step 2
•Literature Review
•Identifying Research Gap

Step 3
•Development of Testing Schedule
•Trial Test Period

Step 4
•Six-month Experimental Period
•Calculation of Mechanical Properties

Step 5
•Data Processing
•Analysis of Experimental Results
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Chapter 4: details the experimental results obtained from employing the experimental program 

detailed in chapter 3.  

Chapter 5: provides the summary and conclusions that can be drawn from the body of work 

presented. Furthermore, recommendations for future work are also provided in this section.  
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Chapter 2 Literature review 

2.1 Introduction 

As a type of construction material, cementitious composites are commonly subjected to complex 

field loading conditions during their service life [26–28]. As a result, the external loadings may 

cause the development of compressive, tensile and/or shear stresses in the porous mixture and 

thus dominate the failure behaviors at the macroscale [10,29,30]. However, irrespective of the 

external loading conditions, the crack initiation is commonly associated with the local stress 

concentration near defects at the microscale [31]. Since mechanical stability is one of the most 

important design criteria, cementitious composites are required to offer adequate stress resistance 

and sufficient tolerance for permanent deformation in engineering applications. However, as a 

type of brittle material, cementitious composites such as cemented paste backfill (CPB), 

cemented soil, and concrete are commonly featured by the far limited strain-hardening behavior 

and weak post-failure performance [32]. To improve the mechanical behavior and properties of 

cementitious composites, it has been found that reinforcement through the addition of short 

fibers is a promising technique [33–36]. This is because fibers in cementitious materials are able 

to produce the bridging forces across cracks in the porous matrix [20,34,37,38], thus, acting as 

crack arresters at the microscale. Correspondingly, the fiber-reinforced cementitious composites 

(FRCC) can withstand larger plastic deformation and improve material ductility [32,38]. 

Subsequently, the macroscale stress-strain behavior, especially post-failure behavior, can be 

considerably improved and becomes more favorable for engineering applications in practice. 

Therefore, understanding of multiscale geomechanical behaviors of fiber-reinforced cementitious 

composites (FRCC) plays a key role in the safe and optimum design of FRCC. 

The performance of FRCC is dependent on the in-service and environmental loading conditions. 

Previous studies show that FRCC can demonstrate distinctive mechanical behaviors under 

monotonic and cyclic loadings [33,39]. For example, cyclic loading can cause a progressively 

decrease in the load-carrying capacity of FRCC. Such degradation of load-carrying capacity can 

be partially attributed to cyclic loading-induced damage accumulation in the porous matrix [40]. 

Therefore, the resultant material degradation causes a poor engineering performance of FRCC 

relative to that under quasi-static loading conditions. Furthermore, the fibers embedded into the 

matrix can suffer severe extrusion or even rupture during the cyclic loading process, which 
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causes a reduction in the crack bridging capacity [41,42]. Consequently, FRCC could show 

different failure patterns, material properties, and constitutive behaviors under cyclic loading 

conditions. Accordingly, the obtained findings about the quasi-static behavior may be invalid for 

FRCC under cyclic loading conditions.  

Additionally, FRCC may be subjected to various types of dynamic loadings in the field and thus 

cause different stresses inside the FRCC. For example, as one of the most critical components of 

a building structure, fiber-reinforced concrete columns such as bridge piers are designed to 

withstand large axial and shear forces, especially in seismic regions [43]. Correspondingly, the 

resultant dynamic compressive and shear stresses govern the stability of FRCC. Furthermore, 

fiber-reinforced shotcrete (FRS) linings have been widely used in underground mines and civil 

tunnels to prevent the occurrence of many disasters such as caving, slabbing, and rockburst as a 

result of complex field loadings [44,45]. As a result, FRS is commonly exposed to high tensile 

and compressive stresses due to vibrations from blasting operations,  which may cause various 

dynamic failures such as the cracking of the shotcrete lining, failure along the shotcrete-rock 

interface, and flexural failure of the shotcrete [46]. Therefore, to improve the understanding of 

the multiscale geomechanical behaviors of FRCC under dynamic loadings, this study aims to 

provide a critical review of (1) the cyclic compressive, tensile, and shear behaviors, (2) the 

failure patterns, and (3) the mechanical properties of FRCC under cyclic loadings, which can 

benefit the safe and optimal design of FRCC under cyclic loading conditions [41]. Future work 

related to cyclic geomechanical behaviors is also suggested through the identification of the 

research gap in this field of knowledge.  

2.2 Cyclic Tensile Behavior of Fiber-reinforced Cementitious Materials 

Due to the effects of fiber reinforcement, the constitutive tensile behavior of FRCC under cyclic 

loading is featured by an ascending branch akin to the plain cementitious material and an 

enhanced post-peak branch [47]. Figure 2.1 represents a typical stress-strain curve that can be 

used to explain the damage process of FRCC under cyclic loading conditions. For the pre-peak 

behavior (path 0B), the material exhibits high elasticity making it difficult to spot the hysteretic 

loops [48]. This is because the crack bridging capacity of the fibers is not realized until the first 

crack appears; at first-crack stress, the first crack occurs. However, the carrying capacity of 

fibers bridging this crack enables the load to be increased, and further causes the propagation of 
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microcracks. Moreover, point A signals a transition point on the stress-strain curve from linear to 

non-linear regimes due to the multi-cracking characteristic afforded by the fibers. When the 

fibers in the weakest crack have failed, the crack localizes and the material exhibits a softening 

behavior [17]. Correspondingly, the peak point is followed by a noticeable stress drop with 

distinguished unloading and reloading paths that highlights the hysteretic behavior of FRCC 

under cyclic tensile loading [39]. However, in the post-peak region (paths CD and DE in Figure 

2.1), fiber sliding, and pull-out mechanisms are the main contributors to energy dissipation 

which causes more defined hysteretic loops with increasing load cycles [19]. Conversely, the 

sudden drop after the peak stress is caused by fracturing of the cementitious matrix. The cracks 

begin to propagate and coalesce into a main crack causing severe deformation of fibers, 

fracturing of fibers, and debonding of fibers with the continuously increasing displacement and 

loading cycles [19]. Therefore, it has been widely accepted that fiber reinforcement in 

cementitious composites mainly affects the post-peak performance, specifically to transform the 

brittle nature of cementitious matrix to a more ductile one with improved mechanical properties 

[49]. In particular, previous studies [50,51] have successfully demonstrated the benefits of 

incorporating fibers into the cementitious matrix to improve the cyclic tensile behavior of FRCC. 

The results indicate that the integration of fibers significantly improves peak stress, peak strain, 

ductility, and toughness. Furthermore, the rate at which a composite’s stiffness degrade is 

significantly alleviated by the inclusion of high modulus fibers with increasing volume fraction 

or aspect ratio [52].  

 
Figure 2.1 Schematic of an ideal cyclic stress-strain curve. 
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In addition to the constitutive behavior of FRCC, understanding the bridging behavior and any 

synergy between these bridging mechanisms in FRCC is vital to determining its crack-restraining 

capabilities. The acoustic emission (AE) technique, as a non-destructive testing approach, has 

been widely adopted for the investigation of local damage in cementitious materials. This is 

because AE indices such as the average frequency and rise angle can be used to characterize the 

mode of cracking and quantify the damage level in FRCC [53]. For example, Li et al. [48] and 

Aggelis [54] utilized the AE technique to investigate cracking modes of FRCC under cyclic 

tensile loadings. As shown in Figure 2.2, it has been found that compared with plain concrete 

FRCCs produce far more AE events and show clear signs of crack propagation due to the fiber 

effects. Moreover, it has also been found that a cementitious composite subjected to complex 

loadings experiences tensile cracks in the initial stage of the damage process while shear cracks 

dominate in the later stages [55]. In addition, Soulioti et al. [56] described each fiber pull-out 

incident as a potential AE event and these events increase with the fiber volume content, which 

clearly indicates the development of multiple cracking in the FRCCs. Furthermore, the failure 

patterns of FRCCs under cyclic tensile loading can be further qualitatively analyzed by 

examining the pull-out length of fibers and the fracture surfaces through SEM observation as 

seen in Figure 2.3 and Figure 2.4. In comparison to quasi-static experiments, fibers that are 

pulled out due to dynamic loading are approximately 91.6% longer with distinct wave-shaped 

textures in the axial direction;  indicative of pronounced plastic deformation [57]. This 

pronounced plastic deformation is a result of higher strain rates and higher crack opening 

velocities resulting in fiber-matrix debonding, destroyed fibers, and ultimately loosening of the 

microstructure due to pronounced micro-crack development [58]. Moreover, several factors such 

as the bond strength between the fiber and the cementitious matrix, fiber aspect ratio, and matrix 

strength can contribute to the multiscale behavior of FRCC [59]. There exist a research lag and 

further investigations are necessary to fully understand the mechanical behavior of FRCC under 

cyclic tensile loading.  
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(A) 

 
(B) 

 
Figure 2.2 Type of cracks generated in the cementitious material under cyclic tensile loading: (A) without fiber 

reinforcement, and (B) with fiber reinforcement [47]. 
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(A) 

 
(B) 

Figure 2.3 Comparison of pullout lengths of fibers embedded in the cementitious materials under (A) monotonic 
loading, and (B) cyclic loading [56]. 

 
Figure 2.4 Typical crack surfaces of FRCC under cyclic tensile loading [57]. 

  



14 
 

2.2 Cyclic Shear Behavior of Fiber-reinforced Cementitious Materials 

Due to the incompatible material properties and the interfacial transition zone (ITZ) between 

fibers and cementitious matrix, the reinforcing effect mainly occurs in the post-cracking stages 

indicating that the pre-cracking response of FRCC is dominated by the cementitious matrix [60]. 

Therefore, to identify the characteristics of the cyclic shear behavior of FRCC, the focus of this 

review is placed on its post-cracking response. In the post-cracking stages, the cyclic shear 

response is highlighted by distinct constitutive behaviors, namely, pinched hysteresis loops and 

accumulated volumetric plastic strain. The pinching of the strain curve (see Figure 2.5) is 

attributed to the combined effects of frictional resistance and stiffness degradation, respectively 

[61,62]. This is because the inclusion of fibers not only increases the shear resistance through 

their dowel action and axial fiber stress [63] but also causes the multi-cracking behavior of the 

FRCC matrix. Although the multi-cracked matrix implies a stronger energy-dissipation ability 

and thus a higher load-carrying capacity, the generated multiple cracks inevitably cause a 

considerable reduction in the stiffness during the unloading process. Therefore, the stiffness 

degradation under cyclic shear loading contributes to a more pinched hysteresis loop [11,64]. 

However, the multiple cracks can offer a higher friction resistance for a given shear 

displacement, which indicates a higher energy dissipation capacity. In other words, the improved 

friction resistance by multiple cracks intends to increase the area of hysteresis loops and thus 

result in a more complex unloading/reloading behavior. It should be noted that the effectiveness 

of friction resistance along crack surfaces depends on the degree of crack closeness during the 

unloading/reloading process. For example, when stiff fibers such as steel fibers are adopted, the 

reinforcing fibers may prevent the cracks from closing and weakens the interface shear resistance 

[65]. 
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Figure 2.5 Pinched hysteresis loops of FRCC under cyclic loading [60]. 

 
Another important characteristic of the cyclic shear response is the accumulation of volumetric 

plastic strain. For soft cementitious materials such as CPB, shear deformation causes volume 

changes (especially volume contraction) and increases pore water pressure, which may 

contribute to material liquefaction [66,67]. Under cyclic shear loading, the accumulation of 

volumetric plastic strain occurs in the matrix, and this strain is irrecoverable. Due to the 

irrecoverable nature of this deformation, the matrix retains this volume change during the 

unloading process. Correspondingly, the accumulation of plastic strain under cyclic loading will 

result in the continuous development of excess PWP. This excess PWP causes a reduction in 

effective stress and material strength. In engineering applications, it is imperative to have a 

material with rapid dissipation of this excess PWP. In this regard, it has been found that the 

incorporation of fibers can speed up PWP dissipation [11]. This is because (1) the inclusion of 

fibers induces multiple cracking responses. The resultant macro- and micro-cracks directly form 

the preferential seepage channels inside the matrix and thus increase the nominal hydraulic 

conductivity. (2) The ITZ formed between fibers and matrix possesses a larger pore size 

compared to those inside the matrix [68]. Such larger pores can further enhance the hydraulic 

conductivity of FRCCs. As a result, rapid dissipation of excess PWP can be obtained in soft 

fiber-reinforced cementitious materials under cyclic shear loadings, especially during the post-

cracking stages. Festugato et al. [11] studied the cyclic shear response of fiber-reinforced 

cemented paste backfill (FR-CPB). Cyclic shear tests were performed on FR-CPB specimens 
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under 50 kPa of initial effective vertical stress and +/-2.5% of controlled shear strain. After 1500 

cycles, the FR-CPB specimens (see Figure 2.6 (A)) had a pore pressure increment (∆𝑢) of 

approximately 40 kPa and showed a 27% reduction in ∆𝑢 compared to that (approximately 55 

kPa) of the non-reinforced specimens (see Figure 2.6 (B)). Moreover, the confirmed rapid 

dissipation of excess PWP by the inclusion of fibers directly increases the effective stress. 

 
(A) 

 
(B) 

Figure 2.6 Evolution of excess pore water pressure and effective stress in cemented paste backfill under cyclic shear 
loading: (A) with fiber reinforcement, and (B) without fiber reinforcement [11]. 
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For the failure patterns under cyclic shear loading, cementitious materials can exhibit significant 

quasi-ductile behavior when compared to the behavior of their individual components [69]. Such 

macro-scale mechanical behavior can be attributed to the development of multiple micro-cracks 

primarily in the ITZ between cement paste and aggregate, which is often considered the weak 

link in cementitious materials. When fibers are introduced into the porous matrix, a series of new 

ITZ between fibers and solid particles in the cementitious matrix can be generated (see Figure 

2.7). Similarly, the ITZ associated with the inclusion of fibers possesses strong heterogeneity and 

weaker fracture toughness compared with the cementitious matrix [70].  

 
(A) 

 
(B) 

Figure 2.7 SEM images of (A) ITZ between fiber and matrix [70] and (B) crack isolator role played by fiber [71]. 
 

Consequently, when micro-cracks propagate into this the new ITZ, the composite may 

experience crack deflection and/or branching parallel to the fibers. Furthermore, as shown in 
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Figure 2.7 (B), fibers can serve as a crack isolator in conjunction with the ITZ and prevent the 

coalescence of micro-cracks [71,72]. Together with the stress transfer mechanism of fiber 

reinforcement, this crack isolator role played by the ITZ can further contribute to (1) the 

improvement of post-cracking stiffness and maintenance of matrix integrity [73] and (2) multiple 

cracking behaviors of FRCC [74,75]. Under shear loading conditions, the resultant multiple 

cracks cause more crack surfaces to exist in the cementitious matrix, and subsequently, more 

energy can be dissipated. Moreover, the inherent crack deflection and branching indicate that 

shear cracks can transform into tensile cracks [76]. As the cracks propagate further into the 

cementitious matrix, we may discuss a relatively larger-scale fracture process zone (FPZ) formed 

ahead of the crack tip to better understand the particularly complex nature of the cracking 

process in cementitious materials. The FPZ is defined as a damage region between the intact 

material and the fully developed macro-crack [77]. Previous studies [78,79] confirm that the 

formation of FPZ has the ability to delay crack growth and results in non-linear fracture 

behaviors. The FPZ of cementitious materials without fibers consists of two zones (1) zone of 

micro-cracks and (2) aggregate bridging zone. When fibers are introduced to the matrix, the 

fibers can form the additional fiber bridging zone [80], which not only extends the net bridging 

zone, but also enlarges the zone of micro-cracks through fiber-induced multiple cracking 

processes. As a result, the reinforced FPZ improves the fracture toughness of the FRCC. Then, 

under cyclic shear loading, more energy can be dissipated by this enhanced FPZ, which also 

confirms the role of fiber reinforcement in the post-cracking stages. In addition, the FPZ will 

become a crushed zone under cyclic shear loading [81]. This crushed zone with loose particles 

and dust has two interesting implications: (1) the separation of solid particles from its original 

matrix requires more energy dissipation, and (2) the existence of particles and dust in the crack 

space prevents the closure of cracks, thus, affecting the macro-scale volume change. Hence, the 

crack propagation in the ITZ and FPZ eventually affects the crack coalescence and, thus the 

failure patterns at the macroscale. More specifically, the low tensile strength of plain 

cementitious materials implies that flexural failure plays a crucial role in the failure patterns [47]. 

However, when fibers are introduced, the stress transfer mechanism causes a more important role 

played by the combined flexural and shear failure patterns. For instance, through an experimental 

study on the axial cyclic compression behavior of FRCC, Li et al. [82] found that the hybrid-

fiber reinforced shear keys experienced concrete crushing and spalling from the specimens 
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during tests and were accompanied by shear tension failure mode under cyclic loading. This is 

because the opening of flexural cracks was delayed by the fiber bridging effect, which leads to 

crack inclination and the subsequent “flexure-shear failure”. Similar findings were also  realized 

in recent publications [83,84], which further highlights the effect of fiber addition on the failure 

patterns of FRCC under cyclic shear loading.  

2.3 Cyclic Compressive Behavior of Fiber-reinforced Cementitious Materials 

The envelope curve, usually referenced as the upper boundary of the cyclic response, can be used 

to analyze the mechanical behavior of FRCC under cyclic compressive loading [46]. 

Specifically, the deviation of the stress-strain curve from the monotonic envelope could be an 

important characteristic to aid in understanding FRCC’s post-peak behavior in this loading 

regime. Li et al. [84] found that the envelope curve consists of the ascending and the descending 

branches. As shown in Figure 2.8, the ascending branch prior to the peak stress closely traces the 

monotonic envelope curve. The minimal pre-peak deviation between cyclic and monotonic 

envelope curves was also observed from the synthetic FRCCs [60], which further confirms the 

weak effect of fiber reinforcement on the pre-peak behavior under compressive loading 

conditions. Contrastingly, the post-peak discrepancy between cyclic and monotonic envelope 

curves appears when the fibers are introduced into the cementitious materials (see Figure 2.8(A) 

& (B)). The inconsistent cyclic and monotonic envelop curves in the post-peak stage can be 

attributed to the strengthened multiple-cracking characteristic of FRCC under cyclic compressive 

loading [85,86]. Specifically, this multiple cracking process results in significant microscale 

damage accumulation and macroscale stress deterioration [19,87]. Consequently, fiber 

reinforcement is able to yield different damage and post-peak (softening or hardening) 

mechanisms responsible for the macroscale mechanical response under monotonic and/or cyclic 

loadings [86]. Secondly, it has also been found that the increased loading cycles result in a more 

defined hysteresis loop in FRCC, which indicates an improved hysteretic energy dissipation 

capability. In contrast, plain cementitious composites are featured with narrow hysteresis loops 

under cyclic compressive loading [88] and several major cracks from the beginning of loading 

till specimen failure [89]. This is because the formation of fiber bridging zone in the vicinity of 

crack front extends FPZ and the resultant stress transfer causes multiple cracking in the matrix 

[87,89]. More precisely, the prerequisite for the effectiveness of fiber reinforcement is the 
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development of locally matched stress levels between fibers and adjacent cementitious matrix 

[90,91]. However, distinct mechanical properties between fiber and granular materials may cause 

unmatched stress levels when the deformation of fiber drops to a certain value and thus fade the 

local fiber reinforcement effect [92]. In other words, the cyclic loading and unloading processes 

will repeatedly reactivate and deactivate the fiber reinforcement at the cost of damage 

accumulation in the cementitious matrix. Consequently, strengthened stress transfer through 

combined fiber and aggregate bridging zones into the cementitious matrix is able to endow the 

materials with significantly improved mechanical performance, including the higher hysteretic 

energy dissipation capacity. 

 
(A) 

 
(B) 



21 
 

Figure 2.8 Typical stress-strain curves of cementitious material under cyclic compressive loading: (A) without fiber 
reinforcement, (B) with fiber reinforcement [88]. 

In addition to the stress-strain response, the macroscale volume change of FRCC can also 

demonstrate different characteristics when subjected to cyclic compressive loading. The 

macroscale volume change is intimately related to the crack opening and closing during the 

loading and unloading processes [93]. As previously discussed, fibers embedded into the matrix 

may act as crack arresters and cause crack branching and deflection. Consequently, both tensile 

and shear cracks are able to propagate inside the cementitious composite and promote multiple 

cracking behaviors. The effect of tensile cracks on volume change is straightforward, i.e., the 

opening and closing of tensile cracks can directly cause the local volume expansion and 

contraction. However, the volume change associated with shear cracks is dependent on 

cementation extent [94]. To maintain the shear crack growth, the debonding process 

accompanied by the particle sliding and rotation along the rough crack surfaces are required [95]. 

Therefore, similar to the over-consolidated soils, a larger local volume expansion can be 

expected along the shear cracks when FRCCs are prepared with higher cement content [96]. 

Conversely, soft cementitious materials with lower cement content, such as FR-CPB, possess 

weak bond strength. As a result, the shearing process along crack surfaces can cause the 

debonding processes to a larger regime in the vicinity of crack surfaces and promote particle re-

packing to a greater extent, which in turn weakens the sliding and rotation of particles along the 

crack surfaces. Consequently, the locally depressed volume expansion can be expected in soft 

cementitious materials [97]. Additionally, the introduction of fibers indirectly contributes to the 

confinement of the cementitious composite [98]. This is because fiber bridging capacity is able 

to provide passive confinement to the damaged matrix [99] and thus further limit the volume 

change at a given stress level.  

In terms of mechanical properties of FRCCs under cyclic compressive loading, the elastic 

modulus, compressive strength, energy dissipation capacity, and Poisson’s ratio can be extracted 

from the macroscale stress-strain behaviors and used to evaluate the engineering performance of 

FRCCs. Specifically, the evolution of elastic modulus can be used as a valuable indicator for the 

damage accumulation inside cementitious materials. When materials are cyclically loaded, the 

material stiffness degrades due to crack propagation. However, it has been confirmed that the 

addition of fibers into the cementitious matrix is able to effectively alleviate the degradation rate 
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of elastic stiffness (see Figure 2.9) [89] and improve the ductile response of cementitious 

material at the macroscale [100]. With regards to composite strength, the effect of fibers is less 

significant, and some studies [101,102] even found a negative effect of fibers on the compressive 

strength of FRCCs. As previously discussed, fibers are most effective when their tensile strength 

is mobilized through their bridging capacity across tensile cracks. However, under compressive 

loading, fibers may initiate matrix crushing through local stress concentration and induce defects 

in the cementitious matrix as a result of inadequate compactness [103,104], which may adversely 

affect the compressive strength of FRCC. However, the fiber reinforcement technique is able to 

act as a positive contributor to the compressive strength when a multiscale reinforcement 

approach is adopted. Furthermore, the hysteresis loops in Figure 2.8 suggest the inclusion of 

fibers significantly improves the hysteretic energy dissipation in FRCCs [19,87]. When FRCCs 

are cyclically loaded, the reinforcement mechanisms, including fiber bridging, fiber sliding, fiber 

pull-out, and fiber-matrix debonding, are responsible for the formation of energy dissipation 

capacity [105]. Correspondingly, the absence of these mechanisms in plain cementitious 

materials inevitably results in smaller hysteretic loops and subsequent low energy dissipation 

capacity, because the coalescence of microcracks into macrocracks is the only avenue for energy 

dissipation in plain cementitious materials. Lastly, Zhou, et al. [99] have identified that the 

cracking process significantly influences the evolution of Poisson’s ratio. As illustrated in Figure 

2.10, Poisson’s ratio of plain cementitious materials increases exponentially with axial strain due 

to progressive micro-cracking in the cementitious matrix. However, when the fiber 

reinforcement is introduced into the cementitious materials, the Poisson’s ratio shows a 

logarithmic relationship to the axial strain and such observation clearly confirms the fiber’s 

crack-bridging capacity is also able to restrict further crack opening in the lateral direction and 

thus affects the macroscale volume change. 

For the failure patterns of FRCCs under compressive loading, the plain cementitious composites 

are dominated by tensile cracks parallel to the loading direction [19]. With the introduction of 

fibers into the matrix, the failure mode is transformed into a more ductile shear failure [89]. For 

instance, through CT scan technology, Minguez et al. [106] reconstruct crack propagation inside 

the cementitious matrix under cyclic compressive loadings. The obtained CT images (Figure 

2.11) clearly show the crack branching and deflection inside the FRCCs. Such cracking process 

inside the matrix can be attributed to multiple mechanisms, including (1) exceedance of the 



23 
 

tensile strength of the matrix, (2) debonding between fibers and matrix, and (3) debonding 

between aggregates and matrix [87]. More specifically, due to the relatively weak tensile 

strength, the tensile microcracks can be developed in the matrix under cyclic compressive 

loadings. However, due to the development of FPZ in the vicinity of crack surfaces, the initial 

tensile microcracks are restrained and/or deflected by the fibers, limiting crack growth and thus 

restricting volume changes in the cementitious matrix [19,87,100]. In other words, these fibers 

act as crack barriers, resulting in a more curved and inclined cracking path as the load increases 

[18,87]. The microscale crack deflection and possible branching in vulnerable regions such as 

ITZ can further complicate the local stress state, including shear stress concentration and 

associated shear crack propagation [107]. Consequently, FRCCs may exhibit both macroscale 

tensile and shear cracks under cyclic compressive loadings. 

 
Figure 2.9 Effect of fiber volume fraction on stiffness degradation [88]. 
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Figure 2.10 Effect of fiber volume fraction on stiffness degradation [100]. 

 

 
(A) 

 
(B) 
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(C) 

Figure 2.11 CT images of cracking process in FRCC under cyclic compressive loading: (A) 0 cycles, (B) 20,000 
cycles, and (C) 2,000,000 cycles [108]. 

Summary 

This literature review presents a comprehensive overview of start-of-the-art research on the 

FRCC under cyclic loading conditions. The macroscale constitutive behavior and the associated 

mechanical properties and microscale cracking processes under cyclic tensile, shear, and 

compressive loading conditions are summarized in-depth. Based on the study findings in the 

present literature, the following conclusions can be drawn: 

(1) For the macroscale constitutive behavior, the fiber reinforcement mainly improves the 

post-cracking behavior, especially in the post-peak stage. Correspondingly, the 

enhancement of material stiffness, hysteretic energy dissipation capacity, and ductility 

has been observed from FRCC under cyclic tensile, shear, and compressive loadings.  

(2) The crack opening and closing at the microscale govern the macroscale volume change 

under cyclic shear loadings. In contrast, the shear-induced volume change is dominated 

by the particle repackaging along the shear cracks.  

(3) The inclusion of fibers is able to enlarge the pore size of ITZ and thus accelerates 

dissipation of the excess PWP under cyclic loading, which can significantly improve the 

mechanical performance of soft cementitious materials such as CPB. 

(4) For the microscale crack propagation under cyclic loadings, introducing fibers into the 

cementitious matrix extends the FPZ and causes complex cracking processes such as 
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crack deflection and branching. Consequently, the FRCC commonly demonstrates both 

tensile and shear cracks under cyclic loadings. 

Based on the multiscale geomechanical behavior of FRCC, the multiscale reinforcement 

technique can be considered a promising approach to restrict cracking at different length scales 

inside the cementitious matrix under cyclic loadings.  

This literature review highlights a gap in previous research works as the cyclic response of fiber 

reinforced cemented paste backfill has not been thoroughly studied. Compared to conventional 

FRCCs, CPB possesses a lower cement content (typically 1/3 that of conventional FRCC), finer 

tailings particle size, no coarse aggregate, and are placed in massive in-situ structures in 

underground stopes. Moreover, CPB must provide ground support to the surrounding rock mass 

while experiencing extreme dynamic loadings. In practice, CPB technology experiences 

compressive loads when used in open stope mining and tensile loads when utilized in underhand 

cut-and-fill mining. These factors highlight the importance of the current body of work as it aims 

to further advance CPB technology and the implementation of fiber reinforcement techniques.  
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Chapter 3 Experimental testing program 

3.1 Materials 

The materials used for the fiber reinforced cemented paste backfill (FR-CPB) specimen 

preparation include tailings, general use Portland cement as a binder, water, and polypropylene 

microfibers. 

3.1.1 Tailings 

Natural mine tailings possess various chemical constituents, such as sulfide minerals which 

interact with cement and may introduce significant uncertainties to the interpretation of the 

experimental results [109]. To negate the introduction and effects of these uncertainties, quartz 

(silica) tailings that contain 99.7% SiO2 were employed in this experiment. Table 3.1 and Table 

3.2 present the chemical composition and physical properties of the selected tailings. Figure 3.1 

illustrates that the particle sizes are distributed over a wide range with a uniformity coefficient 

CU of 14.2 and a coefficient of curvature CC of 1.5 which signals a well-graded material and is 

comparable to the tailings of nine Canadian hard-rock mines [24].  

Table 3.1 Chemical composition of quartz tailings. 

Composition SiO2 CaO Al2O3 Fe2O3 FeO K2O TiO2 

Weight percentage (%) 99.7 0.02 0.17 0.03 0.024 0.02 0.02 

 
Table 3.2 Physical properties of the adopted tailings. 

Element unit Gs D10 D30 D60 Cu Cc 

 - µm  µm  µm  - - 

Silica 2.65 1.80 8.3 25.5 14.2 1.5 

 

3.1.2 Binder and Water 

Ordinary Portland cement was adopted as the binding agent, tap water was used for mixing 

tailings, binder, and fibers into finished FR-CPB specimens.   
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Figure 3.1 Particle size distribution of studied tailings compared with the average of nine Canadian hard-rock mine 

tailings [23]. 
 

3.1.3 Polypropylene microfibers 

To analyze the effects of fiber inclusion on the cyclic response of FR-CPB, monofilament 

polypropylene (PP) microfibers, as shown in Figure 12, were employed. The synthetic fiber 

produced by Euclid Chemicals, complies with ASTM C1116 and ASTM D7508 and provides 

excellent resistance to acid and alkali, according to the manufacturer’s website. The main 

physical and mechanical properties of the adopted fibers are listed in Table 3.3.   

Table 3.3 Physical and mechanical characteristics of polypropylene fibers. 

Fiber Type Polypropylene 

Length (mm) 6, 13, 19 

Average diameter (µm) 18 

Specific gravity 0.91 

Tensile Strength (MPa) 500 

Melting Point (°C) 160 

Water Absorption Negligible 
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Figure 3.2 Adopted polypropylene fibers - from left to right: 6 mm, 13 mm, and 19 mm. 

3.2 Mix recipe and curing method 

 FR-CPB specimens in this study were created using a water-cement ratio of 7.6 and a cement 

content of 4.5% (see Equation 3.1 for mass of cement calculation). Table 3.4 and Table 3.5 detail 

the specimen groups, fiber length and fiber content employed, and the curing times for the cyclic 

tensile and compressive tests, respectively. The specimens were cast in a two-step process: (1) 

dry mixing the tailings, cement, and fibers for five minutes to ensure proper fiber distribution, 

and (2) wet mixing for eight minutes by adding water.  After this process, the fresh CPB and FR-

CPB paste were poured into two sets of molds: small cylindrical molds (of dimensions 5 cm x 10 

cm) used for cyclic compressive tests and large cylindrical molds (of dimensions 10 cm x 20 cm) 

used for cyclic tensile tests respectively. Samples were cast in one layer and consolidated using 

an iron tamping rod (15 blows for small molds and 20 blows for large molds) and a rubber mallet 

(30 taps for both molds) to remove any air bubbles trapped inside the fresh paste. Lastly, the 

casted specimens were covered with matching lids to prevent moisture exchange with the 

environment, labeled, and cured at room temperature (approximately 20 °C) in the laboratory 

room (see Figure 3.3).  

𝑀𝑐 =

𝛾𝐶𝑃𝐵𝑉𝑚𝑜𝑙𝑑
𝑔

[
1

𝐶𝑚
+𝑤 𝐶⁄ ]

  (3.1) 

where 𝛾𝐶𝑃𝐵 = 20 
𝑘𝑁

𝑚3 and is the dry density of the selected tailings, 𝑉𝑚𝑜𝑙𝑑 is the volume of plastic 

mold, 𝑔 is the gravitational constant, 𝐶𝑚 is the cement content, and 𝑤 𝐶⁄  is the water-cement ratio.  
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Table 3.4. Summary of mix recipe and curing times adopted for cyclic tensile tests. 

Group Mix Recipe Fiber Curing Time Samples 
1-A W/C = 7.6, Cm = 4.5% Fc = 0.5% 

Fiber length = 6mm 
7, 28, 90 6 

1-B W/C = 7.6, Cm = 4.5% Fc = 0.5% 
Fiber length = 13mm 

7, 28, 90 6 

1-C W/C = 7.6, Cm = 4.5% Fc = 0.5% 
Fiber length = 19mm 

7, 28, 90 6 

2-A W/C = 7.6, Cm = 4.5% Fc = 0.25% 
Fiber length = 13mm 

7, 28, 90 6 

2-B W/C = 7.6, Cm = 4.5% Fc = 0.75% 
Fiber length = 13mm 

7, 28, 90 6 

C W/C = 7.6, Cm = 4.5% - 7, 28, 90 6 
Total 
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Table 3.5. Summary of mix recipe and curing times adopted for cyclic compressive tests. 

Group Mix Recipe Fiber Curing Time Samples 
1-A W/C = 7.6, Cm = 4.5% Fc = 0.5% 

Fiber length = 6mm 
7, 28, 90 18 

1-B W/C = 7.6, Cm = 4.5% Fc = 0.5% 
Fiber length = 13mm 

7, 28, 90 18 

1-C W/C = 7.6, Cm = 4.5% Fc = 0.5% 
Fiber length = 19mm 

7, 28, 90 18 

2-A W/C = 7.6, Cm = 4.5% Fc = 0.25% 
Fiber length = 13mm 

7, 28, 90 18 

2-B W/C = 7.6, Cm = 4.5% Fc = 0.75% 
Fiber length = 13mm 

7, 28, 90 18 

C W/C = 7.6, Cm = 4.5% - 7, 28, 90 18 
Total 
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To study the evolutive cyclic compressive and tensile behaviors and properties of FR-CPB, the 

prepared specimens were cured for 7, 28, and 90 days respectively. In total, 120 small cylindrical 

samples (12:108 trial to official tests) were created for cyclic compressive testing and 50 large 

cylindrical samples (14:36 trial to official tests) for cyclic tensile tests.  
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Figure 3.3 Cylindrical samples cured in the laboratory. 

3.3 Mechanical testing program 

Several trial tests were performed to select a suitable loading rate and displacement increment 

that would ensure clear hysteresis loops to further the understanding of the damage process of 

FR-CPB under cyclic loading conditions. After this trial period, a loading/unloading rate of 

0.033 mm/s and a definite deformation of 15 mm (or 15% strain) were selected. Once the target 

curing time is reached, each sample is carefully removed from its molds using compressed air 

and then cut using a table saw to achieve a flat sample surface to avoid stress concentrations 

during testing. In this study, the MultiPurpose TestWare Software model number 793 (MTS 

793.00) was used to perform displacement-controlled cyclic compressive tests. The testing 

system (seen in Figure 3.4) consists of a remote controller and loading frame that can measure up 

to 444.8 kN (10 kips). The MTS machine is a comprehensive test design environment and an 

industry-proven application tool set to conduct a full spectrum of testing from static uniaxial 

materials testing to highly dynamic multiaxial simulations. Additionally, to ensure 

reproducibility of the test results, three samples were tested for each curing condition and mix 

recipe.  
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Figure 3.4. Experimental setup of MTS system controller and loading frame. 

3.3.1 Cyclic compressive tests 

The selected loading rate and displacement increment were programmed into the test system 

using a custom cyclic sequence that applies compressive loading and records load-displacement 

data every 0.5 seconds. This custom sequence is illustrated by the schematic in Figure 3.5, where 

a 0.25% strain increment is applied in the pre-peak zone (0 to 2%) and 1% strain increment in 

the post-peak region. By applying such a hierarchal loading strategy, a better understanding of 

the mechanical response of FR-CPB under cyclic compressive loading can be obtained for the 

pre- and post-peak regions, respectively. Further, cylindrical samples are removed from their 

molds and trimmed at both ends using a table saw, each sample cut length was recorded for 

strain calculations, and cyclic tests are carried out thereafter.  
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Figure 3.5. Schematic diagram of cyclic compressive loading procedure (adopted in part from [48]). 
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3.3.2 Cyclic tensile tests 

After the target curing time has been achieved, samples are removed from their mold using 

compressed air and cut into three cylindrical samples (each 5 cm in width) using a table saw to 

achieve a perpendicular surface to avoid stress concentrations during testing. Figure 3.7 

illustrates typical loading configurations for the Brazilian Tensile Testing method. In the 

experiment, each cylindrical sample is subjected to cyclic compressive loading parallel to the 

vertical diametrical plane [110] using the custom sequence seen in Figure 3.6 and the test 

configuration seen in Figure 3.7(c) was utilized. The sequence is similar to the previous 

hierarchal loading scheme, albeit the increment is applied up to 2.5% (8 hysteresis loops at 

0.25% strain).  

 
Figure 3.6 Schematic diagram of cyclic tensile loading procedures (adopted in part from [48]). 

 
Figure 3.7 Loading configurations of typical Brazilian testing [111]. 
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3.4 Scanning electron microscope (SEM) analysis 

In this study, The Scanning Electron Microscope/ Energy Dispersive Spectrometer 

(SEM/EDXA) facilities at Lakehead University were used to observe the evolutive changes in 

the cementitious microstructure as FR-CPB ages, and the cement hydration process is fully 

realized. The equipment used was a Hitachi Su-70 Schottky Field Emission SEM. SEM imagery 

may provide valuable information relating to the interaction of fiber reinforcement, cementitious 

matrix, and the interfacial transition zone (ITZ) [8]; defined as the fiber-matrix interfacial 

transition zone (FM-ITZ). Moreover, SEM may be used to observe the morphology of the 

fracture surface in CPB as well as the hydration products, which contribute directly to the 

strength development of CPB [112].  

3.5 Determination methods of mechanical properties of FR-CPB 

To understand the cyclic tensile response of FR-CPB, the cumulative dissipation energy, secant 

modulus, degraded stress, and damping index are calculated.  

3.5.1 Cumulative dissipation energy 

When FRCCs experience plastic deformation, energy is dissipated through mechanisms such as 

matrix cracking, fiber sliding, and fiber pullout. Previous works have demonstrated the multi-

cracking characteristics of FRCCs, which enhance composites’ energy dissipation capacity under 

cyclic tensile loading [16]. The cumulative dissipation energy may be used to describe the 

transformation of FR-CPB’s cementitious matrix from brittle in nature to a more ductile and/or 

tough one. The dissipated energy in this study is determined by calculating the area of each 

hysteresis loop by subtracting the area under the unloading curve from the area under the 

reloading curve. A graphical representation can be seen in Figure 3.7(A) and can be obtained 

using Equation 3.1.   

𝐷𝑒 = 𝑅𝐿𝑎𝑟𝑒𝑎 − 𝑈𝐿𝑎𝑟𝑒𝑎   (3.2) 

with 
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{
  
 

  
 𝑈𝐿𝑎𝑟𝑒𝑎 = (

𝜎1 + 𝜎2
2

) × (𝜀1 − 𝜀2) × 100

𝑅𝐿𝑎𝑟𝑒𝑎 = (
𝜎2 + 𝜎1
2

) × (𝜀2 − 𝜀1) × 100

 

where, 𝐷𝑒 represents the dissipated energy per loop, 𝑅𝐿
𝑈𝐿𝑎𝑟𝑒𝑎

 is the area under the reloading and 

unloading curve, respectively, 𝜎1,2 & 𝜀1,2 corresponds to the 𝑛𝑡ℎ pair of stresses and strains along 

reloading and unloading curves.   

3.5.2 Secant modulus 

Cyclic loading induces damage accumulation in the cementitious matrix resulting in significant 

stress degradation and subsequent reduction in material stiffness [50]. The secant modulus of a 

cementitious composite may be used to determine the stiffness of the material in the inelastic 

region of the stress-strain curve. In early load cycles, the loading and unloading paths are almost 

identical, signaling very little damage to the cementitious composite or reduction in stiffness 

[48]. As the load cycles increase, stiffness reduction is evident in the distinction between 

loading/unloading paths which is known as hysteresis. Through the determination of this 

mechanical property, the evolutionary trends of FR-CPB’s stiffness, as well as the effect of 

cyclic loading conditions, may be understood. This property is determined by calculating the 

slope of the line connecting the unloading and reloading points, as seen in Figure 3.7(B). The 

secant modulus was calculated using equation 3.2: 

𝑆.𝑀𝑖 =
⌊(

𝜎𝑝𝑒𝑎𝑘 − 𝜎𝑚𝑖𝑛

𝜀𝜎,𝑝𝑒𝑎𝑘 − 𝜀𝜎,𝑝𝑙𝑎𝑠𝑡𝑖𝑐
)⌋ × 100

1000
  (3.3) 

where, 𝜎𝑝𝑒𝑎𝑘 and 𝜎𝑚𝑖𝑛 are the peak stress and minimum stress for the 𝑖𝑡ℎ loop, 𝜀𝜎,𝑝𝑒𝑎𝑘 represents 

the strain corresponding to the peak stress and  𝜀𝜎,𝑝𝑙𝑎𝑠𝑡𝑖𝑐 is the plastic at the end of the unloading 

phase.  

3.5.3 Degraded stress 

As previously mentioned, microscale damage accumulation and macroscale stress deterioration 

cause matrix degradation and subsequent reduction in its’ ability to sustain the applied loads. 

Understanding the degraded stress of FR-CPB gives insight into the effects of cyclic loading on 
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the constitutive behavior, and the contributing damage mechanisms may be identified. 

Specifically, the degraded stress is defined as the reloading stress corresponding to the same total 

strain before unloading. Although the pre-peak zone loading and unloading paths are similar, 

stress degradation is evident due to crack propagation and damage accumulation in the fiber-

reinforced cementitious matrix. In this study, Figure 3.7(C) depicts the degraded stress for FR-

CPB. It is determined by identifying the total strain before unloading with a vertical line that 

intersects the reloading curve; this value represents the degraded stress.  

3.5.4 Damping index  

When a system/structure experiences dynamic loadings, the amplitude of oscillation is increased. 

In other words, that system undergoes excitation. It has been previously found that the damping 

characteristics of FRCCs are mainly affected by fiber inclusion, fiber-matrix interfaces, moisture, 

pore spaces, and the presence of micro-cracks [113]. Furthermore, the process of energy 

dissipation also increases this level of excitation. Determination of the damping capacities of FR-

CPB may be an important mechanical property to further highlight the significance of 

understanding the evolutive properties of FR-CPB under cyclic tensile loading conditions. 

Moreover, the integrity of mining structures and the lives of mine occupants are paramount in 

applying CPB as a tailing disposal method. Furthermore, factors such as the presence of micro-

cracks, fiber inclusion, fiber-matrix interface, and pore space all contribute to the damping 

characteristics of FRCC [22]. In this study, the damping index is determined by dividing the 

cumulative energy dissipated at the 𝑖𝑡ℎ loop by the corresponding total plastic strain energy at 

the 𝑖𝑡ℎ loop. The damping index is expressed as, 

𝐷𝑖 =
𝐷𝑒,𝑐𝑢𝑚.

∑𝑆𝑒,𝑝𝑙𝑎𝑠𝑡𝑖𝑐
 (3.4) 

where, 𝐷𝑒,𝑐𝑢𝑚. represents the cumulative energy dissipated and ∑𝑆𝑒,𝑝𝑙𝑎𝑠𝑡𝑖𝑐 represents the total 

plastic strain energy. The damping index is then plotted against the cumulative energy 

dissipation to understand the evolution of the composites dampening capacity under cyclic 

compressive loadings (as seen in Figure 3.7(D)). 
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Figure 3.8 Definition of mechanical properties of FR-CPB: (a) hysteretic dissipation energy, (b) secant modulus, (c) 

degraded stress, and (d) damping index.  
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Chapter 4 Chapter 4   Experimental results 

4.1 Compressive behavior and properties of FR-CPB under cyclic 

loadings                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

The general compressive behavior of FR-CPB is illustrated in Figures 4.1 and Figure 4.2. The 

mechanical response is dominated by the synergistic effect created by the evolution of the newly 

formed fiber-matrix network. FR-CPB demonstrates an improved ability to withstand cyclic 

compressive loadings, and the inclusion of fibers transforms the brittle cementitious matrix into a 

ductile one. As a result, FR-CPB’s mechanical properties are enhanced, and the level of cyclic-

induced damage is alleviated. Subsequently, the transformation of macroscale failure patterns is 

shifted from localization of large macroscale cracks, bulking, and blocking [8] to a higher degree 

of crack restraint and thus lower crack mouth openings. 

4.1.1 Effect of fiber length on the evolutive cyclic compressive behavior of FR-CPB  

FR-CPB demonstrates curing time-dependent stress-strain behaviors, including the improvement 

of (1) pre-peak strain hardening, (2) peak stress (compressive strength), (3) brittleness (strain 

corresponding to the peak stress shows an obvious decrease with curing time), and (4) 

enhancement of post-peak residual strength with curing time. In FR-CPB, strength development 

is attributed to a combined effort from the cementitious matrix and fibers. The applied stress is 

first resisted by the cementitious matrix (uncracked), and fibers only play a part when their 

tensile strength is mobilized, i.e., through matrix cracking mechanisms such as fiber pull-out and 

fiber-matrix debonding [16]. Furthermore, the increase in curing time results in a stronger 

cementitious matrix that contributes to the improved peak strength and the increasing trend in 

brittleness (reduction in strain corresponding to the peak stress). Subsequently, the fiber-matrix 

bond plays a vital role in the strength development of FR-CPB, especially in the early stages of 

the loading process.  

Observing Figure 4.1, fiber length affects the pre-peak behavior and peak stress by influencing 

the slope of the pre-peak branch, which is inconsistent with findings obtained by the previous 

studies on conventional FRCC [16,103]. In previous studies, it has been found that the pre-peak 

behavior is insensitive to the inclusion of synthetic fibers. This is because synthetic fibers are 

relatively soft compared to the bulk matrix. Therefore, the effectiveness of fiber reinforcement 
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requires sufficient deformation (i.e., microcrack opening) in the matrix to break up cohesive 

bonds and mobilize the composites' frictional strength. However, conventional FRCC with a 

higher cement content (typically 3.3 times higher than that used by CPB materials) leads to a 

stronger and stiffer cementitious matrix, which causes very limited deformation during the pre-

peak stage. Hence, the mechanical response and properties of cementitious matrix dominate the 

pre-peak behavior of conventional FRCC. However, FR-PCB with a relatively low cement 

content forms a soft bulk matrix and the mobilized friction sliding between tailings particle plays 

a more important role at the pre-peak stage. Consequently, a relatively large deformation can be 

obtained from CPB material during the strain-hardening process and thus activate the pre-peak 

fiber reinforcement to a greater extent. In the post-peak stage: longer fibers further increase the 

residual strength. However, when the fiber length is greater than 13mm, the post-peak 

improvement becomes limited. Two potential reasons to explain this observation are: (1) longer 

fiber can transfer the stress into the bulk matrix to a greater extent and thus form a larger 

reinforced regime in the bulk matrix. Consequently, the FR-CPB with longer fibers becomes 

tougher under cyclic loading. (2) To study the effect of fiber length, the fiber content is fixed for 

all FR-CPB samples. Thus, increasing the fiber length also leads to the decrease in the number of 

fibers at a given regime of the bulk matrix, which will inevitably weaken the local reinforcement.  

Additionally, hysteretic loops are very narrow at the pre-peak stage, while wider hysteretic loops 

are consistently measured at the post-peak stage at all curing times. The existence of narrow pre-

peak hysteretic loops further confirms the effectiveness of fiber reinforcement at the pre-peak 

stage. Moreover, an increase in the fiber length can further widen both pre- and post-peak 

hysteretic loops, and thus more external energy can be dissipated. In addition, when the fiber 

length increases from 6mm to 13mm, the hysteretic behaviors become more pronounced. 

However, when fiber length is further increased to 19mm, the improvement of hysteretic 

behavior is limited, which is consistent with findings of the effect of fiber length on the post-

peak residual strength of FR-CPB at different curing times [114].  
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Figure 4.1 Effect of fiber length (6mm, 13mm, and 19mm) on the cyclic compressive stress-strain behavior of FR-

CPB with a fixed fiber content of 0.5wt% at 7 days (a, b, and c), 28 days (d, e, and f), and 90 days (g, h, and i). 
 

4.1.2 Effect of fiber content on the evolutive cyclic compressive behavior of FR-CPB 

To study the effect of fiber content on the evolutive properties of FR-CPB, a constant fiber 

length of 13mm was selected, and three variations in fiber content, i.e., 0.25wt%, 0.5wt%, and 

0.75wt%. Analyzing the stress-strain curves presented in Figure 4.3 suggests that FR-CPB 
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demonstrates a high dependency on curing time which is evident in the pre-peak and post-peak 

branches, respectively. Specifically, pseudo-strain hardening is an evident mechanism in FR-

CPB’s pre-peak response to cyclic compressive loading, as is strain softening in the post-peak 

branch. Subsequently, FR-CPB demonstrates a significant improvement in the peak stress and 

residual strength when fiber content was kept constant for 7, 28, and 90 days (example Figure 

19(a,d,g)), respectively. However, when curing time is constant and fiber content is varied, there 

exists a critical fiber content of 0.5𝑤𝑡%. Beyond this critical value, there is a decreasing trend in 

the peak strength and shortening in the strain hardening response of FR-CPB. Interestingly, the 

post-peak branch demonstrates the most improvement when 𝐹𝑐 = 0.75𝑤𝑡%. This finding is 

consistent with the role of fibers in the pre- and post-peak zones correspondingly.  

As previously stated, fiber inclusions afford FRCCs multiple cracking characteristics that result 

in a stronger, more tough cementitious composite with a more uniform cracking process. Recall 

fiber inclusion introduces new defects or discontinuities in the cementitious matrix through 

inadequate compactness and may induce matrix crushing leading to local stress concentration 

and subsequent weakening of the cementitious matrix [103,104]. The limited improvement of 

FR-CPB with 𝐹𝑐 = 0.75𝑤𝑡% compared to 𝐹𝑐 = 0.5𝑤𝑡% can be explained by the development of 

the FM-ITZ. Precisely, as shown in Figure 4.2, the inclusion of fibers into CPB matrix 

unavoidably affects the particles package and thus form a distinct FR-ITZ which are featured 

with a relatively large porosity. Due to the dependency of mechanical properties on porosity, the 

weak FR-ITZ represents the weakest regime in the cementitious matrix. Correspondingly, as the 

fiber content is increased, more FM-ITZs are created, which inevitably results in a reduction of 

the reinforcing effect. For FR-CPB, this is evident as there is a decreasing trend in peak strength 

beyond the critical fiber content as these defects increase the rate of crack localization, which 

also decreases the load at which the first crack appears. In the post-peak branch, the mechanism 

of strain softening and the passive confinement provided by fibers allow FR-CPB to demonstrate 

a pronounced softening response leading to a highly ductile failure [99]. Moreover, the high 

residual stress suggests that the increased fiber content is able to slow post-peak stress 

deterioration and maintain matrix integrity to a higher degree at the expense of peak strength.  
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(A) 

 
(B) 

 
(C) 

Figure 4.2 Evolution of cementitious microstructure in FR-CPB (A) 3 days, (B) 28 days, (C) 56 days. 
 

Additionally, reinforcement mechanisms such as fiber bridging, fiber sliding, fiber-pullout, and 

fiber-matrix debonding are responsible for the development of a composite’s energy dissipation 

capacity. By increasing the fiber content, more of these events can take place in the cyclic 

response of FR-CPB leading to more pronounced hysteresis loops both in pre- and post-peak 

zones. In the pre-peak zone, FR-CPB shows a rapid growth trend in energy dissipation capacity 

up to the cycle corresponding to the peak stress and transitions to a steady decrease in the post-

peak branch of the stress-strain curve. This rate of decrease in dissipation capacity is sensitive to 

the fiber content, i.e., a softer material can be achieved even with a fiber content greater than the 

critical value of Fc=0.5wt%. Furthermore, the highest degree of softening is noticed for late age 

FR-CPB (90 days) and Fc=0.75wt%.  
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Figure 4.3 Effect of fiber content (0.25wt%, 0.5wt%, and 0.75wt%) on the cyclic compressive stress-strain behavior 
of FR-CPB with a fixed fiber length of 13mm at 7 days (a, b, and c), 28 days (d, e, and f), and 90 days (g, h, and i). 

 

4.1.3 Effect of fiber inclusion on the hysteretic energy dissipation  

FR-CPB shows a high dependency of hysteretic dissipation energy on curing time. FR-CPB at 

advanced ages, is able to dissipate larger amounts of strain energy and further toughen the 

materials. The cementitious matrix of early age FR-CPB is unable to fully realize the multi-
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cracking characteristic of fiber reinforcement due to the strength development of the 

microstructure and the fiber-matrix interaction. Specifically, failure of test specimens featured 

bulging and depressed surfaces accompanied by one or two major cracks. This signifies the 

absence of the multiple cracking process that can be achieved for specimens cured at later ages. 

Furthermore, the refined microstructure at later ages causes a stronger interaction between fiber 

and matrix and thus increases the hysteretic energy dissipation. Consequently, FR-CPB shows a 

stronger time-dependent evolution of hysteretic energy dissipation. 

The pre- and post-peak hysteretic energy dissipation show different evolutionary trends. From 

Figure 4.4, a slow growth rate can be observed during the pre-peak stage (0 up to 8 cycles or 2% 

strain). The obtained cumulative energy further confirms the effectiveness of pre-peak 

reinforcement. At the post-peak stage (beyond 2% strain), a rapid increase in the hysteretic 

dissipation energy is detected, especially at later ages. Moreover, longer fibers can increase 

hysteretic energy dissipation as they offer a greater crack bridging capacity by restricting crack 

opening and/or sliding due to the dowel-action mechanism [87]. However, 19mm and 13mm 

fibers yield similar hysteretic energy dissipation from early to advanced ages, which clearly 

indicates the existence of a critical fiber length. In other words, when the fiber length is less than 

this critical value, an obvious improvement of hysteretic energy dissipation can be obtained 

through an increase in fiber length. Similarly, an increase in fiber content can improve hysteretic 

energy dissipation.  Moreover, there also exists a critical fiber content (𝐹𝑐 = 0.5𝑤𝑡%). When the 

fiber content is greater than this critical value, the improvement of hysteretic energy dissipation 

is relatively limited. 

Additionally, a comparison of fiber content and fiber length shows that although the changes in 

fiber length and fiber content can yield similar evolutionary trends, the improvement extent of 

hysteretic energy dissipation is different. It can be observed that the hysteretic energy dissipation 

is more sensitive to the changes in the fiber length. Specifically, damage mechanisms such as 

fiber pullout and fiber-matrix debonding can be inhibited since longer fibers can offer a greater 

degree of anchorage. Furthermore, longer fibers can permit a wider crack mouth opening and 

subsequently allow more energy to be dissipated.  
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Figure 4.4 Effect of fiber inclusion on the hysteretic dissipation energy of FR-CPB at 7 days (a and b), 28 days (c 

and d), and 90 days (e and f). 
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4.1.4 Effect of fiber inclusion on the secant modulus 

The relationship between the secant modulus and cumulative energy of FR-CPB explains the 

damage accumulation under cyclic loading. As more energy is dissipated, the composite 

becomes less stiff due to cyclic-induced damage to the fiber-reinforced cementitious matrix. 

Observing Figure 4.5, the secant modulus demonstrates positive evolutive trends under cyclic 

compressive loading. As FR-CPB ages across the selected curing times, the peak secant modulus 

is significantly improved. The fiber-reinforced cementitious matrix becomes stronger, leading to 

significant improvement in its’ ability to withstand the applied loads. Specifically, the PP fibers 

and the cementitious matrix is better able to perform as a network and resist frictional forces 

during the crack opening and closing processes. Furthermore, FR-CPB at advanced ages is 

significantly stiffer and cumulatively dissipates more energy due to the strengthened fiber 

bridging effect. Additionally, analyzing the data for secant modulus of FR-CPB under cyclic 

compressive loading, it is again confirmed that a fiber length of 13 mm and fiber content of 

0.5𝑤𝑡% provides the most effective reinforcement effects. Interestingly, longer fibers improved 

the secant modulus for 28-day FR-CPB; the opposite is observed for 7-day FR-CPB. In the pre-

peak zone, the effectiveness of fiber reinforcement is verified once again as the multiple cracking 

leads to an increase in secant modulus until the localization of the first crack, where a transition 

from linear to non-linear behavior on the stress-strain curve is observed. In the post-peak zone, 

the strain softening behavior is represented as a steady decrease in the secant modulus of FR-

CPB as damage is accumulated in the cementitious matrix. Moreover, after the peak stress, the 

stiffness of the composite decreases significantly with increasing load cycles as a result of crack 

propagation and subsequent damage accumulation in the matrix. Increasing the fiber length from 

6 mm to 13 mm results in a stiffer cementitious matrix and slows the rate of degradation in 

matrix integrity. However, there exists a critical fiber length of 13 mm as there are no obvious 

difference in improvement between 13 and 19 mm, respectively. Similarly, a critical fiber 

content of 0.5𝑤𝑡% is observed. When the effects of both fiber length and fiber content are 

observed, the secant modulus is more sensitive to the fiber length changes. As stated previously, 

longer fibers offer a higher degree of anchorage in the cementitious matrix which requires a 

higher level of strain to cause fiber-matrix debonding or fiber rupture. Consequently, higher 

damage accumulation in the cementitious matrix is expected for specimens with longer fibers.  
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Figure 4.5 Effect of fiber inclusion on the secant modulus of FR-CPB at 7 days (a and b), 28 days (c and d), and 90 

days (e and f). 
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4.1.5 Effect of fiber inclusion on the degraded stress 

Observing Figure 4.6, the degraded stress of FR-CPB demonstrates a high dependency on curing 

time. FR-CPB at late ages has the highest load carrying capacity due to the improvement of the 

cementitious matrix and fiber-matrix interaction as curing time increases. When FR-CPB is 

subjected to cyclic compressive loading, the composite suffers local damage, which degrades the 

load carrying capacity especially as loading cycles increase. For example, if we study the stress-

strain diagrams in Figure 18, curing time increases the load at the first crack for FR-CPB. 

Furthermore, this degradation begins in the pre-peak zone and becomes most obvious when the 

stress-strain diagram transitions to a non-linear curve; this signifies the cyclic-induced material 

degradation. Due to this damage accumulation in the cementitious matrix, the composite is 

unable to match the level of stress from the previous load cycle, which is where the fibers play 

an important role. Furthermore, no obvious improvements were obtained from employing 6 mm 

fibers, especially at 28 days, and no obvious difference in FR-CPB with a fiber length greater 

than 13 mm (critical fiber length). In the pre-peak zone, material degradation begins at the first 

crack load and becomes more extreme during the pseudo-strain hardening phase and around the 

peak load. Findings that validate the effectiveness of fiber reinforcement in the pre-peak zone. 

Furthermore, this increase in degradation happens due to the increased demand for energy to be 

dissipated through damage mechanisms such as matrix cracking, fiber debonding, fiber pullout, 

and fiber rupture. In the post-peak zone, FR-CPB demonstrates significant improvement in the 

rate of stress degradation. Furthermore, for late age FR-CPB, increasing the fiber length 

significantly enhances the post-cracking strength and results in a more ductile post-peak response 

to cyclic compressive loadings. This is further evident in Figure 4.7, where increasing the fiber 

length improves matrix integrity in the post-peak zone. Likewise, an increase in fiber content 

also shows similar enhancements with restricting crack propagation and limiting the number of 

major crack localizations. Moreover, there exists a critical fiber length and fiber content of 13 

mm and 0.5𝑤𝑡%, respectively. Although there are positive evolutionary trends when both fiber 

length and fiber content are increased, the degraded stress of FR-CPB is more sensitive to 

changes in fiber length. Both peak strength and residual stress are higher when fiber content is 

kept constant at 0.5𝑤𝑡%, and fiber length is set to 13 mm and 19 mm, respectively. However, the 

same cannot be said for a fiber content greater than 0.5𝑤𝑡%. 
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Figure 4.6 Effect of fiber inclusion on the degraded stress of FR-CPB at 7 days (a and b), 28 days (c and d), and 90 

days (e and f). 
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(a) 

 
(b) 

 
(c) 

 
(d) 
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(f) 

Figure 4.7 Effect of fiber length (a-6mm, b-13mm, and c-19mm) and fiber content (d-0.25wt%, e-0.5wt%, and f 
0.75wt%) on the post-peak failure patterns of 90-day FR-CPB. 
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Figure 4.8 Effect of fiber length (a-6mm, b-13mm, and c-19mm) and fiber content (d-0.25wt%, e-0.5wt%, and f-
0.75wt%) on the post-peak failure patterns of 90-day FR-CPB. 

 

4.1.6 Effect of fiber inclusion on the damping index 

FR-CPB’s damping characteristics show a high dependency on curing time. This is evident from 

the damping index plots shown in Figure 4.8. In early age FR-CPB, the ability of the composite 

to dampen the effects of cyclic loading is heavily dependent on the combined effect of 

cementitious matrix and fiber inclusion. Specifically, increasing the fiber length significantly 

improved the damping index of 7-day and 28-day FR-CPB. Contrastingly, the influence of 

increasing the fiber content is not as evident across the selected curing times. A stronger, more 

tough cementitious matrix is able to effectively absorb more deformation energy and reduce 

stress concentrations in the cementitious matrix, which improves the damping of FR-CPB. In 

addition, the presence of fibers introduces different damage mechanisms such as fiber rupture 

and fiber pullout that cause uniform cracking and aid in crack propagation, which further 

enhances the damping characteristics of FR-CPB. It should also be noted that since the FM-ITZ 

is the weakest regime in the bulk matrix of FR-CPB, a high contribution of a composite’s 

damping capacity is generated here. More specifically, the relative friction generated when fibers 
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are displaced and the crack propagation in the FM-ITZ significantly contributes to the 

composite's damping.  

In the pre-peak zone, the fiber-reinforced microstructure experiences significant micro-cracking 

as energy is dissipated, especially in the pseudo-strain hardening phase. In early age FR-CPB, 

the peak damping index is achieved at lower cumulative energy, and the slope of the pre-peak 

branch is very small. At later curing times, a significant increase is noticed in the slope of the 

pre-peak branch as well as the cumulative energy dissipated corresponding to the peak damping 

index. In the post-peak region, an increase in fiber length enhances the residual damping of FR-

CPB, especially at early ages. As curing time increases, the area under the damping index curves 

increases, and there is a significant improvement in the cumulative energy dissipated by FR-

CPB. From early to late ages, FR-CPB shows no major improvements when fiber content is 

varied.  

When we observe the effects of fiber inclusion, improvement to the damping characteristics of 

FR-CPB is more sensitive to fiber length changes. The pre-peak response, peak damping index, 

and post-cracking damping index are improved when fiber length is varied compared to fiber 

content, especially at early age FR-CPB. Moreover, increasing fiber length allows FR-CPB to 

dissipate a higher cumulative energy while maintaining a relatively high damping index in the 

post-peak region.  
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Figure 4.9 Effect of fiber inclusion on the damping index of FR-CPB at 7 days (a and b), 28 days (c and d), and 90 

days (e and f). 
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4.2 Tensile behavior and properties of FR-CPB under cyclic loadings 

The tensile behavior of FR-CPB under cyclic loadings is illustrated in Figure 4.9 and Figure 

4.10. From observation, the damage process of FR-CPB demonstrates clear multiple cracking 

characteristics through the phenomenon of pseudo-strain hardening, emphasizing the benefits of 

fiber inclusion on both pre- and post-peak branches. Moreover, the rate of crack localization is 

slowed as FR-CPB is able to maintain matrix integrity as fiber parameters are changed. 

Furthermore, the mechanical properties of FR-CPB are significantly improved due to the crack 

bridging capabilities of the included fibers.  

 

4.2.1 Effect of fiber length on the evolutive cyclic tensile behavior of FR-CPB  

Observing Figure 4.9, FR-CPB’s stress-strain behavior demonstrates a high dependency on 

curing time. As FR-CPB ages, there exists a positive evolutionary trend in pre-peak strain 

hardening, brittleness as the strain corresponding to the first crack stress is reduced as the curing 

time increases and significant improvement of the post-peak residual strength. Furthermore, the 

cyclic tensile response of FR-CPB features a pronounced softening effect when 6 mm fibers are 

employed and diminishes when the fiber length is increased to 13 mm and 19 mm, respectively. 

This pronounced softening effect is followed by the pseudo-strain hardening phenomenon where 

fiber reinforcement restricts initial tension cracks hereby promoting the multiple cracking 

characteristics in FR-CPB as observed in FRCCs [115]. Moreover, the hydration process is more 

realized in later age FR-CPB which contributes to a stronger fiber-matrix interaction and 

increases bond strength [116]. Recall that cementitious materials possess relatively weak tensile 

strength, and therefore, as FR-CPB ages, longer fibers are required to bridge microcracks 

through mobilization of their tensile capacities [16]. Noteworthy, there exist a critical fiber 

length of 13 mm as there are no significant improvements when 19 mm fibers are employed.  

The cyclic tensile response of FR-CPB from early to late ages suggests that fiber reinforcement 

plays a key role in bridging micro-cracks leading to a stronger and stiffer cementitious matrix in 

the pre-peak zone. This is contrary to previous findings that the role of fiber reinforcement is 

limited in the pre-peak zone and more significant in the post-peak branch of FRCCs [16].  FR-

CPB specimens cured for 7 days with 6 mm fibers had a strain at first cracking of 1.47% with a 

first crack strength of 50 kPa, while for 90-day specimens with the same fiber parameters, the 
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strain and first crack strength were 1.11% and 129 kPa respectively: a reduction of 24.5% in first 

crack strain and a 158% increase in first crack strength. Evidently, this reduction in the strain at 

first cracking is a result of the increased brittleness of FR-CPB. This confirms that the 

cementitious matrix contributes significantly to the strength development of FR-CPB. 

Furthermore, when 6 mm fibers are employed, the specimens cured for 28 and 90 days, 

respectively, are unable to maintain matrix integrity for the duration of the cyclic tensile test (15 

mm deformation limit), failing at 9% and 7% strain, respectively. As fiber length is increased, 

the specimens maintain matrix integrity, and the strain hardening behavior is more pronounced; 

thus, FR-CPB demonstrates a higher peak tensile strength. The same observation is present in the 

post-peak branch, where a longer fiber length increases the residual strength of FR-CPB. For 

specimens with 13-mm fiber and a 7-day curing time, the residual strength was 99.8 kPa 

compared to 191.8 kPa for FR-CPB cured for 90 days with the same fiber length. Recall, fiber 

inclusion introduces a dowelling effect (or dowel action) which restricts particle sliding and 

transfers the stress into the bulk matrix leading to a larger reinforcement regime [63]. Since fiber 

content is kept constant, increasing the fiber length reduces the number of fibers at any given 

point in the bulk matrix, which reduces the local reinforcing effect. Therefore, FR-CPB 

demonstrates the most consistent enhancement to pre-peak, peak tensile stress, and post-peak 

residual strength when a fiber length of 13 mm is employed. 

The tensile hysteretic behavior of FR-CPB is highlighted by narrow loops in the pre-peak stage 

and wider loops in the post-peak stages. Specifically, the narrow hysteresis loops in the pre-peak 

stage confirm the effectiveness of fiber reinforcement in the pre-peak branch, while wider post-

peak hysteresis loops suggest the increased energy dissipation capacity of FR-CPB. Furthermore, 

increasing the fiber length widens both pre-peak and post-peak hysteresis loops resulting in a 

more ductile response of FR-CPB. Although hysteresis loops become more pronounced when 

fiber length is increased from 6 mm to 13 mm, there are no obvious improvements when a fiber 

length of 19 mm is employed.  



57 
 

  

   

   
Figure 4.10 Effect of fiber length (6mm, 13mm, and 19mm) on the cyclic tensile stress-strain behavior of FR-CPB 

with a fixed fiber content of 0.5wt% at 7 days (a, b, and c), 28 days (d, e, and f), and 90 days (g, h, and i). 
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behavior when curing time is increased. As curing time increases and fiber content is kept 

constant, there is a strengthened fiber-matrix interaction as pseudo-strain hardening behavior 

becomes more pronounced. As a result, significant improvement is observed in first crack 

strength, peak tensile stress, and residual strength. When curing time is kept constant, and fiber 

content is varied, FR-CPB demonstrates similar improvements in peak tensile stress and residual 

strength; however, the first crack strength is reduced. Recall, fiber reinforcement introduces 

discontinuities in the cementitious matrix leading to stress concentrations and weakening of the 

cementitious matrix [103,104]. Therefore, when fiber content is increased, there are more fibers 

in any one area of the bulk matrix leading to a larger number of discontinuities and weakening of 

the local reinforcement. Subsequently, a critical fiber content of 0.5wt% is observed for FR-

CPB. Remarkably, for 28- and 90-day specimens, a fiber content of 0.75wt% cancels the 

softening effect in the post-peak branch, and the residual stress surpasses the initial peak tensile 

stress. As previously stated, fiber reinforcement plays a role in the pre-peak response of FR-CPB 

by affording the composite with a multiple-cracking characteristic through pseudo-strain 

hardening behavior. Analyzing Figure 8, the slope of the branch before the first crack strength is 

impacted by the increase in curing time, while increasing the fiber content does not have this 

effect. Therefore, in the early stages of cyclic tensile response, the cementitious matrix supports 

the load until first cracking occurs after which fibers play a role [37]. This is further supported by 

the first cracking strength of FR-CPB specimens cured for 7, 28, and 90 days with 0.25wt% fiber 

content, namely: 49.4 kPa, 79.7 kPa, and 129.5 kPa, respectively. Furthermore, the same 

evolutionary trends are observed where an increase in curing time and fiber content contributes 

to a higher peak tensile strength of FR-CPB. For specimens with 0.25wt% fibers and cured for 7, 

28, and 90 days the peak tensile strengths were 74.7 kPa, 143.7 kPa, and 161 kPa, respectively. 

In the post-peak zone, fiber content plays a significant role in slowing post-peak stress 

deterioration and maintaining matrix integrity. Specifically, a specimen cured for 90 days with 

0.25wt% has a residual strength of 88.4 kPa compared to its counterpart with 0.5wt% having a 

residual strength of 170 kPa. Furthermore, increasing the fiber content to 0.75wt% improves the 

residual strength of 90-day FR-CPB to 205.5 kPa. Although significant improvements can be 

made to the residual strength of 90-day FR-CPB with a higher fiber content, an increase beyond 

the critical fiber content (0.5wt%) creates numerous FM-ITZs which inevitably weakens the 

reinforcing effect leading to a reduction in peak strength and the first cracking strength. This 
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finding is more noticeable for 7- and 28-day FR-CPB and further confirms the critical fiber 

content of 0.5wt%.  

Fiber inclusion, especially its volume content, plays a significant role in a composites’ energy 

dissipation capacity. Different damage mechanisms, including fiber-matrix debonding and fiber-

pullout, allows FR-CPB to form a more uniform multi-cracking process and dampen the 

enhanced oscillation caused by the external loading [22]. Furthermore, increasing the fiber 

content enables FR-CPB to deform more and maintain structural integrity beyond failure, which 

can be explained by the wider hysteresis loops observed in Figure 8. However, increasing the 

fiber content beyond the critical value (𝐹𝑐 = 0.5𝑤𝑡%) increases the energy dissipation capacity 

at an expense of first crack strength and peak tensile strength especially for early age FR-CPB.  

   

   

0

50

100

150

200

250

0 5 10 15

St
re

ss
 (k

Pa
)

Strain (%)

Fc=0.25wt% 
(7 days)

0

50

100

150

200

250

0 5 10 15

St
re

ss
 (k

Pa
)

Strain (%)

Fc=0.5wt% 
(7 days)

(b)

0

50

100

150

200

250

0 5 10 15

St
re

ss
 (k

Pa
)

Strain (%)

Fc=0.75wt% 
(7 days)

(c)

0

50

100

150

200

250

0 5 10 15

St
re

ss
 (k

Pa
)

Strain (%)

Fc=0.25wt% 
(28 days)

(d)

0

50

100

150

200

250

0 5 10 15

St
re

ss
 (k

Pa
)

Strain (%)

Fc=0.5wt% 
(28 days)

(e)

0

50

100

150

200

250

0 5 10 15

St
re

ss
 (k

Pa
)

Strain (%)

Fc=0.75wt% 
(28 days)

(f)

(a) 



60 
 

   
Figure 4.11 Effect of fiber content (0.25wt%, 0.5wt%, and 0.75wt%) on the cyclic tensile stress-strain behavior of 
FR-CPB with a fixed fiber length of 13mm at 7 days (a, b, and c), 28 days (d, e, and f), and 90 days (g, h, and i). 
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From Figure 27, the obtained cumulative energy dissipated in the early stages of cyclic tests 

further confirms the effectiveness of pre-peak fiber reinforcement. There is a clear transitional 

point where the growth rate of energy dissipation switches from slow to rapid, especially for late-

aged FR-CPB. Furthermore, due to the inherent weak tensile strength of soft cementitious 

materials such as CPB, longer fibers can increase the hysteretic energy dissipation by bridging 

cracks and restricting particle sliding to a higher degree [87]. Moreover, when fiber length is 

increased from 6 mm to 13 mm, the improvements to the cumulative energy dissipation are 

obvious; however, when fiber length is increased beyond 13 mm, the enhancement is limited 

hereby confirming 13 mm as the critical fiber length. Similarly, increasing the fiber content from 

0.25wt% to 0.5wt% shows clear improvements to the hysteretic energy dissipation of FR-CPB, 

while increasing the fiber content to 0.75wt% shows limited improvements to hysteretic energy 

dissipation. While both fiber parameters can provide enhancements to FR-CPB’s hysteretic 

energy dissipation capacity, it is more sensitive to changes in fiber length than changes in fiber 

content. Further, when longer fibers are employed, mechanisms such as fiber-matrix debonding 

and fiber pull-out allow FR-CPB to dissipate more energy as cracks are permitted due to the 

dowelling effect.    

 

  

0

0.5

1

1.5

2

2.5

3

0 4 8 12 16 20

C
um

ul
at

iv
e 

en
er

gy
 (J

/m
3)

Loop number

Fc=0.5%, Fl=19mm
Fc=0.5%, Fl=13mm
Fc=0.5%, Fl=6mm

(a)

7 days
0

0.5

1

1.5

2

2.5

0 4 8 12 16 20

C
um

ul
at

iv
e 

en
er

gy
 (J

/m
3)

Loop number

Fc=0.75%, Fl=13mm
Fc=0.5%, Fl=13mm
Fc=0.25%, Fl=13mm

(b)

7 days



62 
 

  

  
Figure 4.12 Effect of fiber inclusion on the hysteretic dissipation energy of FR-CPB at 7 days (a and b), 28 days (c 

and d), and 90 days (e and f). 
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Interestingly, analysis of the results presented in Figure 4.12, again confirms that a fiber length 

of 13 mm and fiber content of 0.5wt% provided the most consistent fiber reinforcing effect.  

In the pre-peak zone, the cementitious matrix offers the initial stiffness until fiber reinforcement 

bridges micro-cracks and the material undergoes strain hardening. This is illustrated as the 

progressive increase in secant modulus until the peak value has been reached, after which the 

localization of macro-cracks causes the secant modulus to suffer a sudden drop. Material 

stiffness that’s loss cannot be regained; however, fiber reinforcement helps to aid in the rate of 

degradation by bridging cracks and directing this stress back into the bulk matrix. This is evident 

especially in the post-peak zone, as increasing the fiber length allows FR-CPB to dissipate more 

energy while increasing the residual secant modulus. Similarly, increasing the fiber content 

enables FR-CPB to maintain a higher degree of stiffness; however, there exists a critical fiber 

length of 13 mm and critical fiber content of 0.5wt% as any increase beyond these parameters 

offers limited enhancements.  

Comparing the effects of fiber length and fiber content, the secant modulus of FR-CPB is more 

sensitive to the changes in fiber length. The longer fibers offer a higher resistance to fiber-matrix 

debonding and fiber pull-out due to their dowel action mechanism. Subsequently, a higher strain 

rate and/or crack opening velocity is required to debond fibers and ultimately loosen the 

microstructure leading to pronounced micro-crack development and damage accumulation in the 

cementitious matrix [16].   
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Figure 4.13 Effect of fiber inclusion on the secant modulus of FR-CPB at 7 days (a and b), 28 days (c and d), and 90 

days (e and f). 
 

4.2.5 Effect of fiber inclusion on the degraded stress 

The degraded stress of FR-CPB demonstrates a high dependency on curing time. Specifically, 

the full realization of the hydration process and the subsequent multiple cracking afforded by the 

strengthened fiber-bridging effect enables late-age FR-CPB to demonstrate the highest load 

carrying capacity. As previously established, the first cracking strength is increased with curing 

time, leading to an increased demand for energy to be dissipated. Subsequently, a longer fiber 

length is better able to restrict the wider crack openings and provide a larger reinforcing effect to 

the bulk matrix. For FR-CPB cured for 90 days, the peak stress when 19 mm fibers are employed 

is 179.7 kPa (0.5wt%) and 194.9 kPa when fiber content is 0.75wt% (13 mm fiber length); an 

increase of 66.5% and 106.9% respectively compared to their 7-day counterparts. Although the 

0

10

20

30

40

50

60

70

80

0 1 2 3 4

Se
ca

nt
 m

od
ul

us
 (M

Pa
)

Cumulative energy (J/m3)

Fc=0.5%, Fl=19mm
Fc=0.5%, Fl=13mm
Fc=0.5%, Fl=6mm

(c)

28 days
0

10

20

30

40

50

60

70

80

0 1 2 3 4

Se
ca

nt
 m

od
ul

us
 (M

Pa
)

Cumulative energy (J/m3)

Fc=0.75%, Fl=13mm
Fc=0.5%, Fl=13mm
Fc=0.25%, Fl=13mm

(d)

28 days

0

10

20

30

40

50

60

70

80

0 1 2 3 4

Se
ca

nt
 m

od
ul

us
 (M

Pa
)

Cumulative energy (J/m3)

Fc=0.5%, Fl=19mm
Fc=0.5%, Fl=13mm
Fc=0.5%, Fl=6mm

(e)

90 days

0

10

20

30

40

50

60

70

80

0 1 2 3 4

Se
ca

nt
 m

od
ul

us
 (M

Pa
)

Cumulative energy (J/m3)

Fc=0.75%, Fl=13mm
Fc=0.5%, Fl=13mm
Fc=0.25%, Fl=13mm

90 days

(f)



65 
 

higher peak stress was obtained by raising fiber content, the increased fiber content resulted in a 

higher rate of stress degradation as is observed with the increase in fiber length. This can be 

explained by previous findings that explain the exceedance of critical fiber content leads to a 

decrease in the peak strength of cemented tailings backfill reinforced with fiber reinforcement 

[117].  

Furthermore, a longer fiber length can restrict crack propagation and abate the localization of 

macro-cracks to a higher degree, which is illustrated further in Figure 4.13, where the post-peak 

failure patterns of FR-CPB are shown. It is observed that by increasing the fiber length and fiber 

content in FR-CPB, the localization of macro-cracks is reduced, and FR-CPB can maintain 

matrix integrity for the duration of the cyclic test. Furthermore, this confirms previous findings 

that both tensile and shear cracks exist when cementitious composites are subjected to complex 

loading [55]. There is further evidence of this observed in the degraded stress curves presented in 

Figure 29, where the stress drop after first cracking is more pronounced when 6 mm fibers are 

employed. As the fiber length and content are increased, the post-peak branches are strengthened 

through the pseudo-strain hardening phenomena and, in some cases, create a secondary peak 

where the residual strength is the highest stress experienced by the fiber-matrix network. Upon 

further observation, the increase in fiber length and fiber content manifest adverse effects in the 

degradation of load carrying capacity of FR-CPB. Specifically, a longer fiber length leads to a 

higher degree of degradation as more energy is dissipated and subsequently more cyclic-induced 

damage is accumulated in the cementitious matrix; the same is observed for increased fiber 

content. As a result, a critical fiber length of 13 mm and critical fiber content of 0.5wt% 

produces the most consistent enhancement in tempering the stress degradation rate of FR-CPB.  

Although increasing both fiber length and fiber content enhances the degraded stress of FR-CPB 

and contributes to positive evolutionary trends, there exists a higher degree of sensitivity to 

changes in fiber length. Moreover, a critical fiber length of 13 mm and a critical fiber content of 

0.5wt% is observed where FR-CPB experiences the most beneficial reinforcing effects.  



66 
 

 

 

 
Figure 4.14 Effect of fiber inclusion on the degraded stress of FR-CPB at 7 days (a and b), 28 days (c and d), and 90 

days (e and f). 
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4.2.6 Effect of fiber inclusion on the damping index 

Observing Figure 4.14 FR-CPB’s damping index demonstrates high dependence on curing time, 

especially from the 7 to 28-day range. Recall, the damping properties of FRCCs depend largely 

on the inherent matrix discontinuities such as micro-cracks and pore space, fibers, moisture, and 

the FM-ITZs. Therefore, as FR-CPB ages and the hydration process is further realized, the 

damping index increases. As a result, the fiber-matrix network can dissipate more energy 

through the multi-cracking processes and subsequently reduce stress concentration, hereby 

improving damping. Moreover, when fiber parameters of 13 mm fiber length + 0.5wt% fiber 

content were employed, the damping index obtained for 7, 28, and 90-day FR-CPB were 0.067 

J/m3, 0.119 J/m3, and 0.123 J/m3 respectively. Additionally, employing a fiber length and fiber 

content beyond the critical value of 13 mm and 0.5wt% respectively reduces the damping 

characteristics of FR-CPB.  

As FR-CPB ages, the slope of the pre-peak branch of the damping index curve changes to almost 

vertical. Specifically, the fiber-reinforced matrix experiences cyclic damage accumulation, 

especially during the pseudo-strain hardening phase, where fibers bridge micro-cracks and abates 

crack propagation. In other words, energy is dissipated through microplastic strain energy 

through fiber-matrix debonding, fiber breakage, and frictional resistance at FM-ITZ [22]. In the 

post-peak zone, increasing the fiber length enhances the residual damping of early age FR-CPB. 

For late-aged FR-CPB (> 28 days), increasing the fiber length extends the post-peak branch, and 

more energy can be dissipated; however, there is little deviation in improvement between 13 mm 

and 19 mm fibers. Consequently, FR-CPB’s damping characteristics are most consistent when 13 

mm fibers + 0.5wt% are employed.  

Comparing the effects of both fiber length and fiber content, the damping index is more sensitive 

to changes in fiber length. The peak damping index is directly correlated to the length of fiber 

employed, while the post-peak branch favors fiber content. By increasing fiber length, the fiber-

matrix network can absorb more deformation energy through toughening of the matrix, which 

reduces the stress concentration and improves the damping characteristics of FR-CPB. 

Moreover, increasing fiber parameters beyond the critical values weaken the reinforcing effect, 

and subsequently, the damping capacity of FR-CPB is lessened. 
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Figure 4.15 Effect of fiber inclusion on the damping index of FR-CPB at 7 days (a and b), 28 days (c and d), and 90 

days (e and f). 
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Chapter 5 Conclusions and recommendations 

5.1 Conclusions 

Cemented paste backfill (CPB) technology is increasingly used in the mining industry due to the 

technical, economic, and environmental benefits it carries. Conventional storage methods such as 

tailings ponds are bypassed as tailings are transferred as paste into underground voids (called 

stopes) to provide support to the surrounding rock mass. Additionally, the engineering 

application of CPB depicts the dominant forces that the structure will be subjected to, and a 

thorough understanding of the different types of loadings will improve the safe design and 

implementation of CPB technology. Furthermore, the complexity of in-situ loadings caused by 

seismicity and mine operations highlights the need for CPB structures to possess adequate 

strength and mechanical performance. However, CPB is considered a soft cementitious material 

that possesses low strength parameters, and a large part of the operational cost is tied to the 

cement binder. Subsequently, fiber reinforcement is seen as a promising technique to enhance 

the mechanical properties of cementitious composites and alleviate the capital-intensive nature of 

employing paste tailings as a suitable tailing disposal method as it requires large quantities of 

cement to be used. Therefore, furthering the understanding of the fiber reinforcement technique 

is vital in ensuring the safe and cost-effective application of CPB as a mine backfilling method. 

To further understand the cyclic compressive and tensile responses of FR-CPB and the evolution 

of its’ mechanical properties, a comprehensive testing program was developed and executed in 

this Thesis research. This body of work presented the evolutive cyclic compressive, and tensile 

behaviors and properties of polypropylene fiber reinforced backfill composite (FR-CPB), from 

which the following conclusions may be drawn: 

1. There exist a critical fiber length of 13 mm and a critical fiber content of 0.5wt% which 

validate previous findings for FR-CPB. When these fiber parameters are employed, FR-

CPB demonstrates the most consistent improvement in strength parameters in both pre- 

and post-peak regions. As a result, there is an inherent level of synergy in the fiber-matrix 

network, which allows FR-CPB to maintain matrix integrity and subsequently alleviate 

cyclic-induced damage accumulation to a higher degree. Furthermore, the aging of FR-

CPB leads to a strengthened fiber bridging effect which enhances the deformation capacity 
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of FR-CPB. In doing so, FR-CPB is stiffer and becomes tougher through the multiple 

cracking processes highlighted by the phenomenon of pseudo-strain hardening. It should 

be noted that employing fiber parameters beyond the critical values introduces numerous 

FM-ITZs, which adversely affect the local reinforcing effect. Employing a fiber length 

beyond 13 mm demonstrates limited overall improvement but using a fiber content beyond 

0.5wt% shows an improvement in the FR-CPB’s softening capacities in the post-peak zone. 

As a result, fiber parameters may be selected depending on the requirements and nature of 

the engineering application, as different combinations may offer specific design solutions.  

2. The general cyclic compressive behavior of FR-CPB shows clear curing time-dependent 

behaviors. As the cementitious matrix ages, the composite develops an improved strength 

and load carrying capacity through the full realization of the cement hydration process, 

which results in less voids and initial defects. FR-CPB demonstrates significant 

improvement in stiffness and becomes tough through its increased energy dissipation 

capacity. Furthermore, a strengthened fiber-matrix interaction is observed as changing 

both the fiber length and fiber content shows a positive evolutive trend in the peak 

strength and residual strength of FR-CPB. However, the cementitious matrix experiences 

cyclic-induced damage caused by mechanisms such as matrix crushing and frictional 

resistance between the sides of cracks which is evident from the depressed surfaces at the 

macroscale. Additionally, the rate of stress degradation is significantly diminished as 

fiber inclusion significantly increases the damping characteristics of FR-CPB. 

Consequently, a critical fiber length and fiber content of 13 mm and 0.5wr%, 

respectively, will provide the most consistent enhancement to the cyclic compressive 

response of FR-CPB.  

3. The cyclic tensile response of FR-CPB is similar to the evolutive trends under cyclic 

compression. This suggests that the cementitious matrix plays a far more significant role 

in the strength development of FR-CPB. As the matrix ages, the influence of fibers on 

first crack strength is non-existent; however, the multiple cracking characteristics and 

fiber bridging forces are of great importance beyond this point. Since CPB possess a 

weak tensile capacity, matrix integrity is a function of fiber length as they offer a greater 

doweling action leading to a stronger reinforcement regime. Therefore, when fiber length 
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is too short, or fiber content is less than optimal, tensile cracks dominate the failure of 

FR-CPB under cyclic tensile loading. This failure pattern is a result of fiber pullout, fiber 

rupture, and fiber-matrix debonding due to damage accumulation in the cementitious 

matrix caused by crack opening and closing. However, when the critical fiber parameters 

are employed, FR-CPB demonstrates an improved cyclic response and significant 

enhancement are observed in cumulative energy dissipation, stiffness, rate of stress 

degradation, and damping index. Though FR-CPB’s mechanical response is more 

sensitive to changes in fiber length, increasing both fiber length and fiber content 

demonstrated positive evolutive trends in all mechanical properties suggesting a 

strengthened fiber-bridging effect.  

4. Although FR-CPB possesses unique characteristics such as low cement content and no 

coarse aggregate, which contributes to its’ weak tensile capacity, the phenomenon of 

pseudo-strain hardening proves that FR-CPB can deform to a greater extent before the 

peak strength confirming the effectiveness of fiber reinforcement in the pre-peak zone. 

This is most evident under compressive loading, where the peak strength is achieved at a 

higher strain (%) for early age FR-CPB, and as FR-CPB ages, the tensile capacity of 

fibers is activated much sooner, i.e., peak strength at lower strain (%). Interestingly, the 

first cracking strength and peak tensile capacity are also functions of fiber length, where 

this phenomenon is present in FR-CPB under cyclic tensile loading. Furthermore, FR-

CPB demonstrates a marked improvement in its’ post-cracking capacity confirming 

previous findings of a positive reinforcing effect in the post-peak zone. In the branch of 

the cracking process, both a longer fiber length and higher fiber content enhance the 

residual strength of FR-CPB by restricting crack growth and delaying macrocrack 

localization. However, too few fibers cannot adequately restrict crack growth, and too 

many fibers create numerous FM-ITZ leading to preferential regimes of crack 

propagation. Subsequently, employing a fiber length and/or content beyond the critical 

value can increase the residual strength of FR-CPB to a higher degree, however, at the 

expense of peak tensile stress. 

This thesis research has clearly demonstrated the positive evolutionary trends in the cyclic 

response and mechanical performance of FR-CPB. Furthermore, this body of work aims to aid 
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and advance the safe design and implementation of cemented paste technology as a viable 

disposal method for mine tailings waste.  

 

5.2 Recommendations for future work 

Based on the experimental study and the above conclusions of this Thesis research, there are a 

few recommendations for future work. Firstly, it has been previously established that the 

consolidation of CPB is strongly affected by several multiphysics processes, including thermal 

(T), hydraulic (H), mechanical (M), and chemical (C) (THMC). These processes and their 

interactions within the CPB mass govern the strength development and subsequent evolution of 

the mechanical properties of CPB. For example, there may be volume change due to the 

chemical process of binder hydration, where there is a strong coupling between the rate of 

hydration and the heat generated, leading to changes in the mechanical properties and evolution 

of FR-CPB’s strength. Therefore, it is imperative to conduct m.  

Second, it has been found that the loading rate has a vital effect on the UCS behavior of CPB. 

Specifically, increased loading rates can have a strengthening effect on the UCS behavior of 

CPB samples. One reason is that an increase in loading rate reduces the time needed for material 

response, and as a result, the strain is more localized. Consequently, energy is rapidly 

accumulated until its eventual release, which is simultaneous in nature akin to a rockburst. For 

these reasons, it is recommended that further works be completed to study the effects of different 

strain rates on the cyclic response of FR-CPB and the evolution of the mechanical properties. 

Furthermore, the size of laboratory samples compared to the in-situ structures are of great 

disparity. Thus, it is also recommended that various composite sizes are considered to replicate 

the results presented herein this body of work.  

Lastly, the particle size distribution of tailings consists of particles at the micro level. In 

conjunction with synthetic fibers, hydraulic binder, and water, the particles of the cementitious 

matrix of FR-CPB exist in a multi-scale dimension. Furthermore, the fiber-matrix network of 

FR-CPB contains initial voids and microcracks as it is heterogeneous in nature. Subsequently, 

different scale fibers may abate crack propagation at different scale levels leading to a more 

uniform and controlled cracking process in FR-CPB. More specifically, nanoscale fibers may be 
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used to bridge nanoscale cracks, microscale fibers to bridge microcracks, and macroscale fibers 

for macrocracks. By applying such a hierarchal reinforcement technique, a certain level of 

synergy and cohesion may be established in the fiber-matrix network leading to a more refined 

microstructure.  

Through these recommendations, further understanding may be gained regarding the cyclic 

mechanical response of FR-CPB. In doing so, further advancement of two noble engineering 

technologies, such as cemented paste backfill and fiber reinforcement, may be achieved.  
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