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Abstract
The presence of cracks within the cemented paste backfill (CPB) matrix can stem from multiple factors, 
such as excessive pressures from CPB overburden, stresses induced by the closure of adjacent rock walls, 
rockbursts, and shrinkage. These cracks significantly compromise structural integrity and mechanical 
strength while increasing permeability and impacting safety, durability, and environmental performance. 
While the self-healing technique has been extensively explored to repair cracks and reduce maintenance 
costs in conventional cementitious materials (eg, concrete, mortar), limited studies have delved into CPB’s
self-healing capability. This study aims to explore the self-healing (autogenous healing) behavior within 
CPB materials, evaluating the healing efficiency in restoring mechanical strength and hydraulic 
conductivity. 

CPB samples were pre-cracked at different levels of pre-cracking to initiate a variety of crack widths after 
initial curing. Subsequently, these samples underwent self-healing periods ranging from 7–90 days. The 
results revealed a significant self-healing capacity within CPB materials. After 7 days of self-healing, pre-
cracked specimens restored mechanical and permeation properties to levels comparable to uncracked 
control specimens without external intervention. Moreover, CPB specimens with high pre-cracking levels 
even exhibited up to a 22% increase in mechanical strength compared to control specimens after a 90 day 
self-healing period. This suggests that cracks within the CPB matrix can enhance hydration reactions, 
thereby favoring improved self-healing performance. These findings provide valuable insights into CPB’s 
self-healing behaviour, holding significant implications for engineering CPB structures, evaluating their 
safety, durability, and serviceability, and offering sustainable solutions for the mining industry.
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Introduction
CPB stands as an integral solution in modern mining practices by enhancing productivity, managing waste
efficiently, and bolstering safety, while aligning with sustainability goals. This engineered, cementitious 
mixture comprises tailings with a solid percentage of 70–85%, binders with typically 3–7%, and water, all 
of which play a crucial role underground in providing ground support, facilitating waste disposal, and 
ensuring a secure working environment. However, cracks can develop in CPB materials or structures 
mirroring a common issue observed in traditional cementitious materials such as concrete and mortar. The 
formation of these cracks can be attributed to various processes or factors, including excessive stresses 
from the pressure of CPB overburden, stresses induced by the closure of rock walls adjacent to or 
surrounding CPB structures, as well as rock burst incidents and shrinkage. The existence of cracks in 
CPBs has a detrimental impact, weakening the structural integrity and mechanical strength while also 
elevating permeability properties. Consequently, this compromises safety, serviceability, durability, and 
environmental performance. These vulnerabilities are a cause for concern, particularly in the context of 
deep mining where heightened stresses from rock wall closure and increased intensity and frequency of 
rock bursts prevail. Furthermore, CPB structures can extend from a few tens to several hundred meters 
underground in at least one dimension, rendering manual maintenance and crack repair impractical in real-
world scenarios, and making it necessary to explore the self-healing capability of CPB. 

It is well acknowledged that cementitious materials possess the potential for self-healing (De Belie et al., 
2018; Ferrara et al., 2017; Li and Herbert, 2012; Roig-Flores et al., 2016). Natural self-healing involves 
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the automatic repair of cracks in cementitious materials, an ability rooted in their inherent self-healing 
potential. This type of self-healing (autogenous healing) involves the inherent ability of the material to 
repair cracks through chemical, physical, and mechanical mechanisms within the matrix itself (Cuenca 
and Ferrara, 2017). Chemical mechanisms involve the hydration of unhydrated cement particles and 
subsequent carbonation of calcium hydroxide (Ca(OH)2) to generate calcite (CaCO3) which fills cracks 
(Edvardsen, 1999; Ramm and Biscoping, 1998). Additionally, the physical swelling of calcium silicate 
hydrates and the mechanical action of loose particles also contribute to autogenous healing (De Belie et 
al., 2018). In typical conventional concrete with a water-to-cement ratio ranging from 0.4–0.55, around 
30% of cement particles remain unhydrated during initial curing time. Upon exposure to moisture or water
penetrating through cracks, these dormant cement particles resume hydration, producing delayed 
hydration products to mend the cracks and restore material integrity. This self-healing capability not only 
minimizes cost requirements but also efficiently maintains or restores cracked cementitious 
infrastructures. By automatically addressing cracks, the embedded self-healing systems within these 
structures helps mitigate permeability, rejuvenate structural functionality, enhance durability, and 
dramatically extend their service life.

Despite the importance of self-healing processes and their prevalence in conventional concrete materials, 
there is a lack of research on the self-healing capabilities and behaviour of CPB, along with its influence 
on the restoration of mechanical and permeation properties. Additionally, the variation in cement content 
and water content in CPBs, as well as differences in particle size distributions (ie, between tailings in CPB
and aggregates in concrete) highlights the inapplicability of findings from self-healing studies on 
conventional concrete and cement-based materials to CPB materials. Addressing this gap in knowledge 
and technology is imperative. As such, this paper aims to explore CPB’s self-healing behaviour and assess 
its efficacy in restoring mechanical and permeation properties, thereby laying a foundation for 
understanding and ablity with which to harness this phenomenon in CPB materials.

Materials and Methods
Materials
Silica tailings (ST), composed primarily of 99.8% quartz SiO2 and prevalent in Canadian hard rock mines,
were employed in this study. The aim was to precisely regulate the chemical and mineral components of 
the tailings to ensure minimal uncertainties when examining the sole influence of combined components 
of CPB. Analysis revealed that the grain size distribution of ST closely resembled the average of nine 
natural tailings (NT) from Canadian mines. Portland Cement Type I (PCI) served as the binder, and tap 
water was used to prepare the CPB mixtures. 

Sample preparation and initial crack introduction
The primary goal of this study is to explore the self-healing capability of the CPB matrix. For this 
purpose, specimens measuring Ф50 × 100 mm were cast, employing a binder PCI ratio of 4.5% and a 
constant water-to-cement ratio (w/c) of 7.35 by weight. These specimens underwent curing under room 
conditions with initial curing (IC) periods of 7 days (IC7) before crack initiation. Subsequent to the initial 
curing period, the studied specimens were subjected to specific pre-cracking levels (Figure 1), namely 0, 
30, 50, 75, or 90%, referred to as control, PC-30, PC-50, PC-75, or PC-90%, respectively, and relative to 
results of uniaxial compressive strength (UCS) tests. These tests induced varying levels of crack damage 
within the specimens. Upon reaching the predetermined pre-load values, the applied load was sustained 
for one minute before being released, and the pre-cracked specimens were then prepared for the self-
healing process. 

Healing conditions
Following the introduction of initial cracks, the pre-cracked specimens were enveloped in plastic films 
and stored under room conditions for self-healing curing. This specific curing setup, devoid of external 



interference, aimed to examine the inherent self-healing potential of the CPB material. The uncracked 
control specimens were cured under the same conditions as the studied specimens, allowing for 
comparative analysis.

Figure 1. Overview of the experimental design.

Self-healing examination
Crack observance
A digital microscope capable of 200 × magnification and integrated with computer software was 
employed as an additional technique to monitor changes in crack width. This allowed directly assessment 
of the self-healing performance of pre-cracked specimens following exposure to healing conditions. Initial
crack width measurements were taken from multiple positions on each crack immediately after their 
introduction. Subsequent measurements were carried out at intervals of 7, 28, and 90 days during the self-
healing process.

Hydraulic conductivity monitoring
Saturated hydraulic conductivity (ksat) tests were performed using a triaxial cell with a flexible wall 
technique in accordance with ASTM 5084-16a to assess the changes in hydraulic conductivity of pre-
cracked and healed CPB specimens. The test involved employing a constant head method, wherein a 
consistent hydraulic gradient (10 psi or 69 kPa) between the inflow and outflow was maintained for 
measurement purposes. 

The hydraulic conductivity recovery ratio (HCRR) in this study was determined as:

                                                 HCRR (% )=
k0 - kah

k0

                                                      Equation 1

where k0 is the initial hydraulic conductivity, cm/s, measured after pre-cracking process; kah is the 
hydraulic conductivity, cm/s, measured after self-healing period. 

Strength recovery monitoring
The compression test can serve as an approach to assess the mechanical strength restoration of CPB 
specimens through a self-healing process. Therefore, UCS tests were conducted on at least three CPB 
specimens to gauge the strength recovery in CPB materials, following ASTM C39/C39M-21 standard. The
tests were performed at intervals of 7, 28, and 90 days during the self-healing process on both healed pre-
cracked specimens and uncracked control specimens. 



The calculation for the percentage decrease in UCS after the initiation of pre-cracks is determined by:

                                                                             Sd% =
S0 -Spc

S0

                                                       Equation 2

where Sd% is the percentage of UCS decrease, S0 is the initial compressive strength of uncracked control 
specimens, and Spc is the compressive strength of pre-cracked specimens before healing. 

Subsequent to self-healing periods, the relative changes in compressive strength (CCS) of the healed 
specimens compared to control specimens can be calculated by:

                                                   CCS (%) =
Sah - Scontrol

Scontrol

                                             Equation 3

where Sah represents the compressive strength of the healed pre-cracked specimens, and Scontrol denotes the 
compressive strength of uncracked control specimens. 

Porosity and void ratio determination
The mechanical properties of CPB materials are typically influenced by their physical properties, such as 
void ratio, porosity, and water content (Ghirian and Fall, 2013). Throughout the self-healing periods, the 
alterations in void ratio and porosity of the healed pre-cracked specimens were examined. This 
investigation aimed to gain insights into the microstructural modifications induced by the self-healing 
behavior within the CPB matrix. 

Characterization of self-healing materials
A range of microstructural techniques, including X-ray diffraction (XRD), scanning electron microscopy-
energy dispersive spectroscopy (SEM-EDS), and thermogravimetric analysis (TGA), were employed to 
delve into the constituents of self-healing materials inside the cracks. SEM-EDS analysis focused on the 
surfaces of cracks to observe the microstructure and identify the primary chemical elements present in the 
self-healing materials. In addition, samples of self-healing materials obtained from the healed cracks were 
collected for XRD analysis to delineate the chemical components present in the cracks. TGA analysis 
involved the preparation of powders from both control specimens and healed pre-cracked specimens to 
track differences in the extent of cement hydration between each sample type with the influence of the 
pre-cracking process. 

Representative Experimental Results and Discussions
Crack characteristics 
Multiple levels of pre-cracking were applied to introduce microcracks on the studied specimens during the
initial pre-cracking process. Notably, the microcracks were hardly generated at the pre-cracking levels of 
PC-30% and PC-50%. These levels, up to 50% of final UCS, exhibited elastic behavior (Fall et al., 2007). 
However, as the pre-cracking load approached the peak region (PC-75% and PC-90%), the behavior 
transitioned into the first non-linear phase, and microcracks started to appear on the CPB specimens. The 
progressive increase in load facilitated the crack propagations until reaching the peak stress. Consequently,
discernible cracks on the pre-cracked specimens became more apparent as the pre-cracking levels 
increased.

The microcracks examined before and after self-healing exhibited three distinct healing scenarios, 
including: complete healing (Figure 2), partial healing (Figure 3), and no healing. The partially or 
completely healed microcracks were characterized by the presence of white crystal-like substances that 



filled the cracks after specific self-healing intervals. This study identified the maximum crack widths that 
could be healed under varying self-healing periods, serving as indicators of the CPB material’s autogenous
healing capability (Table 1). Remarkably, cracks exhibited increased healing widths with extended self-
healing periods. It was noticed that Batch IC7 displayed superior autogenous healing within the first 7 
days of the self-healing period, possibly attributed to a higher content of unhydrated cement particles 
during the early curing stage. This proposition on the efficiency of autogenous healing in pre-cracked 
specimens was substantiated by TGA analysis. Pre-cracked specimens at the early self-healing period (D0)
performed lower curves associated with weight loss and phase transformations (see Figure 6); this 
indicated a lower hydration level and higher content of unhydrated cement during the early self-healing 
period, thus leading to more effective closure of surface cracks. Moreover, Figure 3 demonstrated 
diminished self-healing efficacy with larger crack widths. Partially healed cracks depicted the 
development and growth of healing products from both sides of the crack towards the center, aiming to 
bridge the gap. This partial healing process underscored the inherent limitation of the CPB matrix in 
autogenous healing, marking a threshold in crack closure. Consequently, crack width significantly impacts
the self-healing efficiency of CPB materials, aligning with similar findings in other cementitious materials
(Huang et al., 2016; Jiang et al., 2015; Maes et al., 2014). Narrower and shallower cracks exhibit a higher 
potential for complete healing due to their smaller volume requiring repair.

Figure 2. Typical observation of complete healing.



Figure 3. Typical observation of partial healing in large cracks

Table 1. Maximum crack width healed after self-healing periods.

Batch Self-healing period (Day) Maximum healed crack width (μm)

IC7

7 46.1

28 56.1

90 67.9

Self-healing materials
As aforementioned, the completely healed microcracks exhibited filling with white crystal-like 
substances. Understanding the underlying mechanisms governing this observed self-healing behavior 
necessitates characterizing the chemical/mineralogical composition of the self-healing materials within the
CPB matrix. 

XRD analysis was performed on powder-phase self-healing materials collected from the healed cracks. 
Figure 4 illustrates the XRD patterns of both self-healing materials and CPB materials from control 
specimens. It is found that a substantial difference in peaks, primarily related to calcite (CC) among 
Ca(OH)2 (CH), C-S-H, C3S, and C2S, was observed within the two-theta range of 30–65°. These 
differences suggest a higher abundance and intensity of CC in self-healing products compared to regular 
CPB materials, suggesting CC as the principal self-healing product within CPB cracks. Additionally, 
SEM-EDS analysis was conducted on a healed crack surface to visualize the microstructure of self-healing
materials and identify their chemical compositions. Figure 5 showcases representative SEM-EDS 
micrographs from various analyzed locations. The EDS diagrams clearly detected traces of Ca, Al, C, and 
O peaks, suggesting the presence of a combination of C-S-H, Ca(OH)2, and CaCO3 as the primary self-
healing materials within CPB cracks. However, these detected products might be influenced by adjacent 
phases bleeding into each other due to limitations of EDS (Kan et al., 2010), and the application of epoxy 
during sample preparation may have disrupted the substances within the cracks. Furthermore, TGA 
analysis conducted on powders collected from both control and pre-cracked specimens unveiled a higher 
level of cement hydration and Ca(OH)2 carbonation in the pre-cracked specimens after identical self-
healing periods. Figure 6 depicts the notably higher weight loss in pre-cracked specimens at temperatures 
of 600–800℃  which suggests CaCO3 decomposition, and at temperatures of 110–200°C which suggests 



C-S-H dehydration. These TGA results align with findings from XRD and SEM-EDS analyses and 
provide substantial evidence that the primary self-healing products within CPBs consist of a combination 
of C-S-H, Ca(OH)2, and CaCO3. Consistency among all microstructure analysis techniques supports this 
conclusion.

Recovery of compressive strength
The development of compressive strength in the control and self-healing specimens is depicted in Figure 
7, where those subjected to PC-30% and PC-50% levels exhibited higher UCS values compared to the 
control specimens immediately after the pre-cracking process (at Day 0). For instance, CPB specimens 
subjected to PC-50% display up to a 37.5% strength increase over the control specimens. This augmented 
strength in CPB is attributed to the CPB material’s volume contraction behavior under uniaxial 
compressive loading (Fall et al., 2009). As aforementioned, these CPB specimens, compacted under these 
two pre-cracking levels without observed cracks, resulted in denser and less porous material, known to 
correlate with higher strength (Fall et al., 2009; Ghirian & Fall, 2015). Conversely, CPB samples with 
higher pre-cracking levels exhibit decreased strengths compared to control samples at Day 0. For example,
a pre-cracking level of PC-75% resulted in a 14.3% reduction in strength. Furthermore, a decline of 22.0%
in compressive strength was observed for specimens pre-cracked at PC-90%. This decline in strength 
among pre-cracked CPB specimens at levels of PC-75% or higher, and the subsequent decrease as the pre-
cracking level increases from PC-75% to PC-90%, is primarily due to crack generation and propagation 
within the CPB specimens. The formation of these cracks intensifies with higher pre-cracking levels.

Figure 4. XRD patterns of (a) surface self-healing materials and (b) control CPB specimen.



Figure 5. SEM images of the crack surface (left) and EDS patterns (right) of detected self-healed
materials.

Figure 6. TG/DTG analysis of (a) control specimens at the curing periods of D7 and D28 and (b) pre-
cracking impact on cement hydration

After 7 days of self-healing (Day 7), the compaction effect induced by mechanical pre-loads PC-30% and 
PC-50% diminishes (Figure 7), exhibiting strengths almost equivalent to control samples. Moreover, pre-
cracked specimens of PC-75% and PC-90% also recover compressive strength values similar to those of 
control specimens. With prolonged self-healing, these pre-cracked specimens of PC-75% and PC-90% 
gradually achieve even higher compressive strengths than control specimens. For example, the specimens 
with a PC-75% pre-cracking level restored strengths 7.1% higher than control specimens after 28 days of 
self-healing (Day 28). Furthermore, this increase is more pronounced in specimens with a higher pre-
cracking level of PC-90% and an extended self-healing period (Day 90) with an increase of up to 22%, 
suggesting that pre-cracks within the CPB matrix might enhance the hydration reactions. As demonstrated 
in Figure 6b, a higher weight loss of CaCO3 in PC-90% specimen between 600–800℃ was observed 
compared to control specimens; this means a higher Ca(OH)2 carbonation occurred in pre-cracked CPB 
specimens after the 90 day self-healing period. The additional CaCO3 produced further favours crack 
closure and strength restoration. Overall, this enhanced strength recovery is attributed to autogenous 



healing within the CPB material, wherein continuous cement hydration governs the mechanical strength 
recovery and development in the studied CPB specimens. The generation of microcracks allows the 
penetration of the essential elements (O2, CO2, and H2O) into the CPB matrix, accelerating cement 
hydration and Ca(OH)2 carbonation (Ghirian and Fall, 2015; Huang et al., 2016; Song et al., 2006). As 
self-healing progresses, hydration products fill the voids and cracks to reduce the porosity, which refines 
the pore structures within the CPB matrix and contributes to mechanical strength restoration (Fall et al., 
2009). 

Figure 7. Plots of: a) compressive strength development, and b) changes in compressive strength (CCS) in
pre-cracked specimens with different self-healing periods.

Figure 8. Changes in: a) porosity, and b) void ratio of pre-cracked specimens over self-healing periods.

Recovery of hydraulic conductivity
Figure 9 depicts the evolution of saturated hydraulic conductivity (ksat) in different pre-cracked CPB 
specimens across various self-healing periods, providing insight into CPB self-healing behavior through 
permeability performance. Initial pre-cracking levels (PC-30% and PC-50%) impacted hydraulic 
conductivity minimally compared to control specimens immediately after the pre-cracking process (Day 
0). This was attributed to CPB’s volumetric contraction under compressive loading, resulting in rare crack 
generation at these levels (Fall et al., 2009). However, beyond the threshold stress (PC-75% and PC-90%),
ksat values sharply increased because of macrocrack formation, compromising the pore structure and 
allowing rapid water flow.

Throughout the self-healing process, Figure 9 illustrates a progressive decrease in ksat values. This decline 
is associated with autogenous healing involving continuous cement hydration and Ca(OH)2 carbonation, 
and leading to the formation of self-healing materials that modify the CPB’s pore structure. As self-
healing continued, these self-healing materials filled voids and cracks, refining the pore structure and 



blocking internal connections which resulted in decreased ksat values. This trend aligns with the observed 
decreasing porosity and void ratio as self-healing progressed (Figure 8). Additionally, TGA results (Figure
6) confirm that higher cement hydration levels occurred in specimens with high pre-cracking levels, where
cracks facilitated CO2, O2, and H2O flow, expediting carbonation and cement hydration to produce more 
self-healing products. Notably, after 90 days of self-healing, specimens at PC-75% achieved ksat values 
similar to control specimens. The calculated hydraulic conductivity recovery ratios (HCRR) for the 
highest pre-cracked specimens (PC-90%) reached 86.9%, indicating the occurrence of robust autogenous 
healing within the CPB matrix. This healing process generated sufficient self-healing materials to achieve 
hydraulic conductivities, porosities, and void ratios similar to those of control specimens.

Figure 9. Changes of hydraulic conductivity with varying pre-cracking levels and self-healing periods

Conclusions
This paper presents the experimental findings from a study focused on the evaluation of the self-healing 
behaviour in CPB material and the assessment of the efficiency of self-healing materials. The results 
reveal that CPB materials have a robust inherent capacity for self-healing. Microcracks in CPB material 
exhibit self-healing under ambient exposure conditions without external intervention. Notably, the 
maximum crack width of 67.9 μm can be completely healed after a self-healing period of 90 days in this 
study. However, the presence of partially healed and non-healed cracks highlights the limitation in the 
self-healing for the studied CPB material. 

Additionally, it is demonstrated that the combination of CaCO3, Ca(OH)2, and C-S-H is most likely to be 
the primary self-healing materials in the CPB matrix. The calcite CaCO3 is the main substance of the 
white crystal-like self-healing material formed inside the cracks. Furthermore, the pre-cracked CPB 
specimens exhibit recovery to strengths comparable to uncracked control specimens after only 7 days of 
the self-healing period. In the extended self-healing periods, the CPB specimens with high pre-cracking 
levels (PC-75% and PC-90%) demonstrated up to a 22% increase in strength compared to control 
specimens after a 90 day self-healing period. Moreover, achieving a hydraulic conductivity recovery ratio 
of 86.9% in PC-90% pre-cracked specimens suggests that pre-existing cracks stimulate the formation of 
self-healing materials, filling the cracks to restore and enhance the self-healing capability.
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