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Abstract

Due to the rapid strength acquisition rate, relatively high solid content, and sustainable reuse of
waste tailings, cement paste backfill (CPB) technology has gradually become a standard practice
in underground mining operations. To improve the engineering behavior and performance of CPB
materials, fiber-reinforced CPB (FR-CPB) has attracted increasing interest over the past decade.
The application of fiber reinforcement can improve the mechanical properties, including the
material strength and ductility, and enhance post-peak resistance. However, the successful
implementation of fiber reinforcement requires the full consideration of field curing conditions.
After placement into underground mined-out voids (called stopes), the massive backfill structure
(with a backfilling height of tens to hundreds of meters) yields a high-level curing pressure under
the gravity effect, which accompanies the development of microstructure and macroscale
mechanical properties of backfill materials from early to advanced ages. Therefore, to accurately
assess the development of mechanical properties and behaviors of FR-CPB, it is essential to fully
consider the effect of curing pressure. Moreover, the previous studies focus mainly on the
conventional geomechanical behaviors, including compressive, tensile, and shear behaviors, of
FR-CPB materials based on the elastoplastic theory. As a result, the previous studies aim to
correlate the permanent deformation and material degradation and thus evaluate and design
backfill materials for their engineering applications. However, as a type of cementitious material,
the brittle response and the associated catastrophic failure of the CPB matrix are governed by the
crack growth. Through crack propagation and coalescence, the degradation of mechanical
properties occurs and may lead to material failure at the macroscale. Therefore, the brittle failure
process in the CPB matrix indicates that fracture behaviors and properties of FR-CPB are
intrinsically required by a reliable and accurate assessment of in-stope behavior and performance
of backfill materials. Considering the in-situ loading conditions, both tensile and shear cracks can
develop in the hardened CPB matrix. Therefore, it is necessary to study the fracture behavior and
properties of FR-CPB materials under various loading conditions, including mode-I (tensile
stress), mode-II (in-plane shear stress), and mode-III (out-of-plane shear stress) loadings.
Correspondingly, a systematic investigation of the fracture behavior and properties of FR-CPB has
been designed and conducted through this study. A new curing pressure apparatus featured with

an air-pressure control system, high volume capacity, and simple assemble/dissemble operation is
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developed to capture the effect of curing pressure. Moreover, a series of fracture behavior tests,
including semicircular bend (SCB) tests and edge notched disc bend (ENDB) tests, are conducted
on FR-CPB and control CPB without fiber reinforcement at different curing pressures (0 kPa,
100kPa, and 200kPa), and different curing times (3 days, 7 days, 28 days, and 56 days).
Meanwhile, to facilitate the identification of mechanisms responsible for the changes in
microstructure and macroscale fracture properties, the scanning electron microscopy observation
and measurement of dry density of FR-CPB and control CPB specimens are measured. The
obtained results show that the curing pressure influences fracture behavior of FR-CPB, especially
the post-peak behaviors, which confirms the effect of curing pressure on the fiber reinforcement.
Moreover, curing pressure also affects the time-dependent evolution of fracture properties,
including stiffness, fracture toughness, and fracture energy from early to advanced ages. This is
because a higher curing pressure leads to matrix densification and thus contributes to a continuous
improvement in the fracture properties. Furthermore, a very limited variation of fracture toughness
ratios has been discovered in this study, which indicates that mode-I fracture toughness can be
used as a valuable quantity to approximate the fracture modes-II and modes-III for FR-CPB
materials. In addition, through sensitivity analysis of fracture properties, it has been found that
fracture toughness can be employed as a more can be used as a more reliable fracture property to

evaluate fracture behavior of mine backfill structure under high geo-stress.
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Chapter 1 Introduction

1.1 Background

Traditional methods of mine waste disposal, such as above ground sequestration in artificial dams,
leads to environmental concerns, with alternative methods of disposal gaining popularity in both
industry and the global community[1-2]. Of the viable alternatives, the use of cement paste backfill
(CPB) has gained popularity in recent years as it offers greater strength than that of its counterpart
hydraulic fill while simultaneously reducing the need for surficial storage of tailings waste[3-4].
The main hindrance to the use of CPB is the cost associated with the implementation and continued
use of such systems. As such, further investigation into the material properties, performance, and
refinement of design may lead to increased acceptance and use within the industry. CPB is
comprised of up to 85% thickened mine tailings, 3-7% cement binder, and water [5]. The material
is batched at the surface and then pumped underground through a network of pipes into previously
excavated sections of the mine known as stopes (Figure 1-1). Its placement is used as a ground
support measure, preventing ground subsidence, rock burst, or general collapse of the stope walls
or roof. Moreover, with the progression of underhand cut and fill, the material itself may be used
as an artificial roof or as a working platform for continued mining activities. As such, an assurance
of the material's strength and capabilities is vital in maintaining safe work procedures in the

underground environment.

Stope

Matured CPB Fresh CPB

Barricade "

Figure 1-1 Pumping of fresh CPB into open stope.
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While this study will focus on the material strength characteristics of CPB, the advantages can be
viewed from environmental, structural, and economic aspects. With regard to the environmental
perspective, the sequestration of mining waste in tailings dams is fraught with environmental
concerns and disasters. The variability in standards of construction, as well as the need for
consistent monitoring from inception to the end of lifespan and post-reclamation future, have
resulted in a multitude of failures. While failures occur on a smaller scale each year, a major failure
has occurred as recently as 2019. In January of 2019, a tailings dam collapse in Brumadinho,
Brazil, resulted in the release of over 11 million cubic meters of toxic waste material, spreading
over a 10 km area, entering major waterways, and seeping into the surrounding soils [6]. Figure 1-
2 highlights the frequency of tailings dam failures from 1960 to 2018 and as such the
environmental risk associated with continued implementation [7]. The use of CPB as a method of
tailings sequestration has the ability to reduce the total volume of surficially stored waste material
and thus the potential for environmental disaster. From a structural perspective, CPB provides
superior support than that of its counterpart cemented hydraulic fill (CHF) while also reducing the
potential for serious geotechnical hazards related to the failure of CHF barricades. Over the past
three decades, we have seen the switch from CHF to CPB not only for its increased structural
capacity but also to reduce the relation to cement binder used [8]. From an economic standpoint,
the cost of the cement binder in CPB can account for 75% of the overall cost of the material [9],

as such the continued refinement of the design will lead to a further reduction in overhead costs.
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Figure 1-2 Frequency of tailings dam failures from 1960 to 2018 by year [7].



Traditional methodologies of CPB mix design have focused on the material strength-based design
approach (MS-DA) [2,5]. As CPB is required to provide adequate ground support to the
surrounding rock mass, its ability to resist compressive forces is understood to play an important
role in the stability of the structure. The use of uniaxial compressive strength (UCS) testing is,
therefore, one of the main methods of determining material strength and designing CPB structures.
Extensive studies have been conducted to experimentally and numerically investigate the
compressive behavior of CPB material in the form of (UCS) testing[10—13], with a common UCS
range of 0.2-4 mPa[14]. As a means to improve the UCS and mechanical behavior of cementitious
materials, the addition of fiber reinforcement has also been heavily investigated[15—18]. This
research has been applied in multiple studies to CPB. X.W.Yi et al. [19] investigated the effects
of fiber reinforcement in CPB at varying amounts of cement content. The inclusion of fiber
improved both the UCS and the ductility of CPB, with a 0.5% fiber inclusion resulting in
compressive strength gains between 70-90% and an axial strain at failure 300% greater than that
of the control tests. The importance of this result is further highlighted when noting that the fiber
reinforced cement paste backfill (FR-CPB) with 3% cement reached higher compressive strengths
than that of the CPB with a cement content of 5%. Similar results were found by Chen et al. [20]
when performing a fiber optimization study of CPB. An average improvement in UCS with the
addition of 0.15% fiber was 213.11%, 43.96%, and 143.45% at respective ages of 3, 7, and 28
days. While improving the mechanical properties, the incorporation of fiber reinforcement to CPB
also has the benefit of providing the brittle material with a residual strength after cracking[18]
[21]. This is important as fiber thus allows for the progressive failure of the structure rather than

catastrophic.
1.2 Problem statement

While UCS testing is essential in the design of FR-CPB structure, the highly dynamic environment
in which material is placed leads to the formation of complex loading conditions and, therefore,
complex methods of failure. As discussed in section 1.1, extensive studies have been conducted
on the capacity of FR-CPB. It should be noted that additional studies have been conducted on the
other conventional geomechanical behaviors of FR-CPB, such as tensile and shear strength[22-
23]. The methodology of this testing with respect to failure in an actual CPB structure, however,

does not take into account the likely process of crack initiation and propagation within the FR-



CPB matrix. Furthermore, the complexity of the loading, such as that of the polyaxially condition,
allows for the conjunctive development of both tensile and shear cracks within the mass. Tensile
cracking will occur both with the progression of underhand cut and fill (the FR-CPB mass acting
as a roof), and through the biaxial loading condition created during the subsequent excavation of
adjacent rockfaces. As well, within the mass itself, the unequal principal stresses resulting from
changes in confinement will yield to the formation of shear stress and the subsequent propagation
of shear cracking. By nature of the blasting used in excavation, the walls of a stope are
characterized by rough non-homogenous surfaces, with convex and concave wedges of rock mass.
As such the interface of FR-CPB is characterized by micro and macroscopic notches, not unlike
the formation of cracks along the surface. Based on this form of structure the investigation of the
material properties of FR-CPB thus lends itself to the study of fracture mechanics more so than
geomechanical analysis.With regard to Figure 1-3, the development of Mode-I, tensile loading
conditions, is present in the underhand roof of the mine (A) and the exposed face of matured CPB
(B), mode-II, in plane shear loading conditions are present within the mass of CPB body (C) and
along the face of the exposed face of matured CPB (B), and mode-III, out of plane shear loading
is present in the exposed face of matured CPB (B). As such an investigation of the fracture
behaviour and properties of FR-CPB under mode-I, mode-II, and mode-III loading can provide an
in-depth insight into mechanical behavior and performance of FR-CPB materials, contributing to

the successful implementation of fiber reinforcement in underground mine backfill operation.
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The second objective of this study addresses the in-situ conditions faced by FR-CPB during
placement and subsequent curing in underground mining stopes. There have been several major
investigations into the in-situ properties of cement paste backfill, the results indicating an
underrepresentation of material strength when compared to that of conventional laboratory
analysis[24—27]. For instance, studies by Cayouette [28] and Revell [25] found in situ UCS
strengths of CPB up to 200% higher than that of the same mixes cured under laboratory
conditions[29]. Additionally, a field study of the golden giant mine by Le Roux et al. [25] found
discrepancies in the material properties and a shear strength 50%-80% higher than that of
laboratory conditions. Prior investigations into the field’s strengths of CPB have highlighted the
effects of induced curing pressure on the microstructural development and macroscale mechanical
response from early to advanced ages. Mining stopes vary based on the methodology of excavation,
with long hole mining having the ability to reach tens of meters in the cross-sectional and vertical
dimensions, or that of alimak mining having small cross-sectional areas but the protentional to
reach hundreds of meters in height[30]. As such, the continued filling process of the stope results
in uniquely high self-weight induced stress. This coinciding with the large confining pressures
developed by excavation contraction and high geostress leads to the formation of an induced curing
pressure on the CPB material. The works of Yilmaz et al. [31-32], Ghirian and Fall. [33] and Cui
and Fall. [34] each found that the increase in effective stress associated with higher curing pressure
led to a reduction in porosity/ void ratio and thus a strengthening of the CPB matrix. The addition
of fibers to cementitious material leads to the formation of mesoscale interfacial transition zones
(ITZ) between the fibers and matrix [35-36]. This may be attributed to the wall effect between the
larger fibers and spatial packing pattern of the fine particles that make up the CPB matrix[37]. As
a result, the ITZ is generally characterized by loose particle packing and a higher porosity than
that of the bulk matrix (Figure 1-4)[38]. FR-CPB is thus sensitive to changes to its pore structure
and induced curing pressure is crucial to the effectiveness of the fiber reinforcement technique for
CPB materials in underground mines[39]. To discover the fracture behavior and properties of in-
situ CPB materials, the induced curing pressure must therefore be fully considered. However, no
studies have been designed and conducted to systematically investigate the effect of curing
pressure on fracture behavior of FR-CPB, which significantly affects the thorough understanding
of failure process in FR-CPB and thus the safe design of FR-CPB technology. To address this

research gap, a comprehensive experimental testing program, and new pressure curing system is



developed through this thesis study to investigate the effect of curing pressure on the evolutive
mode-I, mode-II, and mode-III fracture behaviors and properties of FR-CPB at various curing
times. The obtained results can significantly improve the understanding of FR-CPB, and thus

promotes its successful application in underground mine backfill operation.
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Figure 1-4 Microstructure of interfacial transition zone of (a) polypropylene fiber reinforced concrete/8/, and (b)
cemented paste backfill[40].

1.3 Research methodologies

In order to address the research gap and investigate the effect of induced curing pressure on the

fracture behavior of FR-CPB, the following research methodologies were implemented:

1. A comprehensive literature review of the effect of induced curing pressure on the
multiphysics process occurring in the interfacial transition zone of fiber-reinforced
cementitious composites.

2. Construction of a cost-effective pressure curing apparatus to apply the curing pressure on
multiple samples.

3. An experimental testing program capable of investigating multiple aspects of fracture
behavior such as fracture toughness, work of crack initiation, work of fiber bridging, and
material stiffness.

4. Auxiliary laboratory analysis of FR-CPB samples in the form of density progression and
SEM imagery in order to support the finding gained through the experimental testing

program.



5. Sensitivity analysis of the impacts of induced curing pressure on the fracture behavior of
FR-CPB as a method to qualitatively and quantitatively identify the most suitable fracture

quantity for the analytical description of fracture initiation in FR-CPB.
1.4 Thesis organization

The arrangement of this thesis is broken down into five chapters. The first chapters, as well as
presenting the thesis organization, aids in introducing relevant background information related to
the use of FR-CPB, the research gap present in the fracture behavior of FR-CPB under induced
curing pressure, and the methodologies implemented in its investigation. Chapter two provides a
comprehensive literature review of the effect of induced curing pressure on the multiphysics
process occurring in the interfacial transition zone of fiber-reinforced cementitious composites. By
presenting the state of current research on cementitious material, it captures a more detailed
analysis of findings related to the effects of induced curing pressure. FR-CPB has comparably
lower volumes of cement than concrete. The inclusion of multiple forms of cementitious material
allows for a well-rounded understanding of behavior. Chapter three details the experimental testing
program and methodologies followed in this study, allowing for transparency of data collection
methods and replicability of work. Chapter four presents the results of the experimental testing
program, auxiliary analysis, and sensitivity index. With reference to the literature review and prior
studies, an interpretation and discussion of the results are offered. The fifth and final chapter of
this thesis is used to present the most significant conclusions gained from the study. Based on the
findings, a reflection of the study and recommendations for further research in the field of research

are drawn.



Chapter 2 Literature review

2.1 Introduction

The incorporation of artificial (e.g., carbon, glass, steel) and natural (e.g., wood, hast, leaf) fibers
into the mix design of cementitious materials such as concrete [41-43], cemented soils[44—46], or
cemented backfill[44—46], has proved a novel means of addressing the tensile and shear induced
brittle failure commonly associated with such materials of limited tolerance ability for plastic
strain[47-48]. The introduction of a component of greater size to that of the cement grain leads to
the formation of a mesoscale interfacial transition zone (ITZ) between component and matrix. As
mentioned in Section 1.2. the formation of the ITZ between a larger object such as fiber or
aggregate and the bulk matrix is a result of the wall effect leading to an area of loose particle
packing and high porosity when compared to that of the bulk matrix[38]. Cementitious composites
being highly porosity dependent, the material properties of fiber-reinforced cementitious
composites (FRCC) are thus sensitive to changes within the pore structure. As such when a
comparison is done between the bulk matrix and fiber matrix interfacial transition zone (FM-ITZ),

such as in Table 2-1, the obvious discrepancies between the material properties of each respective

arca.
Table 2-1. Comparison of material properties between FM-ITZ and bulk matrix.
Type of FRCC Material Properties FM-ITZ Bulk matrix Reference
Elastic modulus (GPa) 3.7-45.5 20.1-47.6
Polypropylene fiber | 1y, 410 o¢ (GPa) 0.1-2.3 0.71-2.5 [49]
reinforced concrete
Surface roughness value (nm) 146.9-278.5 65.4-98.5
Porosity (%) 27.9-43.8 15.9-28.6
. - - [50]
Polyvinyl alcohol Permeability (m?) i14 (;1_153.15 }(12 03-217'88
fiber-reinforced
concrete Elastic modulus (GPa) 37.50+11.32 78.31+14.05
[51]
Hardness (GPa) 2.46+1.43 10.13 +£3.88
Steel fiber-reinforced Mean Hardness (GPa) 1.14 1.9 (521
cement mortar Mean creep compliance (GPa™') 0.06 0.03
Kraft pulp fiber- Elastic modulus (GPa) 72.7+14.3 17.2+5.6 (53]
reinforced cement Hardness (GPa) 5.3+1.8 04+0.2




Calcium carbonate Elastic modulus (GPa) 15.3-27.5 29.5-45.3

whisker fiber [54]
reinforced cement Hardness (GPa) 0.2-1.1 0.8-2.6
Mean tensile strength (MPa) 2.5 2.8
[55]
Steel fiber reinforced Mean fracture energy (kPa/v/m)) 109.2 143
concrete Mean Poisson’s ratio (-) 0.24 0.21
[56]
Mean elastic modulus (GPa) 94 37.8
Glass fiber-reinforced | p o 1-ive hardness (-) 1.53-2.34 1.93-2.49 [57]

cement

Such spatial heterogeneity from FM-ITZ to bulk matrix also indicates the radial anisotropic
characteristics of FM-ITZ relative to the fiber surface. Most importantly, the locally heterogeneous
and anisotropic characteristics inevitably affect the spatiotemporal distribution of stress and strain
(i.e., mechanical process), pore-water pressure (i.e., hydraulic process), temperature (i.e., thermal
process), and binder hydration products (i.e., chemical process), and thus result in a more complex
thermo-hydro-mechanical-chemical (THMC) process in FM-ITZ. As shown in Figure 2-1, the
multiphysics processes govern the evolution of material properties and state variables over the full-
field domain (including FM-ITZ) of cementitious materials. For instance, it has been found that
the formation of FM-ITZ is able to affect the crack propagation patterns in the matrix, and the
resultant multi-cracking behavior can enhance the material toughness[58]. The coarse pore
structure formed in FM-ITZ affects the local seepage behavior ¢ and the heat transfer process[59].
Moreover, it has also been confirmed that the discrepancy of pore water activity between FM-ITZ
and bulk matrix affects the formation of hydration products[60]. Because FM-ITZ constituents are
the weakest regions in cementitious materials[61], a thorough understanding of multiphysics
processes in the mesoscale FM-ITZ plays a key role in the evaluation of the effectiveness of the

fiber reinforcement technique.

Moreover, FRCCs are commonly used to produce massive structural elements exposed to various
external loadings, which in turn cause an induced curing pressure (see Figure 2-1). For example,
fiber-reinforced concrete has been widely used to cast columns, foundations, and high dams[62—
64]. Because of the limited variability of self-weight[65], the resultant dead load exerts an induced
curing pressure and accompanies the construction materials after being placed on site. Moreover,

fiber reinforcement has been considered an effective approach to improve the engineering



performance of cemented backfill materials used in underground mines[66-67]. After placement,
the backfill materials may experience large confining pressure caused by excavation contraction
and high geostress[1,68]. Consequently, the induced curing pressure influences its microstructure
and macroscale mechanical response from early to advanced ages. Similarly, the self-weight stress
of massive cement-stabilized fiber reinforced soil body also forms the induced confining pressure.
The studies[69-71] on the triaxial behavior of fiber-reinforced cemented soils have identified the
dependence of stress-strain behavior and volume change on the confining pressure. As such, an
increased understanding of the effects of induced curing pressure on the behavior of FRCCs allows
for a more comprehensive evaluation of in-situ materials and increased accuracy of engineering
design. To achieve such information, the THMC processes (as an internal governing mechanism)
function as the key to linking the induced curing pressure (as external loading conditions) to the
fiber-matrix interaction (i.e., material behavior) in the ITZ. Although extensive studies have been
conducted on FRCCs, the link between induced curing pressure, multiphysics process, and fiber-
matrix interaction has not been precisely determined. The objective of this critical literature review
is to thus uncover the evolution of THMC processes in the mesoscale FM-ITZ under induced
curing pressure, which can form the base for the accurate assessment of fiber reinforcement

techniques used in FRCCs.
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Figure 2-1. Correlation among induced curing pressure, multiphysics process, and fiber-matrix interface behavior.



2.2 Mechanical process in FM-ITZ under induced curing pressure

As the weak link between fiber and bulk matrix[72], the mechanical process in FM-ITZ governs
the extent of local fiber reinforcement and thus affects the macroscale mechanical response of
FRCCs[73-75]. For example, it has been widely observed that the macroscale mechanical
behavior of FRCCs is sensitive to changes in confining pressure. Figure 2-2 presents the typical
triaxial compressive behavior of fiber-reinforced cemented paste backfill (FR-CPB), as previously
measured in the laboratory. It can be seen that the FR-CPB shows a highly confining pressure
dependency of stress-strain relationship and volume change. It should be noted that, in terms of
stress state, the induced curing pressure plays a role similar to the confining pressure and thus
inevitably influences the macroscale constitutive behavior as well. However, the measured
macroscale experimental data cannot be used to uncover the actual contribution of fiber
reinforcement at the mesoscale. Therefore, a good understanding of the mechanical process in FM-
ITZ is a prerequisite for the development of an effective fiber reinforcement technique. To this
point, this section will discuss the significance of induced pressure on (1) stress state and
volumetric deformation and associated changes in microstructure and (2) multi-cracking process
in FM-ITZ. The critical discussion on two aspects is able to facilitate the identification of

characteristics of mechanical processes in FM-1TZ under induced curing pressure.
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Figure 2-2. Confining pressure dependency of triaxial compressive behavior of 90-day polypropylene fiber
reinforced cemented paste backfill under consolidated undrained tests: (a) deviatoric stress-axial strain curve and (b)
volumetric strain-axial strain curve.
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2.2.1 Stress State and volume change in FM-ITZ

First, the pullout load of fiber embedded into the cementitious matrix is dependent on the
interfacial contact pressure between the fiber and the surrounding matrix. For example, as shown
in 2-3, the peak pull-out response and peak load are sensitive to the interfacial contact pressure
due to the interfacial frictional bond strength between fiber and matrix[76-77]. Therefore, when
the FRCC mass is exposed to the external confining pressure, the induced curing pressures are
expected to increase the interfacial contact force and shear force along the fiber surface[78—83].
Consequently, the induced curing pressure and passively generated interfacial contact pressure
form the boundary forces acting on the mesoscale FM-ITZ. It should be noted that such boundary
forces can be immediately developed after the fresh cementitious paste is poured into the site,
especially for massive structures such as cemented paste backfill (CPB), concrete dam, and
cement-stabilized soil slope. Therefore, it is necessary to identify the effect of induced curing
pressure on volumetric changes and the stress state of FM-ITZ. For the early-age soft FRCCs,
volumetric deformation is closely related to the consolidation process induced by capillary water
seepage. For example, the gravitational effect induced upward seepage may cause water
accumulation at the top surface of cement-based materials, which has been widely observed in
concrete[84], cement paste[85], and CPB[86]. Based on Terzaghi’s consolidation theory, self-
weight consolidation is able to reduce the porosity of material with weak cohesive bond strength.
Therefore, the resultant bulk matrix densification process can be enhanced when the curing
pressure is applied to early-age soft cementitious materials[86-87]. It should be pointed out that
the denser bulk matrix under induced curing pressure will form an internal restraint boundary
condition surrounding the FM-ITZ. Most importantly, as the formation of the hardened matrix,
such restraint boundary conditions can form a type of unremovable confining pressure in the FM-
ITZ even if the induced curing pressure is released at late ages (e.g., due to the removal of dead
load from cementitious materials). Consequently, FM-ITZ, acting as the intermediary, carries such
a confining pressure to permanently increase the interfacial contact pressure along the fiber
surface. Therefore, the improvement of fiber bridging capacity and the macroscale mechanical

properties has been repeatedly observed in FRCCs under curing pressure[88-89].
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Figure 2-3. Effect of interfacial contact pressure, o, on pullout response of stainless fiber embedded into concrete
(compressive stress is considered negative)[76].

2.2.2 Multicracking behavior in FM-ITZ

Moreover, the induced curing pressure has the potential to contribute to the multiple cracking
behaviors in FRCC at late ages. Specifically, the fibers embedded into the cementitious matrix are
able to offer a bridging force across the cracks and restrain the microcracking process[88—90].
Such crack arrester role played by fibers inevitably changes the cracking paths in the FM-ITZ and
causes the crack deflection and/or branching (see 2-4). Since the open crack surfaces are subjected
to biaxial loading conditions, the induced curing pressure may enlarge the difference of principle
stresses in the vicinity of the crack surface and thus strengthen the shear or tensile stress
concentration. As a result, the induced curing pressure is able to promote the crack deflection and
branching in the FM-ITZ. In addition, when fiber slips within the matrix, the Poisson effect may
cause excessive contraction of the fibers [90]. However, due to the incompatible mechanical
properties such as elastic modulus[91], the deformation from the surrounding matrix cannot
compensate for the newly generated interfacial space between fiber and matrix. Therefore, local
stress concentration becomes theoretically inevitable along the fiber-matrix interface and thus
further contributes to the crack initiation and propagation in the FM-ITZ. The effects of enhanced
multi-cracking behavior under induced curing pressure are twofold. First, the fracture process zone
ahead of the traction-free crack can be extended, which can toughen the FM-ITZ. Correspondingly,

mechanical performance such as the energy dissipation capacity of FRCCs can be improved.



Second, the strengthened multi-cracking process in FM-ITZ also indicates larger unrecoverable
deformation formed in the vicinity of crack front region. Therefore, a stronger nonlinear post-
cracking response, including hardening/softening behavior and the hysteretic response of FRCC,
is expected under induced curing pressure. Furthermore, it is well known that the denser
cementitious materials with smaller porosity are commonly featured by desirable engineering
performance in practice. Therefore, apart from the stress state and microcracking process in FM-
ITZ, it is also of great interest to understand the effect of induced curing pressure on the
microstructure of FM-ITZ. In this regard, no published work on the microstructure change of FM-
ITZ under induced curing pressure is available in the literature. However, the effect of curing
pressure on the aggregate-matrix ITZ has been investigated. For instance, Helmi et al.[92]
investigated the effect of curing pressure on the microstructure of reactive powder concrete. In this
study, a static pressure of 8 MPa was applied to the fresh concrete samples for 5 hours until
demolding. Pressure treatment resulted in an increase in density of 7% and an increase in uniaxial
compressive strength of 33%. These results were strongly correlated to the reduction of the overall
porosity of the bulk matrix. However, it is of significance to note that this reduction in porosity
was not found in aggregate-matrix ITZ, which remained at a constant length. In other words, the
induced curing pressure has an unnoticeable effect on the consolidation process in the aggregate-

matrix ITZ and thus is unable to directly change the microstructure of ITZ.

Steel fiber

Figure 2-4. Crack deflection and branching in FM-ITZ of steel fiber-reinforced mortar[93].



2.3 Hydraulic process in FM-ITZ under induced curing pressure

Although the mechanical process, such as the consolidation process, has a limited effect on the
microstructure of ITZ, the hydraulic process is able to influence the evolution of the microstructure
of ITZ. This is because the hydraulic process is closely related to the migration of chemical ions
(e.g., sulfate ions) and the development of pore water pressure in ITZ. Since the seepage process
and water retention capacity are porosity-dependent, the formation of FM-ITZ can affect the
evolution of pore water content and matric suction in the porous media. Figure 2-5 presents the
development of volumetric water content (measured by ECH20 5TE sensor) and matric suction
(measured by TEROS 21 sensor) in FR-CPB over a curing period of 90 days in the authors’
laboratory. It can be observed that the inclusion of fibers into the bulk matrix may weaken the
development of matric suction (corresponding to a relatively high-water content) at late curing
time, which clearly indicates the great importance of identifying the characteristics of the hydraulic
process in the ITZ. Correspondingly, the discussion focuses on two aspects, including pore-water

seepage and the water retention capacity of FM-ITZ in this section.
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Figure 2-5. Evolution of (a) volumetric water content and (b) matric suction in FR-CPB and plain CPB.

2.3.1 Pore-water seepage behavior in FM-1TZ

For the pore water seepage, the induced curing pressure inevitably interferes with the spatial
distribution of hydraulic gradient through its effect on pore water pressure[94]. For example, the

rapid placement of massive cementitious materials causes the formation of extremely high self-
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weight stress and thus the generation of excess pore water pressure inside the cementitious
materials[13,95]. Due to the existence of open boundaries such as top surfaces of cementitious
materials, a higher hydraulic gradient can be formed inside cementitious mass and thus strengthen
the water seepage[33]. Moreover, due to the considerably high porosity and permeability of ITZ
compared with surrounding mortar[38], ITZs become the preferential channels for the
strengthened pore-water seepage[96]. The higher hydraulic gradient and larger permeability will
increase the seepage velocity in FM-ITZ. The increased seepage velocity can be indirectly
confirmed by changes in the dissipation rate of excess pore water pressure in FRCCs. For instance,
Festugato et al.[97] studied the excess pore water pressure of fiber-reinforced cemented paste
backfill under cyclic loading conditions. As shown in Figure 2-6, the FRCC specimens (see Figure
2-6b) had an excess pore water pressure of around 40 kPa and showed a 27% reduction in excess
pore water pressure compared to that (approximately 55 kPa) of the non-reinforced specimens (see
Figure 2-6a). The enhanced local seepage in FM-ITZ cannot only affect the evolution of pore water
pressure and effective stress, but also has the potential to affect the microstructure of ITZ. This is
because the particle segregation process of fresh cementitious materials is commonly accompanied
by the upward seepage in cementitious materials. For example, excessive concrete bleeding and
water ponding at the surface of cemented paste backfill [98] have been widely observed in practice,
which can directly interfere with the uniform distribution of fine particles such as cement grains
in the matrix. As a result, the locally progressive loss of cement grains with capillary water seepage
will weaken the pore refinement by the hydration products and result in a relatively coarse pore
structure[99]. Such coarsening process can be future promoted due to the locally rapid seepage in
FM-ITZ. Consequently, strengthened seepage in ITZ under induced curing pressure has the
potential to weaken the development of bond strength of ITZ during the very early ages and thereby
partially offset the contribution of effective stress to the strength improvement of cementitious

materials.
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Figure 2-6. Excess pore water pressure dissipation in (a) cemented paste backfill and (b) fiber-reinforced cemented
paste backfill under cyclic shear loading [97].

2.3.1 Evolution of water retention capacity in FM-ITZ

The water drainage associated with pore water seepage contributes to the transition from a fully to
partially saturated state inside cementitious materials[4,95]. When the cementitious materials
transit into the unsaturated state, the pressure jump (i.e., capillary matric suction) across the curved
air-water interface gradually forms and is balanced by the surface tension of the air-water
interface[100-101]. Moreover, the adsorbed water around the particle surfaces and absorbed water
inside particles can further contribute to the development of matric suction in the porous
media[102]. For example, Simms and Grabinsky[103] found that a reduction of the volumetric
water content of 2% yielded an increase in matric suction of 80 kPa within CPB materials. Since
matric suction tends to pull the solid skeleton together, the material strength can be improved with
the development of matric suction. Therefore, it is important to evaluate the matric suction and the

associated water retention capacity of granular materials.

Based on the Yong-Laplace equation, ¥=2Tscoso/r (with surface tension Ts, contact angle a, and
pore radius r), the pore size affects the magnitude of matric suction and thus the water retention
capacity. As discussed in Section 2.2.1, the induced curing pressure is able to cause the discrepancy
in the consolidation process in the FM-ITZ and bulk matrix. Therefore, the pore-size dependence

of water retention capacity indicates that the induced curing pressure can exaggerate the deficiency
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in water retention capacity between bulk matrix and ITZ[104]. The effects of differential water
retention capacity are twofold. First, the weaker water retention capacity in the FM-ITZ leads to
the additional pore-water migration from FM-ITZ to the bulk matrix and thus further reduces the
water content in FM-ITZ. Second, the relatively low water content in ITZ under induced curing
pressure directly affects the contribution of matric suction to the material strength. This is because
matric suction is developed through surface tension along the air-water interface. When the water
content decreases, the contact area between pore water and solid particles is reduced accordingly.
Correspondingly, the developed matric suction only acts on the limited surfaces of solid particles
(see Figure 2-7). As a result, the lower water content weakens the contribution of matric suction
to the material strength in FM-1TZ compared with the counterpart in the bulk matrix under induced
curing pressure. Therefore, it is of great importance to incorporate the water retention capacity into
the evaluation of the material strength of FRCC under induced curing pressure, especially for
cementitious materials with low cement content. This is because the matric suction and cohesion
are more comparable in soft FRCC with low cement content. For instance, the cohesion of 28-day
CPB with a cement content of 4.5% is commonly in a range of 150 to 250 kPa[105], while the
matric suction can reach up to 100 kPa in the 28-day CPB materials[106]. Therefore, the matric
suction plays a critical role in improving the materials strength of FRCC under the induced curing

pressure.

Development of matric suction

water Aggrégate particles

Figure 2-7. Evolution of matric suction and water content in FRCC.
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2.4 Thermal process in FM-ITZ under induced curing pressure

After placement into the pour site, a complex thermal process occurs in FRCC under the field
thermal loading conditions. The internal temperature evolves with heat conduction by a local
temperature gradient, heat advection by the pore-water seepage, and heat generation by the binder
hydration[107]. The evolution of temperature and subsequent temperature gradient formed
between components of cementitious material is of great significance to the development of
internal stresses acting on its microstructure[ 108—111]. As the weakest link between fiber and bulk
matrix, FR-ITZ is more susceptible to the resultant thermal deformation. Correspondingly, the
thermal incompatibility of different constituents of FR-ITZ may result in the cracking at the
mesoscale and thus macroscale damage, which eventually adversely affects the mechanical
performance of FRCC. Therefore, the discussion in this section will provide an insight into the
evolution of the heat transfer process and thermal deformation of FR-ITZ under induced curing

pressure.

2.4.1 Heat Transfer in FM-ITZ

The evolution of temperature in FM-ITZ is governed by heat conduction, heat advection, and heat
generation. Therefore, it is necessary to identify the evolution characteristics of each contributor.
The convective heat transfer process is driven by the migration of pore fluid, including capillary
water and pore air. The characteristics of seepage behavior in FM-ITZ have been discussed in
Section 2.3.1. This section will focus on the conductive heat transfer process and heat generation
in the FM-ITZ under induced curing pressure. For the conductive heat transfer process, Fourier’s
law (g=-K7 VT with ¢ heat flux (W/m?), K7 thermal conductivity (W/mK), and T temperature (K))
is widely adopted to analytically describe the evolution of heat flux by the local gradient of
temperature. In terms of thermal properties, thermal conductivity is a porosity- and saturation-
dependent quantity which is affected by the composition and mutual configuration of each
individual component in the multiphase porous media[112]. During early ages, the thermal
conductivity of fully saturated FMCC depends only on the solid phase and liquid phase. As
discussed in Section 2.2.1, the primary consolidation due to the water seepage mainly occurs in
the bulk matrix and has very limited influence on the microstructure of FM-ITZ. Consequently,
the induced curing pressure will further enlarge the discrepancy in the microstructure of the bulk

matrix and FM-ITZ and result in substantial changes in the porosity-dependent thermal
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conductivity in the bulk matrix. Since the thickness of FM-ITZ is commonly in the range of 20um
to 100um[39,55-56], a steep gradient of temperature difference is expected in the FM-ITZ to
maintain the local thermal equilibrium, which not only complexifies the conductive heat transfer
process, but also drives the further development of thermal deformation in this weak and narrow

zone under induced curing pressure.

Moreover, when the FMCC transfers into a partially saturated state at the advanced ages, a
dramatic decrease in the apparent thermal conductivity has been widely measured in FMCC (see
Figure 2-8). This is because the thermal conductivity of pore air is approximately one order of
magnitude smaller than that of pore water[113]. The increased pore air content reduces the
magnitude of apparent thermal conductivity of the FRCC and thus retard the conductive heat
transfer in the unsaturated porous media. Since the induced curing pressure is able to exaggerate
the difference in water retention capacity between FM-ITZ and bulk matrix[104], additional water
displacement will occur from FM-ITZ to bulk matrix. Consequently, lower water content is
expected in FM-ITZ under induced curing pressure. As a result, the induced curing pressure can
further reduce the thermal conductivity of FM-ITZ relative to that of the bulk matrix, which

indicates an enhanced temperature gradient between FM-ITZ and the bulk matrix.
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Figure 2-8. Dependence of thermal conductivity on the volumetric water content in FRCC (FC: fiber weight content
w.r.t. the total weight of solid phase)[114].
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Cement hydration is an exothermic chemical reaction process. After mixing with water, the major
clinker phases of cement, viz. tricalcium aluminate (C3A), tricalcium silicate (C3S), dicalcium
silicate (C2S), and tetracalcium aluminoferrite (C4AF), demonstrate different hydration rates[115],
[116], which are accompanied by the release of a substantial amount of heat energy. More
precisely, the C3S, C2S, and C4AF are able to release approximately 259-502 kJ/kg of heat, while
C3A can release around 865 kJ/kg[117]. Several studies[118—120] on cement hydration have
reported that the hydration rate is sensitive to changes in curing pressure. As shown in Figure 2-9,
the curing pressure is able to increase the hydration rate at a given curing time. This is because the
curing pressure can induce the formation of microcrack at the interface between an unhydrated
cement particle and hydrated cement matrix, especially in the early-age weak cement paste[121].
Consequently, the resultant microcrack will enhance the capillary water diffusion from hydrated
to unhydrated cemented particles and, thereby, the hydration rate. Correspondingly, a proportional
increase in heat generation can be obtained from cement hydration under induced curing pressure.
Due to rapid cement hydration during the early ages, the enhanced heat generation under induced
curing pressure will further strengthen the change in the temperature gradient with curing time,
which inevitably contributes to the thermal deformation in the FM-ITZ. A detailed discussion on

the thermal deformation in FM-ITZ under induced curing pressure will be presented in Section
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Figure 2-9. Dependence of cement hydration rate on curing pressure[120].
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2.4.2 Thermal deformation in FM-ITZ

The thermal deformation ¢r can be determined by the product of the coefficient of thermal
expansion (CTE) and temperature gradient V7. As discussed in Section 2.4.1, to maintain the local
thermal equilibrium, a steeper temperature gradient develops between FM-ITZ and bulk matrix
under induced curing pressure and thus further enlarges thermal deformation in the FM-ITZ.
However, the difference in CTE of constituents of FMCC will lead to strong thermal
incompatibility. In this regard, it should be pointed out the structure of hydrated cement is highly
complex and composed of capillary pores in which water molecules can be located[122]. However,
the water confined in the micro- and meso-pores of hydration products exhibits considerably high
CTE compared with bulk water[123]. For example, as shown in Figure 2-10, the recent
experimental studies [124-125] show that the thermal expansion of confined water increases with
the reduction in the pore size and thus indicates an increased CTE of confined water in smaller
capillary pores. In addition, as shownin Table 2.2, the solid constituents (i.c., aggregates, fibers,
unhydrated cement particles, and hydration products) of FMCC also possess different CTE and
thereby further exaggerate the thermal incompatibility between different solid phases.
Consequently, the steeper temperature gradient in FM-ITZ will lead to a larger thermal
deformation in the hardened hydration products such as C-S-H. Due to the critical bonding role
played by the hydration products, the differential thermal deformation, and associated microcracks
inevitably cause structural damage to the hydration products and thus the material degradation.
Moreover, compared with material degradation in the bulk matrix, the thermal deformation-
induced microcracks are able to impose more severe damage to the cohesive strength in the weak

FM-ITZ, and influence the effectiveness of fiber reinforcement at the macroscale.
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Figure 2-10. Dependence of thermal expansion of confined water on pore size[125].

Table 2-2 Summary of porosity- and saturation-dependent models for thermal conductivity of porous media.

Constituent of FRCC Coefficient of thermal expansion (10%/K) | Thermal conductivity (W/mK)
Aggregate

Quartz 12.6 [126] 7.7-8.4 [127]

River gravel 12.51 [128] 0.55[129]

Granite 5.60-9.5 [130] 3.247[131]
Limestone 2.8-5.52[132] 2.955-3.792 [133]
Sand 0.32-0.43 [134] 0.3-0.8 [134]
Binder agent

Cement paste 10-27 [110] 0.8-1.2 [135]

CSH 42-99.1 [136-137] 0.98 [136]

CH 45-70 [134,138] 1.32[139]

Fiber

Synthetic fiber 70-100 [140-141] 0.22-0.31 [142-143]
Steel fiber 12-36 [144-145] 53 [146]

Natural fiber 22-45[147] 0.0341-0.0599 [148]
Pore fluid

Confined water 70-200 [149] 0.25-1.25 [150]
Pore air 2,500 [151] 0.026 [152]




2.5 Chemical process in FM-ITZ under induced curing pressure

The evolutive strength of FMCC plays a critical role in their engineering performance during the
service life, which is dominated by the progress of cement hydration. Correspondingly, it is
necessary to identify the effect of induced curing pressure on cement hydration. The hydration of
cement particles begins with the nucleation and growth of hydrates on the surface of the particle
and continues until the surface of the particle is fully enveloped. It is well known that cement
hydration kinetics are strongly dependent on the moisture diffusion through the gel pores of
hydration products[87,153-154]. Correspondingly, the discussion on the effect of the induced
current pressure on the integrated diffusion-reaction process can facilitate the identification of
characteristics of cement hydration kinetics (Section 2.5.1) and hydration products (Section 2.5.2)

in FM-ITZ.
2.5.1 Cement hydration kinetics in FM-ITZ

For cement hydration, the chemical compositions of cement mainly consist of four different clinker
phases, including Cs3S, C.S, C3A, and C4AF. Previous experimental studies [116,155-156] found
that these four major clinker phases react with water at different rates. Most importantly,
experimental studies have confirmed the sensitivity of cement hydration kinetics to curing
pressure[87,157]. However, it is still unclear whether the individual constituent phase hydrates
independently or at equal fraction rates. Consequently, it is generally accepted that the overall
hydration progress is approximated by a degree of hydration. Extensive studies have been
conducted to describe the hydration process analytically. The typical microscopic and macroscopic
models for cement hydration have been summarized in Table 2-3 The proposed models have been
used to characterize the effects of chemical composition[158], mixing parameters such as water-
to-cement ratio [159] , and external curing conditions such as curing temperature[160].
Meanwhile, these cement hydration models can also be integrated into the multiphysics modeling
for cementitious materials[107,161-164]. A detailed discussion on the cement hydration models

has been presented in previous publications[164—-166].
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Table 2-3. Typic cement hydration models.

Group Typical models Remarks

Jennings-Johnson model [167] Aimed  to capture the actual

chemical process.

CEMHYD3D model [160]

Microscopic models HYMOSTRUC model [168] The chemical, physical, and

mechanical characteristics of

HydratiCA model [159] cement hydration are required in the

modeling process.

Knudsen model [169]
Established based on the macroscale

HSTA model [170] experimental observation and thus
belong to empirical models.
Macroscopic models CFOP model [171]
Schindler-Folliard model [158] Evaluate the overall degree of

cement hydration.
Bentz model [172]

However, relatively limited models were developed to capture the effect of curing pressure on the
cement hydration kinetics. The present studies mainly focus on the experimental investigation of
the dependence of cement hydration on the curing pressure. For instance, Bresson et al.[119]
identified that the extent of hydration reaction of cement and C3S can be significantly different
when the curing pressure is applied, especially at early ages. Moreover, Zhang et al.[173] utilized
an ultrasonic cement analyzer to analyze the hydration kinetics and found that the increased
pressure facilitates the ingress of water into the specimen and thereby accelerates the cement
hydration (see Figure 2-11). Consistent results have also been observed in other studies[174-176].
In terms of a quantitative assessment of the effect of curing pressure, several mathematical models
were proposed to predict the cement hydration under isothermal and isobaric curing conditions.
For example, Pang et al.[177] incorporated a scale factor into the Arrhenius equation to capture

the dependence of cement hydration kinetics on curing temperature and pressure.
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where & is dimensionless hydration degree, t is curing time (s), Ci (i=1 to 4) are fitted constants, Ea
denotes the apparent activation energy (J/mol), AV is the apparent activation volume (m*/mol), R
is the gas constant (8.314 J/mol-K), Tr and T are a reference and actual curing temperature (K), P:
and P are a reference and actual curing pressure (Pa). For Eq. (2-1), it should be noted that the
curing pressure and temperature are explicitly assumed to play similar roles in the progression of
cement hydration. Moreover, according to the predicted results from Eq. (2-1), it was found that
the effect of curing pressure on the cement hydration kinetics is weaker than that of curing
pressure, which is consistent with the experimental findings[178]. For example, Scherer et al.[179]
reported that a pressure change of 3.7 MPa is approximately equivalent to a temperature change
of 1 °C, in terms of its effects on the rate of cement hydration. Due to the high predictability of the
combined effect of curing pressure and temperature, Eq. (2-1) has been widely used in the field of

oil-well cement under complex field loading conditions[177-180].

The mechanisms governing the improvement of hydration kinetics under curing pressure are
trifold. First, the diffusion of water through the gel pores of hydration products such as Calcium
Silicates Hydrates (CSH) is driven by the pore humidity or chemical potential gradient between
the exterior of the CSH shell and interior anhydrous cement particles through the gel pores[181].
Prior to the formation of a completely enveloped shell, the rapid initial hydration draws water from
capillary pores creating nano-scale globules of CSH on the surface of the anhydrous cement
grain[182]. Since induced curing pressure is able to increase the hydraulic gradient in ITZ, the
accelerated inward transport of pore water pressure promotes the extent of hydration at interfaces
between hydrated and anhydrous cement grains. Second, apart from the direct enhancement of
water diffusion through the capillary pores of hydration products, it has also been found that
capillary pressure affects the pore water activity, which is defined as the change in the chemical
potential of liquid water from its pure state. It has been confirmed that the rate of cement hydration
is dependent on pore water activity. The relationship between pore water activity axand pore water

pressure Pis given by Flatt et al.[60] :
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where RH is the relative humidity in the porous media (%), is the molar volume change of pore
water in the cement hydration (cm*/mole), P is water pressure (MPa), and P is a reference pressure
(MPa) above which condensation in a reservoir of bulk pure water will occur at the same
temperature, R refers to the ideal gas constant (8.3145J/mol-K), and T is the temperature (K). It
should be noted that the dependence of water activity on the capillary pressure plays a more
important role in the unsaturated cementitious materials. As discussed in section 2.3, the transition
of FRCC from a fully to partially saturated state leads to the development of negative pore
pressure. However, the induced curing pressure results in less negative pore pressure in the porous
matrix, which in turn weakens the reduction in the water activity and maintains the continuous
cement hydration at advanced ages. For example, without consideration of induced pressure, it has
been reported that cement hydration stops below 80% relative humidity associated with a more
negative pore water pressure[183-184]. Such findings clearly indicate the critical role played by a
less negative pore water pressure under induced curing pressure. Third, as shown in Figure 2-12,
the microcracking process can be promoted under applied curing pressure [120] and thus form the
accessible channels between hydrated, partially hydrated, and anhydrous cement. Consequently,
the resultant microcracks in the cement matrix are able to enhance the pore-water migration and
improve the contact between pore water and anhydrous cement. Therefore, due to the combined
effect of the hydraulic gradient in ITZ, pore-water activity, and microcracking process, accelerated

cement hydration can be expected under high curing pressure.
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Figure 2-11. Dependence of cement hydration on curing pressure at 38°C [173].

Figure 2-12. Microcracking in C3S matrix under a stress of 6.8MPa after 18-hour hydration (a) 350x (b) 300x [120].

2.5.1 Hydration products in FM-ITZ

As uncovered by previous experimental studies, the mesoscale FM-ITZ possesses a very limited
thickness relative to the solid surface of fibers in the matrix. Correspondingly, the microstructure
development in FM-ITZ is expected to be sensitive to the changes in curing conditions, including
the induced curing pressure. The direct influence of induced curing pressure on the microstructure
of FM-ITZ has been discussed in Section 2.3. It has been found the induced curing pressure has
an unnoticeable effect on the consolidation process in the ITZ. As a result, the solid particles are
unable to bind intimately with the relatively large solid surface of fibers due to the wall effect[185].
For instance, the thickness of ITZ in reactive powder concrete shows an insignificant reduction

from 17.3um to 16.9um when curing pressure changes from 0 to 8MPa [92]. Therefore, the
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induced pressure has a weak influence on the microstructure of FM-ITZ in terms of thickness and
porosity. However, as discussed in Section 2.55.2, the induced curing pressure is able to influence
the hydration rate and thus the formation of hydration products in FM-ITZ. More precisely, the
induced curing pressure can enhance the hydration rate and thus generate more hydration products
in FM-ITZ at a given curing time, which further contributes to the interfacial bond strength
between fiber and solid particles. Therefore, a stronger and stiffer FM-ITZ with unnoticeable

change in porosity and thickness will be developed under the induced curing pressure.

Moreover, the induced curing pressure is able to interfere with the microstructure of hydration
products as well. Specifically, as the key contributor to the mechanical strength of cementitious
materials, CSH is the dominant hydrate formed in the pozzolanic reaction and can be further
distinguished into high-density (HD) and low-density (LD) CSH phases [186], which have been
recognized as two structurally distinct but compositionally similar CSH phases[187]. Multiple
advanced characterization techniques, including atomic force microscopy[188], small angle
neutron scattering[189], and transmission electron microscopy (TEM)[190], have been utilized to
investigate the microstructure of CSH. For instance, the distinctive morphology of HD CSH and
LD CSH can be clearly observed by the TEM image (see Figure 2-13). This HD CSH has greater
mechanical strength that can be linked to the higher packing density of the hydrate[191] and thus
positively contribute to the improvement of material engineering performance[192-193]. Most
importantly, there exists a correlation between the production of HD CSH and curing pressure. For
example, Kim et al.[194] have reported that increased curing pressure may lead to a higher order
of silicate polymerization of CSH and thus greater production of HD CSH. More specifically, they
have found the degrees of connectivity of the hardened cement hydrates increase by 13% when
curing pressure increases from 0.1MPa to 10MPa. Therefore, the induced curing pressure not only
facilitate the generation of more hydration products at a given curing time but also improve the

quality of hydration product through the enrichment of HD CSH in the FM-ITZ.
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Figure 2-13. TEM image of LD CSH and HD CSH in a mature C3S paste (CH: calcium hydroxide)[195].

However, the induced curing pressure can also impose a deleterious effect on the formation of
hydration products. This is because, compared with the bulk matrix, the resultant larger porosity
indicates higher water content and water-to-cement ratio exist in the FM-ITZ. Consequently, more
large crystals such as CH and expansive phases such as ettringite (AFt) can be generated in the
large pore space of FM-ITZ [186-187]. However, as discussed in Section 2.3, the induced curing
pressure is able to strengthen the pore-water seepage in the FM-ITZ, which may cause not only a
relatively low water content but also a progressive loss of fine cement particles. Consequently,
induced curing pressure also has a tendency to weaken the formation of hydration products in the
ITZ. Such adverse effects associated with induced curing pressure can be further enhanced in the
soft cementitious materials with high water content, such as CPB materials. The positive and
deleterious effects of induced curing pressure on the production of hydration products clearly
indicate the multiphysics processes must be fully considered and evaluated for the assessment of

the critical role played by FM-ITZ and the effectiveness of fiber reinforcement technique.
2.6 Discussion of the effects of induced curing pressure on the FM-ITZ

Although experimental investigation can improve the understanding of the mesoscale response of
FM-ITZ, advanced quantitative analysis tools are required for successful engineering
implementation of fiber reinforcement techniques in practice. In this regard, due to the complexity
of multiphysics processes, the mathematical modeling approach can be used as an effective means.

The macroscale multiphysics modeling for the fiber-reinforced matrix has been subject to
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extensive research, and the relevant work has been summarized in the previous literature
review[196-197]. However, the macroscopically homogeneous materials are commonly assumed
by the macroscale modeling for the composite materials, which is invalid for the mesoscale FM-
ITZ. This is because FMCC comprises spatially different material compositions and structures in
the mesoscale FM-ITZ and thereby results in gradually varying material properties. As a result,
the reliability of a robust multiphysics modeling tool depends on the prediction accuracy of spatial
variability in FM-ITZ. Two fundamental aspects, including geometric and material heterogeneity,
must be evaluated for the consideration of inhomogeneities in FM-ITZ. The geometric
heterogeneity is mainly related to geometric properties of constitutional phases. For the solid
phase, due to the dependence of pore size on particle size, the particle size distribution can be used
as a key to capture the particle size-induced heterogeneity. For the fluid phases, the interaction
between liquid pore water and gaseous pore air and their contribution to the solid phase can be
characterized by the water retention curve. Most importantly, the water retention capability is
sensitive to the changes in particle size. Therefore, the particle size distribution and water retention
curves associated with FM-ITZ can provide valuable information for the characterization of the

inhomogeneity in FM-ITZ.

Moreover, to evaluate the in-situ engineering performance of FMCC, the external loading
conditions and internal governing mechanisms must be fully considered. Most importantly,
couplings among different multiphysics processes result in a more complex material response in
FM-ITZ under induced curing pressure. For the mechanical process, the mechanical deformation,
such as the multicracking process in FM-ITZ, affects the porosity-dependent material properties,
including hydraulic conductivity and thermal conductivity. Consequently, the pore-water seepage
and heat transfer in FM-ITZ inevitably demonstrate the dependence on the mechanical process,
which causes the associated evolution of pore-water pressure and temperature in the FM-ITZ. For
the hydraulic process, the pore water pressure changes are respectively related to the magnitude of
effective stress and matric suction in fully and partially saturated FMCC and thus influence the
mechanical process. Moreover, the seepage process also governs the heat advection in the FM-
ITZ. In addition, the moisture content changes induced by the seepage process affect the
progression of cement hydration in FM-ITZ. For the thermal process, the heat transfer process
causes the temperature evolution and influences the temperature-dependent cement hydration rate.

Meanwhile, the difference in CTE of constituents of FMCC leads to the strong thermal
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incompatibility between different solid phases, and the resultant thermal deformation directly
affects the mechanical response of the FMCC. For the chemical process, cement hydration plays
a critical role in the development of material strength, and the exothermic hydration process is able
to interfere with the evolution of temperature in FM-ITZ as well. In addition, the chemical reaction
consumes the pore water and thus causes water pressure dissipation. Therefore, the coupling
among different multiphysics processes must be fully considered to evaluate the mesoscale

response of FM-ITZ under induced curing pressure.

The engineering application of advanced mathematical tools depends on their predictability.
Therefore, extensive experimental data, including the mesoscale material response and material
properties, are required for the model validation. In terms of mesoscale measurements associated
with FM-ITZ, advanced experimental instruments have been developed. For the mechanical
process, the indentation technique has been widely adopted to evaluate the mesoscale load-
displacement behavior and properties (e.g., hardness and Yong’s modulus) of ITZ. Moreover, the
2D and 3D digital image (or volume) correlation technique has been successfully employed to
measure full-field deformation. For the hydraulic process, the small length scale and multiphase
flow associated with unsaturated FRCC lead to the challenge of measuring pore-scale seepage
behavior. Correspondingly, the experimental microfluidic investigations can be considered a
promising approach to capturing the real-time dynamics of pore-scale flow and transport. Since
the microfluidic devices have been successfully used to investigate flow and transport in porous
media[198-199], this visualization technique has the potential for the characterization of mesoscale
seepage behavior in the FM-ITZ. For the thermal process, the measurement of mesoscale real-time
spatial thermal distribution and its evolution over time has been a challenging task. In this regard,
the micro/nano-meter thermal senor (e.g., electrical and fluorescent thermal sensors) can be used
to measure the local temperature at the mesoscale[200], while infrared thermometry has been used
as an effective real-time spatial temperature imaging technique. For the chemical process,
enormous techniques have been developed to characterize the cement hydration process, such as
synchrotron X-ray diffraction tomography[201], nuclear magnetic resonance spectroscopy[202],

and scanning electron microscopy[203].

Since the limitation of computing power imposes the bottleneck on the engineering application of

mesoscale models into the field scale project, an accurate 3D spatial depiction of massive FRCC
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through mesoscale models is generally not affordable at the scale of interest of most real projects
nowadays. Unavoidably, upscaling techniques and the associated multiscale modeling approaches
have been routinely used to calculate the homogenized model parameters and reduce the numerical
effort and memory demand for the numerical analysis. The multiscale modeling approach is
incredibly powerful and allows us to thoroughly probe the multiphysics process at a smaller scale
and seamlessly integrate the governing mechanisms at the macroscale to evaluate the response of
the overall system. Consequently, the multiscale modeling approach has been widely applied to a
broad range of scientific and engineering problems[204]. Systematic literature reviews on
multiscale modeling have been performed in previous studies[205-208]. However, it should be
pointed out the fundamental reason for using the multiscale modeling approach is the present
availability of computational power. With the increasing computing power, the multiscale
modeling technique is expected to play a weaker role in the quantitative analysis of FRCC

materials in the future.
2.7 Conclusions from Literature Review

As the weakest region in cementitious materials, the mesoscale FM-ITZ under induced curing
pressure plays a key role in the effectiveness of the fiber reinforcement technique. Therefore,
extensive studies have been conducted to identify the influential factors and associated governing
mechanisms responsible for the development of FM-ITZ. Based on the present critical review of
the multiphysics process in FM-ITZ, it has been found the complex thermo-hydro-mechanical-
chemical processes occur simultaneously and govern the material response inside the FM-ITZ.

Following conclusions can be made based on the review.

(1) For the mechanical process, the induced curing pressure is able to strengthen seepage in ITZ
and has the potential to weaken the development of bond strength of ITZ during the very early
ages, thereby partially offsetting the contribution of effective stress to the strength
improvement of cementitious materials.

(2) An enhanced densification process can be formed in the bulk matrix under induced curing
pressure and therefore form a locked confining pressure boundary condition around the FM-
ITZ. The resultant changes in a stress state and enhanced multicracking behavior can further

toughen the FM-ITZ.
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(3) For the hydraulic process, strengthened seepage in FM-ITZ under induced curing pressure has
the potential to weaken the development of bond strength of ITZ during the very early ages
and thereby partially offset the contribution of effective stress to the strength improvement of
cementitious materials.

(4) The induced curing pressure is able to cause the discrepancy of the consolidation process
between FM-ITZ and bulk matrix. As a result, the pore-size dependence of water retention
capacity further exaggerates the deficiency in water retention capacity between bulk matrix
and ITZ under induced curing pressure.

(5) For the thermal process, the induced curing pressure can cause a steeper temperature gradient
in the saturated and unsaturated FM-ITZ and thus influence the heat transfer process and
temperature evolution in FM-ITZ.

(6) Due to the different CTE of confined water and solid constituents of FMCC, the thermal
incompatibility further contributes to the formation of microcracks in FM-ITZ under induced
curing pressure and thus affects the effectiveness of fiber reinforcement.

(7) For the chemical process, the induced curing pressure is able to enhance hydration kinetics due
to the combined effects of the hydraulic gradient in ITZ, pore-water activity, and
microcracking process. However, compared with the effect of curing pressure, the influence
of induced curing pressure on the hydration rate is weaker.

(8) Due to the dependence of cement hydration on curing pressure, more hydration products
(especially the HD CSH) can be formed in FM-ITZ. However, the enhanced seepage behavior

can also weaken the formation of hydration products in ITZ under induced curing pressure.
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Chapter 3 Experimental testing program

3.1 Materials

The materials used in the batching of the CPB and FR-CPB samples consisted of Portland Cement
Type 1 (PCI), tap water, ground silica tailings, and 12mm polypropylene fibers. Ground silica
tailings were chosen over that of tailing sourced from the industry as the material provided
chemical stability not available in that of natural tailings. Tailings sourced from industry will
contain varying levels of sulfides along with other chemicals allowing for variability in hydration
products. To ensure replicability between tests, an artificial non-acid generating material was
required. With much of Canadian hard rock mining being quartz-based, ground silica was chosen
as its representative. Figure 3-1 presents a particle size distribution for the ground silica material.
The calculated coefficients of uniformity and curvature are listed in Table 3-1. The polypropylene
fibers used in testing were sourced from the Euclid Chemical group. The properties of the fibers

are summarized in Table 3-2.

100

Cumulative Volume percentage (%)
i
S

0.1 1 10 100 1000
Particle Size (um)

Figure 3-1 Particle Size Distribution.

Table 3-1 Grade Curve Characteristics.

D10 D30 D60 Cu Cc
(um) (um) (um) ) )
222 9.52 27.60 12.42 1.48
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Table 3-2 Fiber Properties.

Properties List (unit) Value
Specific Gravity (-) 0.91
Length(mm) 23
Diameter (um) 54
Electrical and Thermal Conductivity Low
Water Absoption (-) Negligible
Acid and Alkali Resistance Excelent

3.2Mix recipe and specimen preparation

Specimens used in this study were individually batched in volumes consistent with ASTM standard
C39 plastic cylinder moulds, dimensions 10cm in diameter by 20cm in height. As indicated by the
field studies referenced in section 1.2, large volumes of CPB have been found to contain different
volumes of cement when sampled in the field. In order to maintain consistency between the
specimens used in testing, it was decided that each mix should be individually batched. As
summarized in Table 3-3, the mix recipe followed in the batching of specimens contained a cement
content of 4.5% and a water-to-cement ratio of 7.6. The FR-CPB samples contained an additional
0.5% fiber reinforcement content. A combined method of manual and mechanical mixing was
adopted throughout this study. The mechanical mixing of samples was completed using a Kitchen

Aid D100 mixer set to the second lowest rotational setting (Figure 3-2).

Figure 3-2 (a) Kitchen Aid Mixer (b) CPB in cylinder mold.
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Table 3-3 Mix Design.

Curing Curing Times
Group Mix Recipe Tests per Age | Fracture Modes | Total Tests
Pressure (Days)
W/C=17.6
B
1A 0 kPa Cm=4.5% 3,7,28, 56 36xXE§\ICDB 1/11/11I 36
Fc=0.5%
W/IC=17.6 6 x SCB
1B 0 kPa Crm = 4.5% 3,7,28, 56 3 x ENDB 1/11/11I 36
W/IC=17.6
2A 100 kPa Cm=4.5% 3,7,28, 56 36XXE§\]C];3B I/11/110 36
Fc=0.5%
W/C=17.6 6 x SCB
2B 100 kPa Cim = 4.5% 3,7,28, 56 3 x ENDB I/11/110 36
W/C=17.6
6 x SCB
3A 200 kPa Cm=4.5% 3,7,28, 56 3 xXENDB I/11/110 36
Fc =0.5%
W/IC=17.6 6 x SCB
3B 200 kPa Crm = 4.5% 3,7,28, 56 3 x ENDB 1/11/1II 36

Note: water to cement ratio (W/C),cement content (Cm),fiber content (Fc),semicircular bend test (SCB),end notch
bend test (ENDB).

Dry materials were first added to the bowl and mixed by hand for a period of 1.5 minutes to ensure
the even distribution of the binder within the mix. For the FR-CPB mixtures, fibers were also
added at this preliminary stage. It should be noted that the fibers were manually separated prior to
their addition to allow for even distribution and reduce the potential for fiber clumping within the
mix. Figure 3-3 highlights the difference between fibers before and after separation. After mixing
the dry materials, water was added to the mixture, and the contents were manually mixed for an
additional 1.5 minutes. By manually mixing the contents of the CPB/FR-CPB, the potential for
freestanding water to splash out of the bowl during mechanical mixing became negligible.
Mechanical mixing was conducted for a period of 7 minutes, pausing the procedure periodically
to remove the build-up of material from the sides of the bowl. The freshly mixed material appeared,

as can be seen in Figure 3-2b.
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Figure 3-3 Polypropylene Fibers (a) before and (b) after separation.

The placement of mixed contents followed a modified version of ASTM C31 for concrete cylinder
testing. The use of rodding between each lift of material placed into the mold was neglected as it
was found in the initial pre-trial design to result in additional voids within the cured samples. The
mixed material was instead placed into the mold in three equal parts, with a rubber mallet being
used to consolidate the material between lifts. After adding the total volume of material to the
mold, plastic wrap was used to cover the exposed surface and secured with electrical tape. The
plastic wrap was sealed tight against the sides of the mold to prevent loss of moisture during the
curing process; however, the wrap itself was loose to allow for deformation of the sample as a
result of the induced curing pressure. Specimens were cured for 3, 7, 28, and 56 days at pressures
of 0,100 and 200 kPa. A cylinder mold contained enough cured material to create either three
circular specimens or six semi-circular specimens (dimensions and procedures for the creation of
these are described in section 3.4). The testing program focused equal components on that of CPB
and FR-CPB, the denotation of fiber inclusive samples having the letter A affixed to their group
number and B for that of the fibreless samples. Each test conducted during this study was
completed three times. In total, 48 cylinders were cast, allowing for a total of 216 semicircular

bend (SCB) or end notch disc bend (ENDB) tests to be performed.
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3.3 A new curing pressure apparatus

Extensive research was conducted into prior designs of pressure curing systems. The systems
created and used in studies of Belem et al. [209], Yilmaz et al. [31], and Ghirian and Fall [33] each
performed exceptionally well in capturing the in-situ characteristics of CPB. The caveat within
this study was the desire to create a cost-efficient system capable of curing multiple cylinders at
once. With the number of specimens required to complete the testing program of this study, a
system capable of meeting the demand was necessary. As such, a new pressure curing system was
created and adopted for use in this study. The curing tank system consisted of four modified levlor
spray paint pressure pots, two tanks with a capacity to cure four cylinders, and an additional two
tanks each with the capacity to cure two cylinders allowing for a total of 12 cylinders to be cured

at any given time (Figure 3-4).
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Figure 3-4 Pressure tanks.

In order to utilize the tanks as a pressure curing system, the following modifications were required.
Two internal shafts, one for the paint mixer and the other for the distribution outlet, had to be
removed from the system (Figure 3-5a). The internal component of the paint mixer was cut from

the system, and the distribution shaft was unscrewed and sealed to prevent pressure fluctuations.
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A dial gauge capable of reading pressure in kilopascals with an accuracy of 5 kPa was fixed to the
top of each tank (Figure 3-5b). And finally, a quick connect inlet line was placed on top of pressure
regular to allow access to the laboratory distribution network (Figure 3-5¢ and d). The distribution
network allowed for a maximum pressure supply of 350 kPa, the pressure capacity of the tanks
was approximately 400 kPa, and the maximum curing pressure utilized during testing was 200

kPa.

BAR
KPAx100

@ PSI@

Figure 3-5 Modifications to the Levlor Sprayer Tanks (a) internal rods (b) pressure gauge (c) quick connect coupler
and regulator (d) laboratory supply outlets.
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3.4 Mechanical testing program

The mechanical testing program utilized the semicircular and end notch bend tests in order to
determine mode-I, mode-II, and mode-III fracture properties. The method of cutting the samples
as well as loading frame test setup is presented in sections 3.4.1 and 3.4.2. The testing procedure,

including the setup and use of data acquisition software, is detailed in section 3.4.3.

3.4.1 End Notch Disc Bend (ENDB) Test

End Notch Disc Bend (ENDB) tests were used in the determination of mode-III fracture properties.
Figure 3-6(a and b) provides a detailed diagram of the sample dimensions and notch sizes
alongside examples of the actual specimens. All cuts of samples to the required dimension,
including that of the notch, were conducted with a Bosch miter saw with a masonry blade. Using
a cured cylindrical specimen with a height of 200 mm and a radius of 100mm), three circular
specimens were cut to heights of 50 mm. To ensure a flat surface for the first specimen, the top
150mm of the cylindrical specimen was first cut and discarded. Using the cutting jig presented in
Figure 3-7(a and b) a 20mm deep notch was cut along the base through the center of each of the
ENDB test specimens. The same cutting jig was used throughout the duration of testing to ensure
uniformity between trials. Prior to testing, a line was drawn across the top of the specimen
corresponding to the positioning of the notch below. A secondary line was drawn at an angle of
60 degrees of the center of the notch position to indicate the desired position of the loading bar
and allow for the sample to be rotated into position within the loading frame. Figure 3-6(cand d)
details the positioning of the test specimen with reference to the loading frame. The bottom loading
bars were spaced 900 mm apart, and the specimen rotated so that the notch ran 60 degrees off the
center of the top loading bar. In total, 72 ENDB tests were performed, allowing each respective

curing pressure, age, and fiber content to be trialed three times.
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Notch

Figure 3-6. FR-CPB samples for ENDB tests (a) side view ENDB schematic (b) side view ENDB FR-CPB sample
(c) loading bar ENDB schematic (d) loading bar ENDB FR-CPB sample.
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Figure 3-7 Self-designed cutting Jigs for fabrication of SCB and END samples (a) mode-III, mode-I, and semi-
circular cut Jig top view (b) mode-III, mode-I, and semi-circular cut Jig side view (c) mode-II Jig side view (d)
mode-II Jig top view.

3.4.2 Semicircular Bend (SCB) Test

Semicircular Bend (SCB) tests were used in the determination of mode-I and mode-II fracture
properties. Figure 3-8 provides a detailed diagram of the sample dimensions and notch sizes
alongside examples of the actual specimens. All cuts of samples to the required dimensions,

including that of the notch, were conducted with a Bosch miter saw with a masonry blade.
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Following the same procedure outlined in section 3.4.1, the specimens were first cut into discs of
height of 500 mm, the samples were then cut in half using the jig presented in Figure 3-7(a and b)
to create semicircular specimens of the height of 250 mm with a radius of 500 mm. For mode-I
loading conditions, a 250 mm deep notch was cut through the base of the semi-circular specimen
parallel to the plane of loading. For mode-II loading conditions, a 250 mm deep notch was cut
through the center of the base of the specimen at an angle of 54 degrees off the plane of loading.
The same cutting jig used in ENDB sample preparations was used for mode-I notching, and the

cutting jig used in the cutting of mode-II samples is displayed in Figure 3-7 (c and d).
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Figure 3-8. CPB samples for mode-I and mode-II SCB tests. (a) top view schematic b) top view sample c) side view
mode-I SCB dimensions d) side view mode-I specimen ¢) side view mode-II SCB dimensions f) side view mode-II
specimen.

The test setup used for mode-I and mode-II loading utilized the same loading bars. The bottom
bars were spaced at 800mm and were free to rotate so as to allow deformation of the sample with

the application of loading. The top loading bar was fixed and placed directly over the center of the

38



semicircular specimens. A schematic showing the bar spacing as well as an image of a mode-I
sample on the loading frame is provided in Figure 3-9. The failure pattern was documented
throughout the testing program as a tool to explain any deviations in test results. In total, 144 SCB
tests were performed, allowing each respective curing pressure, age, and fiber content to be trialed

three times.

(a)

800 mm

A
v

Figure 3-9 Bar Spacing of SCB Loading Frame (a) loading bar schematic (b) FR-CPB sample in load frame.

3.4.3 Testing procedure

Load displacement testing was performed for each failure mode using an ELE Digital Tritest 50
Load frame in conjunction with Strain Smart 5000 data acquisition software. A loading rate of
Imm per minute was set with a sampling rate of 10 readings per second. Force and displacement
were measured using an S-type load cell from ARTECH Industries Inc. with a capacity of 1000
pounds, and a linear variable differential transformer (LVDT) displacement sensor from A-Tech
Instruments Ltd. Sensors were calibrated prior to each test performed. The data acquisition
software allowed for the load-displacement data to be monitored through the testing process and
provided an excel spreadsheet of raw data at the conclusion of each test. The loading frame set up

along with the monitoring system can be seen in Figure 3-10.
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Figure 3-10 ELE load frame and computer set up.

3.5 Scanning Electron Microscope (SEM) Analysis

Scanning Electron Microscope (SEM) imagery was taken to explore the microstructural evolution
of CPB with curing pressure, time, and the addition of fiber reinforcement. After the completion
of each of the primary experimental analyses, a portion of the specimen was labeled and placed
into an oven at 70 degrees Celsius in order to arrest the progression of hydration. The samples
were removed after 24 hours, placed into a Ziploc bag, and then stored until the date of imaging.
Sample preparation included reducing the sample size to a Smm square with a thickness of 1mm,
affixing the sample to an observation pedestal, then coating the sample with a conductive gold
spray so as to allow the image formation. A Hitachi SU-70 microscope with the capability of
capturing images up to a magnification of 80000x (1 um scale). Images were taken at 5,10,20,50,
and 100 um so as to be able to observe the micro and mesoscale changes in the specimen. The

equipment used and a set of 12 coated samples is displayed in Figure 3-11.
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Figure 3-11 a) Hitachi Su-70 microscope b) gold coated FR-CPB samples.

3.6 Determination methods of fracture properties

The load-displacement graphs acquired through testing of the respective SCB and ENDB
specimens allowed for the calculation of three fracture properties, material stiffness, fracture
toughness, and energy of fracture. The calculation of each fracture toughness is described in
sections 3.6.1 to 3.6.3. While the addition of binders such as cement to composites generally results
in a brittle material, the low volumes used in that of CPB, along with the fine gradation of tailings
material, lends itself to a more dynamic evolution of material properties with both curing pressure
and time. As such, the determination of multiple fracture properties was conducted in order to

capture the best representation of the material behavior.

3.6.1 Material Stiffness

Material stiffness is a measure of a composite’s ability to resist permanent deformation under the
application of force. A value of high stiffness thus represents a composite with the ability to
undergo little deformation at high levels of stress. As CPB may be used as a working surface, the
need to prevent deformation under dynamic application of loading is essential. Material stiffness
is represented by the slope of the load-displacement curve prior to failure. In order to capture the
most consistent slope of the graph values of 40% and 60% peak load were chosen for calculations

in this study. Equation 3-4 shows the method of calculation for material stiffness with Figure 3-
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13 showing the process for how the load and displacement values used in the calculation were

gained.
_ (0.6P - O.4P>
"\ 850 — ag 3-4
Where,
P: peak load (N)
O6o: displacement corresponding to 60% peak load
0,49: displacement corresponding to 40% peak load
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Figure 3-12 Calculation of stiffness from load-displacement graph.

3.6.2 Fracture Toughness

Fracture toughness represents the ability of an imperfect (flawed or cracked) material to resist the
propagation of further cracking. The notches placed in the SCB and ENDB specimens correspond
to the imperfections within the material. Mode-I fracture toughness represents the ability of the
material to resist crack propagation under pure tensile forces acting normal to the plane of the
crack. Mode-I loading conditions were simulated using the SCB specimen with a 25mm deep notch
cut parallel to the plane of loading. Mode-II fracture toughness represents the ability of the
material to resist crack propagation under in-plane shear stress acting parallel to the plane of the

crack. Mode-II Loading conditions were simulated using the SCB specimen with a 25mm deep
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notch cut to an angle of 54 degrees through the base of the specimen at the position directly under
the point of loading. Mode-III fracture toughness represents the ability of the material to resist
crack propagation under out-of-plane shear stress acting parallel to the plane of the crack. Mode-
IIT loading conditions were simulated using the ENDB test with a 20mm deep notch cut through
the base of the specimen at an angle of 60 degrees off the center point of the top loading bar. Each
loading condition was representative of a different form of failure method present in a CPB
structure. The progression of mining below a structure results in tensile forces developing in the
artificial CPB rough and thus the potential for mode-I loading conditions. The removal of an
adjacent rock wall results in an imbalance of confining pressure within the structure and along its
exposed face. The unequal principal stresses resulting from changes in confinement can yield to
the formation of mode-II and mode-III loading conditions and the subsequent propagation of shear
cracking. As such, each mode of fracture was investigated within this study. The calculation of

modes-I, -II, and -III fracture toughness were completed using equations 3-5, 3-6, and 3-7,

respectively.
_ P Jra
i = prrali (3-5)
_ P Jra
K1 = pr Vet (3-6)
6PS
K = RB2 vmaYy, (3-7)
Where,
Ki, KlI, Kii: fracture toughness for modes -1, -Il, -lll, respectively (Pa.v/m)

P: maximum force (N)

D: diameter of the specimen (mm)

T: thickness of specimen (mm)

a: depth of notch (mm)

S: distance between central and edge bar of loading frame (mm)
R: radius of the specimen (mm)

Yi: normalized stress intensity factor for mode-I (6.52)

Yi: normalized stress intensity factor for mode-Il (1.072)

Yu: normalized stress intensity factor for mode-I1l (0.0713)
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3.6.3 Energy of Fracture

The energy of fracture referred to in this study is representative of the work of fracture for the
specimens used. The property being extensive in nature, the values calculated in this study are
applicable for comparison with respect to curing pressure and age of curing for the designated
specimen size; however, they are not representative of an intensive material strength for the mix
design. The energy of fracture takes into account both force and displacement in its calculation,
making it an additional tool in the investigation of fracture properties for CPB and FR-CPB.
Analysis of CPB samples included that of the energy of crack initiation, while that of FR-CPB
samples also included the energy to reach fiber bridging. The energy of crack initiation is
representative of the work needed to initiate the propagation of cracking within the sample and
was calculated as the area under the load-displacement graph from initial loading to peak (Figure
3-14a). The energy to fiber bridging is representative of the additional energy dissipated post
cracking to reach fiber bridging and was calculated as the area under the load-displacement curve

from initial loading to the end of the initial linear post-peak branch (Figure 3-14b).
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Figure 3-13 Definition of fracture properties of FR-CPB:(a) energy of fracture initiation and (b) energy of fiber
bridging.
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Chapter 4

4.1 Evolutive fracture behavior and properties of CPB under curing pressure

Experimental results

4.1.1 Effect of curing pressure on mode-I fracture behavior of CPB
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Figure 4-1. Effect of curing pressure on the mode-I load-displacement curves at (a) 3 days, (b) 7 days, (c) 28 days,
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and (d) 56 days.
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4.1.2 Effect of curing pressure on mode-II fracture behavior of CPB
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Figure 4-2. Effect of curing pressure on the mode-II load-displacement curves at (a) 3 days, (b) 7 days, (c) 28 days,
and (d) 56 days.

The evolution of mode-II fracture behavior follows that discussed in Section 4.4.1. From early to
advanced ages, it can be found that the CPB materials gain strength with increases in curing
pressure and time (see Figure 4-2). The progression of cement hydration allows for greater
interparticle bonding. This is visible in the progression of cement hydration exhibited in Figure 4-
3 from early to advanced ages. Take note of the greater volumes of ettringite (crystal structure)

forming because of the loose pore structure in early ages and the increase in CSH (globule-like
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structure) surrounding the particulate matter in advanced ages. The failure method of mode-II
loading is a result of pure in-plane shear stress. The increases in strength may be attributed to either
cohesion or friction. While it may be assumed that densification of the particles would result in
greater degrees of friction within the material, adding to the resistance of crack initiation, there is
little evidence that pressure can affect friction angle. The work of Ghirian and Fall [22] found that
cohesion is a driving factor in increasing the strength of CPB with curing stress. The increase in
interparticle bond strength may be attributed to the greater degree of cement hydration for samples
cured at higher pressures as well as the reduction in porosity, the hydration products willing in the
smaller voids in the densified structure. This is evident in the comparison of hydration products
at different curing pressures for samples at the same ages. Figure 4-4 shows the hydration products
formed at different curing pressures for samples cured for 28 days. The reduction in CH and
ettringite formation may be observed in the 200 kPa sample, which consists of a higher degree of

CSH.
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Figure 4-3 SEM images of microstructure of control CPB matrix at (a) 3 days, (b) 7 days, (c) 28 days, and (d) 56
days.
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Figure 4-4 SEM images of microstructure of 28 day CPB matrix at (a) 0 kPa, (b) 100 kPa and (c) 200 kPa.

4.1.3 Effect of curing pressure on mode-III fracture behavior of CPB
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Figure 4-5. Effect of curing pressure on the mode-III load-displacement curves at (a) 3 days, (b) 7 days, (c) 28 days,
and (d) 56 days.

For mode-II crack propagation, the unequal principal stresses commonly lead to the formation of
shear stress which can result in the formation of in-plane shear. However, when the CPB surfaces
are exposed after the secondary stopes are extracted, the resultant loss of confining pressure on the
exposed surface will lead to the lateral deformation of CPB mass under the surrounding discharge
pressure from rock mass. In the vicinity of rock walls, the crack propagation will be parallel to the
vertical rock walls, which indicates the formation of torsional loads acting on CPB mass near the
rock walls. As a result, the mode-III (out-of-plane shear) cracks can be formed. As such, it is of
practical importance to investigate the fracture behavior of mode-III loading in conjunction with
that of mode-II. Similar to the previous modes of failure, the evolution of mode-III fracture
toughness is sensitive to curing pressure and time. The greatest improvements in fracture behavior
of mode-III loading with respect to curing pressure are found in the advanced ages of curing. At
this stage, the deformation at failure becomes consistent, the effects of curing pressure increasing
the peak loading by 29% and 45% with respective increases in curing pressure of 100 kPa and 200
kPa. The densification of the matrix with respect to curing pressure allows for the formation of
hydration products to progressively have a greater impact with respect to time, as discussed in

section 4.1.2
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4.1.4 Effect of curing pressure on fracture properties of CPB

4.1.4.1 Material Stiffness
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Figure 4-6. Effect of curing pressure on evolutive stiffness of CPB under (a) mode-I, (b) mode-II, and (c) mode-III
loadings.
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With regard to Figure 4-6, the material stiffness of CPB shows continuous improvement with both
increased curing pressure and age. The evolution of material stiffness with age follows a typically
logarithmic trend for both mode-I and mode-III loading. This trend represents the rate of reaction
for hydration within the mixture, the pace quick at early ages and increasingly slowing down as
less surface area of cement is available to hydrate. What is of interest is the stiffness for mode -II
loading conditions between 28 and 56 days, where the rate increases further. This may highlight
the effects of cement hydration on the interparticle forces at later ages. Studies on cemented soils
undergoing curing under induced pressure conditions have found that the early age hardening of
the composites structure resulted in significant increases in stiffness during shearing[210-211].
This is reflected in the results of modes-II and modes-III, which show greater progressions of
material stiffness with curing pressure than that of mode-I samples. While an increase in all
fracture properties was hypothesized with regard to the effects of induced curing pressure, the
effects were thought to largely be a result of the increases in fiber matrix interfacial interaction, as
can be seen in section 4.2.4.1. The results found with ordinary CPB thus highlight the contribution
of the bulk matrix itself to the fracture properties of FR-CPB.

4.1.4.2 Fracture Toughness
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Figure 4-7. Effect of curing pressure on evolutive fracture toughness of CPB under (a) mode-I, (b) mode-II, and (c)
mode-III loadings.

Fracture toughness for each mode of loading was found to increase with both time and increased
levels of curing pressure. As stated in each of the prior sections, the continued formation of
hydration products with time is responsible for respective gains in fracture toughness. The
logarithmic improvement in fracture toughness of mode-I loading shows the dependency of tensile
resistance on the hydration process, following the same trend as that of strength with cement
hydration[212]. What is of significance to this study is the notably larger increase in fracture
toughness with increasing curing pressure at advanced ages, specifically in that of mode-I and
mode-III samples (Figure 4-7). This finding highlights the time-dependent nature of the effects of
induced curing pressure. At early ages, the benefits of increased curing pressure are mirrored in

the evolution of fracture toughness with time. The apparent increase in performance at advanced
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ages may be explained through the formation of HD-CSH. This is supported by the correlation of
increased production of HD CSH with curing pressure [194]. As shown in section 4.1.2, the effects
of induced curing pressure allow for the formation of higher degrees of CSH within the bulk
matrix, and the effect of curing time allows for greater penetration of water into the outer shell of

CSH allowing for the stronger HD-CSH to form.

4.1.4.3 Fracture Energy
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Figure 4-8. Effect of curing pressure on evolutive energy of fracture initiation (W) of CPB under (a) mode-I, (b)
mode-I1, and (c) mode-III loadings.

As discussed in section 3.6.3, the values calculated for fracture energy are extensive in nature,
dependent on sample size. As the area of fracture varies between modes of failure, a comparison
with regard to modes of loading may not be conducted. The changes with respect to time and
pressure for each mode of loading, however, may be compared individually. The evolution of
fracture energy with respect to each form of loading shows markedly greater increases with respect
to curing pressure at advanced ages of 28 days (all modes) and 56 days (mode-I and mode-III).
The densification of the bulk matrix under induced curing pressure occurs due to the rearrangement
of particles within the mix as a result of the applied pressure and as a result of the increase in
hydration product. The reduction of pore sizes leads to the formation of greater amounts of LD
and HD-CSH and a reduction of other forms of hydration product. At early ages the particle
rearrangement is responsible for the increase in the contact area between tailings and cementitious
product; however, the progression of cement hydration as a factor of time leads to the increase in
cohesion between particles. As such, the effects of induced curing pressure are seen to a greater
degree in the fracture energy at later stages. Higher degrees of hydration lock in the densified
matrix resulting in a material with the ability to resist crack propagation to a more significant

extent.
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4.1.5 Sensitivity analysis of fracture toughness and energy of fracture initiation of CPB to
curing pressure

Fracture toughness (Kc¢) and energy of fracture initiation (W) were calculated in sections 4.1.3
and 4.1.4. According to the fracture mechanics theory, both K¢ and W. can be used to determine
the onset of crack initiation. However, it should be pointed out that these two quantities were
determined through the same peak force for each curing time and curing pressure. Therefore, it is
of theoretical and practical importance to identify the more suitable quantity (among K. and W¢)
for the analytical description of evolutive fracture behavior of FR-CPB under curing pressure. To
achieve this objective, it is crucial to quantitatively evaluate the discrepancy in the sensitivity of
K¢ and W¢ to changes in curing time and curing pressure. Then, the quantity with a higher degree
of sensitivity to curing conditions can be selected as the more suitable candidate for the

characterization of fracture behavior of FR-CPB.

To implement such an analysis approach, the prerequisite is to convert the target data (K. and W¢)
into comparable intensive variables. In this regard, the percent increase in K¢ and W¢ is calculated.
For the characterization of sensitivity to curing time, the percent increase in K. and W. was
calculated with reference to the values of 3-day FR-CPB under the same curing pressure,
respectively. Then, the percent increases in K¢ and W, under the same pressure at the same curing
time were grouped as a pair of data. Since the obtained pairs of data contain information about the
changes in K. and W, the data dispersion relative to the 1:1 line can be used to compare the
sensitivity of K¢ and W to the curing time. The same calculation method is used to evaluate the
discrepancy in the sensitivity of Kc and W¢ to the curing pressure. Correspondingly, the percent
increase in K¢ and W¢ is calculated with reference to the values of FR-CPB without curing pressure
(0 kPa) at the same curing time. The comparison of the percent increase in K¢ and W is plotted in
Figure 4-9. In terms of similarity, the percent increase data are spread around the 1:1 line, which
indicates the K. and W, change covariantly to curing time (4-9a) and curing pressure (Figure 4-
9b). Therefore, both K. and W, can be used to characterize the evolutive fracture behavior of FR-
CPB under curing pressure. Moreover, the percent increase data is sensitive to the curing time and
curing pressure. Precisely, an increase in curing time and curing pressure can enlarge the percent
increase in K¢ and W, which results in the nonlinear improvement of K¢ and W, with curing time
and pressure. In terms of discrepancy of a percent increase, it can be seen that the increase in curing

time causes the transit of percent increase data from the upper left quadrant to the lower right
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quadrant relative to the 1:1 line. Therefore, K. shows more rapid changes at an early age, while
W, possesses a higher rate of change at later ages. However, compared with the effect of curing
time, the percent increase data show a relatively unformal distribution around the 1:1 line under
different curing pressures. Therefore, there exists a discrepancy in the sensitivity of K. and W¢ to
the curing time and curing pressure. To quantify the sensitivity discrepancy of K¢ and W to curing
conditions, the dispersion of percent increase data is evaluated by the variance (i.e., the average of
the squared differences between percent increases in K¢ and W) (Figure 4-10). It can be observed
that the increase in curing time and curing pressure can further enlarge the variability of percent
increase data. Therefore, the enhanced data dispersion clearly indicates the necessity to identify a

more suitable quantity (between K. and W¢) for the analysis of fracture behavior of FR-CPB

materials.
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Figure 4-9. Comparison of the percent increase in K. and W, at (a) different curing times and (b) different curing
pressures.
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Figure 4-10. Comparison of the sensitivity of K. and W, to (a) curing times and (b) curing pressures.

To identify the more appropriate quantity for the capacitation of fracture behavior of FR-CPB,
the sensitivity index (Si) is proposed and defined as follows:

& By, — P, —\2 —2
Sf:;;ﬁ\/(’)m“p) +(Bu=P) 3)
with
EZPWi_'_PKi
2

where Pw and Pk are the percent increase in W and K, and P is the average percent increase for

a particular pair of data. The first ratio term in the summation operation acts as a sign function.
Through this term, a positive 1 indicates a larger change in W, relative to that in K, while a
negative 1 implies the changes in K. are more sensitive to the curing conditions. The squared root
term represents the distance between the data point and 1:1 line and thus the extent of dominance
for a particular fracture quantity. As a result, the combined usage of the sign function and squared
root term cannot only identify the fracture quantity with a higher sensitivity to curing conditions,

but also quantitatively evaluate the extent of sensitivity.
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Figure 4-11. Comparison of dominant fracture quantities at (a) different curing times, and (b) different curing
pressure.

The calculation results of Sy are presented in Figure 4-11. As shown in Figure 4-11a, it can be seen
that the sensitive fracture quantity switch from K¢ to W¢ as curing time increases. Therefore, to
capture the effect of curing time, it is more appropriate to select K. for early-age FR-CPB and W,
for advanced-age FR-CPB. Moreover, from Figure 4-11b, it can be seen that when curing pressure
increases from 0 kPa (the reference pressure used to calculate percent increase) to 200 kPa, the S;
shows a more positive value which indicates the stronger curing-pressure sensitivity of W¢
compared with that of K. Consequently, when the induced curing pressure is a concern for the
engineering design of CPB, W. can be used as a more reliable fracture property to evaluate the
fracture behavior of FCPB. Therefore, the proposed sensitivity index (Si) can be used as a valuable
tool to qualitatively identify the more suitable fracture quantity and quantitatively evaluate the
extent of sensitivity of the selected fracture quantity to curing conditions for the analytical

description of fracture initiation in FR-CPB.
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4.2 Evolutive fracture behavior and properties of FR-CPB under curing pressure

4.2.1 Effect of curing pressure on mode-I fracture behavior of FR-CPB
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Figure 4-12. Effect of curing pressure on the mode-I load-displacement curves at (a) 3 days, (b) 7 days, (c) 28
days, and (d) 56 days.

Figure 4-12 presents the evolution of mode-I load-displacement curves with both time and curing
pressure. Regarding the time-dependent behavior, it is evident that at any given curing pressure,
FR-CPB shows continuous improvement of the pre-peak slope, peak resistance force, and post-

peak resistance force. Both bulk matrix and fibers contribute to the fracture behavior of FR-CPB.
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The progression of cement hydration improves the interparticle bond strength, which improves the
material stiffness and toughness to prevent crack propagation. The stiffer and stronger bulk matrix
will also strengthen the fiber-matrix interaction at the post-peak stage at later ages. Moreover,
early-age FR-CPB shows more obvious improvement in terms of pre-peak slope and peak
resistance force. This is due to the rapid hydration rate at early ages, which results in more
hydration products being generated in the FR-CPB matrix. The residual resistance was observed

from all FR-CPB specimens at post-peak stages (Figure 4-13).

(b)

Figure 4-13. Fiber bridging across the crack surfaces in FR-CPB under mode-I loading (without curing pressure) at
(a) 3 days, (b) 7 days, (c) 28 days, and (d) 56 days.
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Regarding the pressure-dependent behavior, it is evident that at any given age, pre- and post-peak
branches of the load-displacement curves are sensitive to the changes in curing pressures. An
increase in curing pressure can steepen the slope of the load-displacement, increase the peak
resistance force, and enhance the post-peak residual resistance. It is believed that these results are
a result of the increased density of the bulk matrix of the FR-CPB. This is supported by both the
results of dry density evolution presented in section 4.2.2 as well as by the SEM analysis presented
in Figure 4-14. The effect of the denser bulk matrix on the fracture behaviors is twofold: First, the
denser bulk matrix improves the contact area between tailings particles and thus promotes the
formation of interparticle bond strength. Second, the denser bulk matrix generated under higher
curing pressure is expected to strengthen the interfacial contact force between fibers and bulk
matrix and thus improve the extent of fiber reinforcement, especially at the post-peak stage.
However, there exist some differences in the post-peak response of FR-CPB at early and advanced
ages. Specifically, the early-age FR-CPB shows a consistent dependency on the curing pressure,
i.e., a higher curing pressure is able to yield an enhanced post-peak residual resistance. Meanwhile,
the higher curing pressure does not always produce a higher residual resistance at the post-peak
stage of advanced-age FR-CPB. This can be attributed to the unstable crack growth after the peak
force. The sudden release of strain energy and associated inertial effect may cause severe
irreversible damage and catastrophic failure to the CPB matrix in the vicinity of the crack surface.
However, under a higher curing pressure, an advanced-age CPB can produce a stronger fracture
toughness and thus requires higher critical fracture energy to initiate and propagate the cracks in
the matrix. As a result, the advanced-age CPB under a higher curing pressure is expected to
suddenly release a considerable amount of strain energy to create the crack surfaces after the onset
of crack growth. Consequently, a great extent of post-peak damage can be generated and thus
weaken the post-peak residual resistance. Therefore, it can be seen that the FR-CPB under a higher
curing pressure may demonstrate a lower residual resistance at later ages (28 and 56 days). As

such, curing pressure can dramatically complexify the mode-I fracture behavior of FR-CPB.
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Figure 4-14 Images of microstructure of 28-day FR-CPB matrix at (a) 0 kPa, (b) 100 kPa and (c) 200 kPa.

4.2.2 Effect of curing pressure on mode-II fracture behavior of FR-CPB
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Figure 4-15. Effect of curing pressure on the mode-II load-displacement curves at (a) 3 days, (b) 7 days, (c) 28
days, and (d) 56 days.

Regarding pressure-dependent behavior, it is evident that at any given age, the pre-peak branch is
more sensitive to curing time compared to that of the post-peak branch. When curing pressure is
fixed, a continuous improvement of the slope of the pre-peak and peak force has been measured
from early to advanced ages. The curing time dependency of pre-peak behavior clearly indicates
the critical role played by the cement hydration in the formation of interparticle bond strength.
However, a slight change in post-peak residual resistance under the same curing pressure was
measured at all curing times. This is partially due to the loss of non-mobilizable interparticle bond
strength along the crack surface after the peak point. As a result, the post-peak mode-II crack
propagation is dominated by the interparticle friction resistance. Previous studies have confirmed
that particle friction is significantly less sensitive to cement hydration as compared with the
changes in the interparticle bond strength. In addition, the fiber bridging effect can also contribute
to the post-peak residual resistance to the crack propagation under mode-II loading. However,
compared with conventional FRCC, a very low cement content was adopted by CPB materials
(cement content of FRCC is typically 3.3 times higher than that used by CPB materials). Therefore,
the weak dependency of residual resistance on the curing time (i.e., cement hydration) also
indicates that interparticle friction resistance dominates the post-peak fracture behavior compared

with the fiber bridging effect.
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As curing pressure is increased, we observe an influence on both pre- and post-peak fracture
behavior of FR-CPB under mode-II loading. A higher curing pressure has the potential to increase
the slope of the pre-peak branch and enhance the post-peak residual resistance. However,
compared with changes in the pre-peak branch, curing pressures can influence the post-peak
response to a greater extent. When the curing pressure is changed, a noticeable discrepancy in the
post-peak residual resistance was detected at all curing times. The early-age FR-CPB consistently
shows a higher residual resistance under a larger curing pressure. This is because, the denser CPB
matrix formed under a higher curing pressure improves the friction resistance between tailings
particles and thus contributes to the improvement of residual resistance. For the advanced-aged
FR-CPB, the sudden release of large strain energy can also influence the magnitude of residual
resistance, which has been discussed in Section 4.4.2. Based on the measured results, it can be
found that under mode-II loading conditions, the pre-peak response of FR-CPB is more sensitive

to the curing time, while the curing pressure plays a more critical role in the post-peak response.

4.2.3 Effect of curing pressure on mode-III fracture behavior of FR-CPB
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Figure 4-16. Effect of curing pressure on the mode-III load-displacement curves at (a) 3 days, (b) 7 days, (c) 28
days, and (d) 56 days.

The formation of unequal principal stresses within the mass of the greater CPB structure results in
the formation of in-plane shear stress, which may lead to the propagation of mode-II cracking
within the structure. The distribution of these stresses with the subsequent excavation of secondary
adjacent stopes results in a loss of confining pressure on the exposed surface allowing for the CPB
mass to undergo lateral deformation. This is a result of the surrounding discharge pressure that
continues to be exerted on the other faces from the surrounding rock mass. As such, within the
vicinity of the rock walls, the propagation of cracking will become parallel to that of the rock wall
as torsional loads begin to take effect on the CPB structure. The resultant mode of failure in this
instance switches to that of mode-III loading with the forces acting as out-of-plane-shear. This
scenario highlights the need to study not only that of the primary and secondary forms of fracture
behavior when examining the structural capacity of FR-CPB masses. As with sections 4.2.1and
4.2.2, the fracture properties of FR-CPB subject to mode-III loading conditions are sensitive to
both time and curing pressure. However, when compared to that of the primary and secondary
forms of loading, a critical finding is that post-peak pseudo-hardening behavior was observed for
mode-III loading at all ages, which indicates a stronger fiber bridging effect is achieved from FR-
CPB under the torsional loads. In other words, fiber reinforcement has a more important role in

the post-peak fracture behavior under mode-III loading. As a result, the friction resistance between
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tailings makes a relatively weak contribution to the post-peak residual resistance, which can be
used to interpret the similar residual resistance under mode-III loading. It should be noted that the
rock/CPB interface resistance can prevent the local consolidation and leads to the formation of a
relatively loose CPB matrix near the rock walls. Therefore, the measured pseudo-hardening
behavior under mode-III loading can significantly improve the stability of FR-CPB materials under

the rock/CPB interface loading.

4.2.4 Effect of curing pressure on fracture properties of FR-CPB
4.2.4.1 Material Stiffness
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Figure 4-17. Effect of curing pressure on evolutive stiffness of FR-CPB under (a) mode-I, (¢) mode-II, and (c)
mode-III loadings.
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Figure 4-18. SEM images of microstructure of control CPB matrix at (a) 3 days, (b) 7 days, (c) 28 days, and (d) 56
days.
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It can be observed from Figure 4-17 that there is a continuous improvement of material stiffness
across all modes of loading with both increasing pressure and age. Most notably, there is a rapid
growth rate at early ages, between 3 and 7 days. It is typical in cementitious materials for both
strength and stiffness to follow a logarithmic improvement, the fastest growth rate happening at
early ages. However, there are notable differences between stiffness evolution, and loading state
observed in CPB. This difference between modes of loading relates to which factors of the mixture
take on a dominant role in the development of the material stiffness. For instance, stiffness of FR-
CPB shows a typical logarithmic evolution under mode-I loading, which is consistent with changes
in hydration rate. Notably, the increases in pressure allow for higher stiffnesses to be achieved at
all ages through the densification of the matrix and the increase in hydration products formed as a
result of the increased penetration of pore water into the cementitious material. Therefore, cement
hydration plays a dominant role in the development of mode-I stiffness of FR-CPB. This may be
observed in the microstructural evolution of the control sample with regard to the amount of
hydrate products formed over time (Figure 4-18). However, the mode-II and mode-III stiffness
show a relatively weak nonlinearity with curing time. Although the elastic response governs the
pre-peak branch, the microcracks are inevitably generated in the soft FR-CPB at the pre-peak stage.
It has been established in section 2 that failure is a result of fiber pull out rather than rupture. As
curing conditions are maintained between modes of loading, the changes in stiffness for mode-II
and mode-III are thus contributed to by interparticle friction resistance and locking. Due to the
weak sensitivity of friction resistance between tailings particles to the cement hydration process,
the logarithmic evolution of mode-II and mode-III stiffness becomes less pronounced. The
increase in frictional resistance between fiber and matrix allows for the stiffness to increase to a
greater extent at higher ages than that of mode-I loading. In addition, it can be seen that the mode-
IT and mode-III stiffness are higher than that under mode-I loading, which can further confirm the
additional contribution of friction resistance of tailings particles to the pre-peak stiffness. This
frictional resistance is a result of the type of loading and the mechanisms engaged (in and out of

plane shear).
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4.2.4.2 Fracture Toughness

(@ 30 ¢

[\o} [\
(e W
T T

Fracture Toughness (Pa.Nm)
93

10 F —m— (0 kPa
—4—100 kPa
ST 200 kPa
0 . . . . . .
0 10 20 30 40 50 60
Time (D)
() 30 ¢
—m—0 kPa
25 r —4—100 kPa
200 kPa

[\o}
o
T

|

Fracture Toughness (Pa.\m)
O

‘i

0 1 1 1 1 1 J
0 10 20 30 40 50 60
Time (D)
(¢) 30 p
—_ i OkPa
§ 25 r —4—100 kPa
<
S0 | 200 kPa
g
£
S 15
=
S
5 10 F
E
25t
a8
0 1 1 1 1 1 J
0 10 20 30 40 50 60
Time (D)

Figure 4-19. Effect of curing pressure on evolutive fracture toughness of FR-CPB under (a) mode-I, (c) mode-II,
and (c) mode-III loadings.
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As discussed in section 4.2.4.1, the differences in the evolution of fracture toughness with time
between modes of loading may be attributed to the increased interparticle frictional resistance
present in mode-II and mode-III loadings. The logarithmic increases with time for mode-I, and
later-age linearity of mode-II and mode-III is even more apparent in the evolution of fracture
toughness displayed in Figure 4-19. With regard to the effects of curing pressure on fracture
toughness, the SEM imagery in Figure 4-20 shows improvements to the ITZ of fiber and matrix.
Most apparent in later age samples but also present in that of early age is an increase in hydration
products formed with increased curing pressure distinguishable by the interconnected nature of the
CSH gel. This may be attributed to the consolidation of the material and greater penetration of
pore water into the cementitious content. The rapid increase in fracture toughness of early age
samples (3-7 days) is thought to be related to increases in the density of the material, as supported
by prior studies[213]. However, this is not supported by the results reported for density over time
in section 4.2.2. However, the mix design for FR-CPB used minimal cement content (0.5%), and
thus the correlation between density and hydration may not be adept. The changes in hydrate
visible between early ages, as seen in the SEM imagery, support the rapid gain in fracture
toughness at this stage of testing. The gradual reduction in the rate of gain for fracture toughness
in mode-I loading continues to be supported by its dependency on hydration, the increases in curing
pressure increasing packing of the tailings particles, and the formation of hydrate within the pores.
The linear increase in fracture toughness for mode-II and mode-I1I, therefore, further supports the

conclusion that curing pressure correlates to greater interparticle friction within the FR-CPB.
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Figure 4-20 Improvements to the ITZ of fiber and matrix with increasing curing pressure a) 0 kPa b) 100 kPa c) 200
kPa.

In addition to the evolution of fracture toughness, it is of great interest to discover the ratio of
fracture toughness (Ki/Kjand Kii/Kj). As shown in Figure 4-21, the Ki/Kj ratio is in the range of
0.33 to 0.64, while Kyi/K| ratio is in the range of 0.42 to 0.63. Although the magnitude of fracture
toughness is sensitive to the changes in curing time and curing pressure, the fracture toughness
ratios show a very limited dependency on the curing time and pressure. It should be noted that due
to the relatively complex sample fabrication, the shear fracture toughness (K and Kie) is difficult
to be measured as compared with the measurement of mode-I fracture toughness. The weak
dependency of the fracture toughness ratio on curing time and pressure indicates that Kic can be
used as a reliable quantity to approximate the unknown shear fracture toughness for FR-CPB

materials.
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Figure 4-21. Comparison of fracture toughness ratios of FR-CPB.
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Figure 4-22. Effect of curing pressure on evolutive energy of fracture initiation (W) and fracture energy of fiber
bridging (W) of FR-CPB under (a and b) mode-I, (¢ and d) mode-II, and (e and f) mode-III loadings.

As with sections 4.2.4.1 and 4.2.4.2, the evolution of fracture energy follows similar trends with
time for each mode of failure as accounted for by the increase in the bond between fiber and matrix.
Strong nonlinear evolution of energy of crack initiation and fiber bridging were measured under
mode-I loading when compared to that of mode-II and mode-III loading conditions. The overall
values of fracture energy between failure modes cannot be compared directly as the property is
extensive in nature, the calculation of the area of failure plane being beyond the scope of this study
(refer to section 4.1.4.3). What can be determined from this data is twofold, that the evolution of
fracture energy is sensitive to both time and curing pressure. With regard to curing time, FR-CPB
is able to dissipate more strain energy at advancing ages and thus further resist the crack

propagation in the matrix. The discrepancies between early age samples (3 to 7 days) are a result
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of the low cement content and overall malleability of FR-CPB at the 3-day stage. At such stages
small discrepancies in fiber distribution throughout the sample and the discontinuous network of
hydration products may account for the variability. With regard to curing pressure, it can be seen
that higher curing pressure can promote the improvement of fracture energy. The results are
consistent with modes -II and -III. However, results of mode -I indicate a decrease in fracture
initiation between 100 kPa and 200 kPa. Greater overall stiffness between 100 and 200 kPa
without significant overall increases in peak load explains this with the decrease between
increasing curing pressure does not present in the corresponding fracture energy of fiber bridging.
Increases in energy to fiber bridging can be explained by the enhanced densification process in the
bulk matrix and the greater degree of HD-CSH formation, strengthening the bond of both cement
to tailings particle and cement to fiber. The densification of the bulk matrix has the ability to form
an internal restraint boundary condition surrounding the FM-ITZ. The continued hydration of
cement particles under the applied pressure act to form an unremovable confining pressure
surrounding the ITZ. As found in prior studies [88-89], the FM-ITZ acts as an intermediary
transferring the confining pressure to permanently increase the interfacial contact pressure along
the fiber surface. The locked confining pressure boundary condition around the FM-ITZ is more
significant at higher curing pressure. The progression of cement hydration, especially that of the
smaller CSH hydrate forming within the reduced pore spaces, allows for greater interfacial contact
pressure to occur and thus produces higher values for energy to fiber bridging. The fracture energy
of fiber bridging (Wf) is consistently greater than energy (Wc). The obtained results indicate that
additional external work is required to fully activate the fiber reinforcement in the CPB matrix

after the onset of crack initiation.

4.2.5 Sensitivity analysis of fracture toughness and energy of fracture initiation of FR-CPB
to curing pressure

The sensitivity analyses presented here follow suit with that of the analysis presented in section
4.1.5 using the same equations and methodologies. The comparison of the percent increase in K¢
and W¢ is plotted in Figure 4-23. In terms of similarity, the percent increase data are spread around
the 1:1 line, which indicates the K. and W. change covariantly to curing time (Figure 4-23a) and
curing pressure (Figure 4-23b). When compared to that of the analysis presented for CPB, it can
be observed that the data is much tighter to the 1:1 line, indicating less of a discrepancy between

the sensitivity of K¢ and W¢ to time and pressure. The observed transit of percent increase data
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from the upper left quadrant to the lower right quadrant relative to the 1:1 line remains consistent
between models, further highlighting that K. shows more rapid changes at an early age while W¢
possesses a higher rate of change at later ages. With regard to the individual effects of curing
pressure and time, the effects of curing pressure (Figure 4-23b) show less distinction between
increases in curing pressure (i.e., the data of 100 kPa and 200 kPa is intermingled) while that of
time (Figure 4-23a) shows a formal separation between age and sensitivity of K¢ and We. This
highlights the greater significance of time when compared to that of pressure on the evolution of
fracture properties for CPB material. Alternatively, this may also signify the need to increase the

intervals of curing pressure when conducting testing.
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Figure 4-23. Comparison of the percent increase in K. and W, at (a) different curing times and (b) different curing
pressures.

Figure 4-24 presents the variance in the dispersion of percent increase data as a means to quantify
the sensitivity discrepancy of K¢ and W to curing conditions. It can be observed that an increase
in curing time can further enlarge the variability of percent increase data. While less significant
when compared to curing time, similar results exist when comparing the variability when curing
pressure is increased. As with section 4.1.5, a sensitivity index was thus calculated (Figure 4-25)
as a means to determine the most suitable factor for analysis of the fracture properties of FR-CPB.
As shown in Figure 4-25a, it can be seen that the sensitive fracture quantity switches from K¢ to
W_as curing time increases. Therefore, to capture the effect of curing time, it is more appropriate
to select K¢ for early-age FR-CPB and W. for advanced-age FR-CPB. Meanwhile, it can also be

observed that the absolute value of early-age Si is greater than that at advanced ages, which
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indicates the significant contribution of early-age cement hydration to the development of fracture
properties. Moreover, from Figure 4-25b, it can be seen that when curing pressure increases from
0 kPa (the reference pressure used to calculate percent increase) to 200kPa, the S; shows a more
negative value which indicates the stronger curing-pressure sensitivity of K. compared with that
of We. Consequently, when the induced curing pressure is a concern for the engineering design of
FR-CPB, K. can be used as a more reliable fracture property to evaluate the fracture behavior of

FR-CPB.
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Figure 4-24. Comparison of the sensitivity of Kc and Wc to (a) curing times and (b) curing pressures.
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Chapter 5 Conclusions and recommendations

5.1 Conclusions

This study investigated the effects of induced curing pressure on the evolution of fracture

properties of FR-CPB. As such, an extensive experimental testing program was conducted on both

CPB and FR-CPB samples with the progression of time (3, 7, 28, and 56 days) and increasing

curing pressure (0 kPa, 100 kPa, and 200 kPa). Using load-displacement analysis, the evolution of

material stiffness fracture toughness, the energy of crack initiation, and energy to fiber bridging

were determined under modes -1, -1I, and -III loading conditions. Auxiliary analysis of material

density and microscopic evolution (through SEM analysis) was also performed as a means of

supporting analysis. Results of the testing program have shown curing pressure to increase the

fracture properties of FR-CPB to varying degrees at all curing durations and under all modes of

loading. Based on the results obtained, the concluding findings of this study are thus as follows:

1.

The fracture behavior of FR-CPB under each mode of loading proved sensitive to both curing
pressure and curing time. While similar improvements were noted across all modes of loading,
the behavior of the material under each mode of loading also exhibited unique attributes.
Residual strength of early-age FR-CPB under mode-I loading showed a consistent dependency
on curing pressure, while that of advanced ages demonstrated a weakened post-peak response.
This highlights the considerable amount of strain energy required to initiate cracking and the
sudden release of energy at failure under mode-I loading. At advanced ages, the material
exhibited greater strengths but was correspondingly more brittle in nature as demonstrated by
the heightened material stiffness and reduction of post-peak strength at advanced ages. Mode-
I loading demonstrated a greater pre-peak dependency on time and greater post-peak
dependency on pressure. The curing time dependency of pre-peak behavior indicates the critical
role played by the cement hydration in the formation of interparticle bond strength. The effects
of curing pressure contribute more to the post-peak response. Unlike the primary and secondary
modes of loading, Mode-III loading exhibited pseudo-hardening behavior across all ages and
curing pressures, indicating a stronger fiber bridging effect is achieved from FR-CPB under the

torsional loads
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2. Material stiffness of FR-CPB shows continuous improvements with both increased curing
pressure and age. Across all modes of loading, a sharp increase in material stiffness is present
between 3- and 7-day samples. This gain in material stiffness is easily attributed to the rapid
progression of cement hydration at early ages. A significant conclusion from this research is
the progression of material from 7- to 56- days. The progression under mode-I loading
conditions follows a logarithmic trend similar to that of cement hydration, the effects of induced
curing pressure increasing the material stiffness on average by 50% across all ages of curing.
This highlights the dependency of mode -I material stiffness on the progression of cement
hydration. With respect to modes -II and -III loading conditions, the progression of material
stiffness relies upon the added contribution of interparticle friction resistance and locking of the
fiber and matrix. Each mode of failure shows a greater percentage increase of material stiffness
with respect to time when comparing results of 0 and 200 kPa. The benefits of fiber
reinforcement are thus emphasized in the absence of similar continuous increases in ordinary

CPB samples.

3. Fracture toughness of FR-CPB shows continuous improvement with both increased curing
pressure and age. The increase in fracture toughness as a result of curing pressure is resultants
of particle rearrangement and densification of the matrix. This is supported through SEM
imagery and calculations of dry density. SEM imagery of FR-CPB samples at the age of 28
days showed a greater degree of interconnection between hydration product and tailings
particles within the ITZ. A reduction in ettringite and CH along with higher volumes of CSH
were noted. The reduction in pore spaces promotes the formation of CSH and potentially the

development of greater degrees of HD-CSH as a result of increased penetration of pore water.

4. Although the magnitude of fracture toughness is sensitive to the changes in curing time and
curing pressure, the ratios of fracture toughness between modes of loading showed a very
limited dependency. The Ki/K ratio was found to be in the range of 0.33 to 0.64, and the
KIII/K; ratio in the range of 0.42 to 0.63. This limited dependency thus indicates the potential
for mode-I fracture toughness to be used as a reliable quantity to approximate the fracture

toughness of modes -1 and -III for FR-CPB materials.

5. Consistent increases in the dissipation of strain energy were found for FR-CPB samples with

the progression of curing, thus underlining the enhanced ability of FR-CPB to resist the
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propagation of cracking at advanced ages. The effect of curing pressure on the energy of crack
initiation was also found to increase the energy dissipation of FR-CPB samples with noted
discrepancy for mode-I loading, the results of the 100 kPa analysis being greater than that of
the 200 kPa. The addition of fiber reinforcement was found to increase the energy of crack
initiation on average 76%, 59%, and 31%, respectively, under curing pressures of 0 kPa, 100

kPa, and 200 kPa.

With exception to results presented for 3-day curing time, the analysis of energy exerted to fully
activate the fiber reinforcement within the FR-CPB material after the onset of crack initiation
is greater with both curing pressure and time. The continued hydration of cement particles in
conjunction with applied pressure creates an unremovable confining pressure around the FM-
ITZ. The reduction in void spaces through densification of the matrix allows for the progression
of CSH within the pore spaces creating greater interfacial contact pressure to occur between
fiber and matrix. The exerted energy required to reach the pseudo-strain hardening stage is thus
greater, with increased curing pressure representing a greater residual strength within the FR-

CPB material.

When compared to the sensitivity analysis of CPB, it was observed that the data itself was much
tighter to the 1:1 line, indicating less of a discrepancy between the sensitivity of K. and W, to
time and pressure. As such, the fracture properties have more significance to the fiber-inclusive
material. The sensitivity analysis of FR-CPB indicated that K. and W, change covariantly to
both time and curing pressure. With regard to curing time, the dominant sensitivity index
changed from Kc to Wc from early to advanced ages. As such, it is more appropriate to select
K. for early-age FR-CPB and W, for advanced-age FR-CPB. However, with respect to the
greatest sensitivity to curing time, that of the early age sensitivity to Kc produced the highest
absolute value indicating the significant contribution of early-age cement hydration to the
development of fracture properties. The dominant index with respect to curing pressure was Ke.
As such, when the induced curing pressure is a concern for the engineering design of FR-CPB,

K. can be used as a more reliable fracture property to evaluate fracture behavior.
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5.2 Recommendations for future work

While the conclusions drawn from this investigation meaningfully increase the understanding of

the fracture behavior of FR-CPB under induced curing pressure, the opportunity for continued

research will always remain. The author hopes that this study aids in the continued growth of

understanding of FR-CPB, allowing for further research into the effects of curing pressure on the

in-situ material. As such, the following recommendation for the continued investigation of the

topic are as follows:

1.

An independent investigation into the shear behavior of FR-CPB under induced curing pressure
focuses on the effects of the confining boundary formed around the FM-ITZ and thus the
increase in interfacial contact pressure between fiber and matrix. An understanding of the
evolution of interfacial contact pressure with respect to time (under induced curing pressure)
can provide valuable insights into the contribution of the property to the overall fracture

behavior of FR-CPB.

Refinement of the pressure curing apparatus to allow for the investigation of greater induced
curing pressures. The volume of CPB placed may far exceed that of the volumes modeled under
200 kPa curing conditions. Studies on similarly constituted materials such as that cemented
soils have noted degradation of the matrix at higher induced pressures. As such, it is of interest

to investigate the effects of greater pressures on the fracture behaviors of FR-CPB

Staged progression of pressure application and its effects on fracture behavior of FR-CPB.
Previous studies have emphasized the effects of fill cycles on not only the pressure development
within CPB structures but also on the microstructural evolution of the material properties. The
rearrangement of tailing particles at early ages under induced curing pressure is locked in with
the progression of cement hydration over time. As such, investigating the rate of application of

pressure on the fracture behavior of FR-CPB may better represent that of in-situ conditions.

Using the obtained experimental data of FR-CPB under induced curing pressure, a numerical
analysis of the effects of induced curing pressure on the fracture behavior of FR-CPB may be
established. While the objective of this study was to create a low-cost pressure curing system

capable of simulating in-situ conditions, the ultimate goal of this research would be to create a
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mathematical model capable of quantitatively predicting the fracture properties of FR-CPB

based on the presented in-situ conditions.

This study validated the benefits of fiber reinforcement in CPB, showing the evolution of FR-
CPB fracture properties under induced curing pressure. Based on such data, an analysis of the
capabilities of natural fibers in lieu of synthetic fiber would aid in the continued understanding
of the capabilities of FR-CPB. Recognizing the cost associated with the inclusion of fiber
reinforcement, further testing with economic fiber inclusion, such as that of natural fibers, may

allow for a greater application of FR-CPB in the mining industry.
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