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Chapter 1 Introduction

1.1 Research background

Fire safety requirements in large-scale infrastructure, such as tunnels and long-span bridges,
are of paramount importance to ensure the safety of both structural systems and occupants [1].
As illustrated in Fig. 1.1(a-b), tunnel fires can cause severe high-temperature spalling and
collapse of the lining, highlighting the urgent need to develop fire-resistant concrete materials
that are easy to apply for both new construction and post-fire repair [2]. Conventional shotcrete,
while advantageous for its rapid construction, exhibits relatively low strength and insufficient
fire resistance, as illustrated in Fig. 1.1(c). In contrast, ultra-high-performance concrete (UHPC)
possesses exceptionally high strength but is highly susceptible to explosive spalling at elevated
temperatures and exhibits poor rheological properties, which make it unsuitable for spraying.

Shotcrete

Fig. 1.1. Fire-induced explosive spalling of tunnel linings (a, adapted from [3]); The spalled lining (b,
adapted from [3]); And conventional shotcrete used for construction and repair (c, adapted from [4]).
Therefore, developing a fire-resistant and sprayable UHPC (referred to as sprayed UHPC,
abbreviated as SUHPC) is of critical significance for enhancing the fire safety, structural
reliability, and rapid constructability of infrastructure systems. This novel SUHPC would not
only need to meet stringent fire safety requirements, but also provide excellent adaptability for
the rapid construction and repair of geometrically complex structures. The development of fire-
resistant SUHPC has the potential to substantially broaden the applicability of UHPC in rapid

structural repair and fire-resilient engineering.

However, the development of novel fire-resistant SUHPC still faces several major challenges:

e Preventing or alleviating explosive spalling at elevated temperatures.

e Achieving adequate early-age performance, including rheological behavior, early strength
development, and dimensional stability.

e  Ensuring sufficient mechanical performance at later ages.



To address the aforementioned challenges, it is essential to develop appropriate strategies that
can simultaneously prevent explosive spalling at elevated temperatures while ensuring
excellent early-age behaviors and later-age mechanical performance. In this thesis, successive
approaches were explored, including the incorporation of supplementary cementitious materials
(SCMs), the use of steel fibers, and the development of a novel ternary binder system, with the
aim of enhancing the performance of SUHPC across multiple stages.

1.1.1 Characteristics of conventional UHPC

Ultra-High-Performance Concrete (UHPC) is an advanced cement-based composite material
distinguished by its superior mechanical properties, enhanced ductility, and excellent long-term
durability. In contrast to Normal Strength Concrete (NSC), UHPC offers the following
significant advantages:

e An extremely low water-to-binder ratio combined with a high binder content contributes
to the formation of a highly dense microstructure.

e An optimized particle size distribution significantly enhances the packing density of the
microstructure.

e  Ultra-high compressive strength, typically exceeding 120 MPa.

e Superior toughness, which effectively inhibits the propagation of cracks.

¢  Outstanding durability, characterized by extremely low permeability and strong resistance
to chemical attack.

Despite the outstanding performance of UHPC, several issues still require urgent improvement:

e  The high binder content combined with a low cement hydration rate results in low resource
utilization efficiency, high carbon emissions, and poor environmental sustainability.

e UHPC has limited high-temperature resistance. Its dense pore structure prevents the release
of internal steam pressure at elevated temperatures, making it prone to explosive spalling
and posing serious risks to structural integrity and human safety.

1.1.2 Effect of SCMs on the explosive spalling resistance of UHPC at elevated
temperatures

Sustainable development is a pressing global issue. The high material cost, energy consumption,
and carbon dioxide emissions of UHPC are typical drawbacks that limit its widespread
application. According to the literature [5], the unit volume cost of UHPC in engineering
practice can reach as high as €750/m?, which is significantly higher than that of NSC, typically
around €90/m*®. Meanwhile, the carbon dioxide emissions generated during the production of
UHPC are approximately 877 kg CO2/m?, nearly twice that of NSC, which emits around 348.3
kg CO2/m?. This highlights the economic and environmental disadvantages of UHPC.

Numerous studies have explored the use of supplementary cementitious materials (SCMs) as
partial replacements for cement to reduce both production costs and carbon emissions. Common
SCMs include fly ash (FA), ground granulated blast-furnace slag (GGBS), metakaolin (MK),
and silica fume (microsilica, MS), among others. Recent studies have increasingly focused on
the role of SCMs in modifying the performance of UHPC, particularly regarding strength
development, hydration mechanisms, and microstructure refinement. For instance, partially



replacing cement with 10% metakaolin has been reported to notably enhance the compressive
and flexural strengths of UHPC, along with improvements in its elastic modulus and resistance
to permeability [6]. Both GGBS and MK contribute to the development of long-term strength
and improved matrix densification, whereas FA is beneficial in enhancing the workability of
fresh mixtures [7, 8]. In addition, the synergistic use of multiple SCMs, such as the combined
application of MK with GGBS or red mud with limestone powder, can accelerate the hydration
process, promoting the formation of C-S-H gel [6]. This also enhances the interfacial bonding
between steel fibers and the cementitious matrix, thereby improving the overall toughness and
impact resistance of UHPC [9].

Among various SCMs, GGBS is considered one of the most promising cement replacements
for UHPC, owing to its relatively low carbon footprint and high pozzolanic reactivity. GGBS
has the potential to accelerate the hydration process, which in turn contributes to pore structure
refinement and improvements in impermeability and durability [10-14]. In addition, limestone
powder (LP) has attracted considerable attention due to its filler effect and nucleation effects
[15, 16]. Its incorporation is considered beneficial for refining the pore structure and potentially
enhancing the durability of UHPC. Although the use of SCMs in UHPC has attracted growing
research interest [17, 18], comprehensive investigations into their effects on hydration kinetics,
pore structure evolution, and durability-related mechanisms remain limited.

In addition to its high carbon emissions, the risk of explosive spalling of UHPC under elevated
temperatures has increasingly emerged as a critical research and engineering concern. Due to
the low porosity and high packing density, UHPC significantly restricts the diffusion and
release of water vapor. This can lead to the accumulation of internal steam pressure, which can
readily trigger severe explosive spalling at elevated temperatures. To mitigate such damage,
modifying the pore structure of concrete has been regarded as an effective strategy for reducing
the risk of spalling. The incorporation of SCMs not only alters the pore structure but also affects
the characteristics of the interfacial transition zone (ITZ) between fibers and the surrounding
matrix. These changes may further influence the spalling behavior of UHPC when exposed to
elevated temperatures. Therefore, optimizing the binder system through the incorporation of
SCMs represents a promising approach for performance enhancement. However, systematic
investigations are still lacking to clarify the intrinsic relationships among SCM dosage, pore
structure modification, and resistance to spalling at elevated temperatures.

1.1.3 Evolution of mechanical properties of UHPC at elevated temperatures

Fire remains a non-negligible threat to civil infrastructure, with severe implications for both
structural performance and occupant safety. UHPC exhibits excellent performance under
ambient conditions due to its high strength, dense microstructure, and extremely low
permeability. However, these same characteristics can increase its susceptibility to spalling at
elevated temperatures, thereby undermining its reliability in fire-exposed applications. The
incorporation of polypropylene (PP) fibers has been extensively investigated for enhancing the
fire resistance of UHPC. Upon exposure to high temperatures, PP fibers melt and generate
macro-channels within the matrix, facilitating the release of steam pressure and thereby
effectively reducing or even preventing explosive spalling [19, 20]. The addition of steel fibers
primarily contributes to the improvement of mechanical properties and overall toughness of

3



UHPC after exposure to high temperatures [20]. Hybrid fiber reinforcement strategies have
been widely investigated to enhance the thermal stability and spalling resistance of UHPC. The
combination of PP fibers with steel fibers or natural fibers such as sisal and jute has been shown
to significantly enhance the spalling resistance and residual mechanical properties of UHPC
under elevated temperature conditions [21, 22]. In addition, synthetic fibers such as nylon,
polyvinyl alcohol (PVA), and polyethylene terephthalate (PET) are generally less effective than
PP fibers in preventing spalling. However, they can help improve the toughness and impact
resistance of UHPC at elevated temperatures [23, 24].

Although numerous studies have focused on evaluating the basic mechanical performance of
UHPC under high-temperature conditions, most have emphasized the dominant role of fiber
type in determining residual strength and spalling resistance. However, systematic
investigations into the post-heating fracture behavior of UHPC remain limited. Fracture energy
is a fundamental measure of the resistance of materials to crack initiation and propagation,
reflecting the total energy absorbed during the fracture process. It plays a critical role in
evaluating whether UHPC retains sufficient load-bearing capacity after exposure to elevated
temperatures. Current research on UHPC has largely focused on its performance at discrete
temperature levels, while systematic studies examining the temperature-dependent evolution of
its properties remain scarce. Therefore, establishing a correlation model between fracture
performance and temperature under high-temperature conditions holds significant theoretical
value. Such a model can contribute to a deeper understanding of the post-heating failure
mechanisms of UHPC and support efforts to enhance its structural safety.

1.1.4 Mix design of SUHPC with superior early-age performance

In emergencies such as fire, collapse, water ingress, or localized impact affecting major load-
bearing structures like tunnel linings and bridge piers, repair materials are required to respond
rapidly. It is essential that repair materials harden rapidly and offer immediate support to
maintain structural stability and protect occupant safety. In recent years, sprayed ultra-high-
performance concrete (SUHPC) has emerged as a focal point of research in the field of rapid
repair materials due to its high strength, excellent durability, and strong adaptability to complex
structural interfaces. SUHPC integrates the advantages of conventional UHPC and shotcrete
techniques, offering superior mechanical strength along with the capability for thinner layer
application during spraying. Despite its numerous advantages, SUHPC still faces critical
challenges in terms of theological properties, early-age shrinkage, and early-age strength, which
require further breakthroughs.

Current research on SUHPC is still in its early developmental stage and remains largely
exploratory in nature. To improve the sprayability of SUHPC, some studies have investigated
the use of viscosity-enhancing admixtures (VEAS) to increase its yield stress and thixotropic
behavior [25]. However, the incorporation of VEAs tends to increase the porosity of SUHPC,
which in turn compromises its mechanical performance [26]. In addition, Al:(SO4)s-based
alkali-free accelerators have been applied in shotcrete systems to shorten the setting time of
SUHPC and enhance its early-age strength [27, 28]. Despite these benefits, the use of
accelerators also presents certain limitations, including increased macroscopic porosity,
intensified long-term shrinkage, and relatively high cost. Developing alternative approaches for
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SUHPC to accelerate setting and enhance early-age strength, while reducing reliance on alkali-
free accelerators, remains an urgent research priority.

Binder optimization in SUHPC may serve as an effective means of reducing or eliminating the
reliance on alkali-free accelerators. This dissertation introduces a ternary binder system (PC—
CAC-CS$), composed of Portland cement (PC), calcium aluminate cement (CAC), and gypsum
(C$), aiming to improve the rheological performance, shrinkage resistance, and early-age
strength of SUHPC. The underlying mechanism lies in the formation of ettringite, which serves
as the primary expansive phase in the PC-CAC-CS$ system. Its presence not only helps mitigate
autogenous shrinkage but also accelerates the setting process [29]. Theoretically, the
application of the PC-CAC-C$ system in SUHPC has the potential to partially or even
completely offset the shrinkage induced by accelerators, thereby enabling the replacement of
alkali-free accelerators. However, the PC-CAC-C$ system has not been applied in SUHPC,
and the role of the gypsum-to-CAC ratio (C$/CAC) in governing hydration mechanisms
remains unexplored.

1.1.5 Performance of SUHPC with different cementitious materials and accelerators at
later age

The previous section (Section 1.1.4) focused on the early-age performance of SUHPC,
highlighting the use of various binder systems composed of different cementitious materials to
improve rheological properties, shrinkage resistance, and early-age strength, while also
reducing reliance on alkali-free accelerators. In contrast, this section addresses the lack of
systematic research on the effects of cementitious materials and accelerators on the later-age
mechanical properties of SUHPC.

The various binder systems investigated in this study, composed of different cementitious
materials, include a PC-based binder system, a binary system (PC-CAC), and a ternary system
(PC-CAC-CS$). The PC-based system consists solely of Portland cement and serves as the
control group. In the binary binder system (PC—CAC), the formation of ettringite, along with
CAHio and/or C:AHs, is likely to accelerate the setting process, thereby contributing to the
enhancement of early-age strength. The hydration behavior of the ternary binder system (PC—
CAC-CS$) becomes more complex, as it is further influenced by the proportions of PC to CAC
and CAC to gypsum [30, 31]. Studies reported that an appropriate ratio of CAC to gypsum
(CAC/CS) promotes the rapid formation of ettringite, which can significantly reduce
autogenous shrinkage and accelerate the setting process [32-34]. Therefore, in theory, the
incorporation of a PC-CAC—CS$ system in SUHPC may partially or even fully offset the
shrinkage induced by alkali-free accelerators, offering a potential sustainable solution for
accelerators.

Although various studies have investigated the effects of different binder systems on concrete
performance, most of them have focused on early-age properties (such as hydration behavior,
early strength development, and setting time). However, there is a lack of systematic research
that thoroughly evaluates the combined effects of different binder systems and alkali-free
accelerators on the later-age mechanical properties of SUHPC. Detailed investigations into
comprehensive mechanical performance indicators such as flexural strength, compressive



strength, flexural toughness, compressive toughness, fracture energy, and compressive energy
absorption remain limited. A comprehensive understanding of these mechanical parameters is
essential for informing the practical use and design optimization of SUHPC in structural
engineering.

1.1.6 Spalling resistance of SUHPC under elevated temperatures

Civil infrastructure such as tunnels and bridges must be designed to withstand potential fire and
other high-temperature extremes during the service life. SUHPC, characterized by its
exceptional mechanical strength and suitability for rapid application on complex geometries,
presents significant potential for structural repair and tunnel lining applications. However, its
spalling behavior and the associated mechanisms under high-temperature exposure have yet to
be systematically investigated.

SUHPC is characterized by an extremely low porosity and a highly compact microstructure,
resembling that of conventional UHPC [35]. At elevated temperatures, this dense matrix
inhibits vapor escape, leading to a rapid buildup of internal steam pressure and a greater
susceptibility to explosive spalling than ordinary shotcrete. Incorporating polypropylene (PP)
fibers into concrete is a commonly adopted and effective method for mitigating high-
temperature-induced spalling. PP fibers melt and generate macropores within the UHPC matrix
at elevated temperatures. These pores provide pathways for steam release and thereby mitigate
spalling; however, the resulting voids can also compromise residual strength and long-term
durability [36-38]. Due to their high thermal conductivity, steel fibers can intensify temperature
gradients within concrete, thereby promoting local thermal stresses and elevating the risk of
explosive spalling [39]. Nevertheless, steel fibers maintain effective crack-bridging capacity at
elevated temperatures, which enhances the residual strength and toughness of UHPC [40]. A
hybrid reinforcement approach incorporating steel and PP fibres can further mitigate strength
degradation and spalling under elevated temperatures [38]. Nevertheless, the macropores
created by melted PP fibres continue to adversely affect the residual strength of UHPC, and this
structural issue remains fundamentally unresolved. To address this limitation, binder
optimization aimed at introducing a greater number of uniformly distributed fine pores has
emerged as a promising alternative strategy for enhancing the high-temperature spalling
resistance of SUHPC.

CAC exhibits excellent high-temperature resistance, particularly at temperatures of 800°C or
even above 1000°C, and is widely used in refractory concrete applications [41, 42]. Its
hydration products, such as CAHio and C:AHs, tend to transform into stable CsAHs under
elevated temperatures, increasing the porosity of the matrix. This increased porosity facilitates
the release of internal vapor pressure, thus enhancing the spalling resistance of the concrete.
However, excessive incorporation of CAC may lead to a significant reduction in strength and
an increase in material costs. Existing studies recommend limiting the CAC content to below
400 kg/m* and maintaining the water-to-binder ratio below 0.40 to mitigate these adverse
effects [43]. In this context, the use of a ternary binder system (PC—-CAC-C$) with a controlled
CAC dosage holds promise for enhancing the overall performance of SUHPC under low water-
to-binder ratios and elevated temperature conditions. The ternary binder system exhibited
excellent mechanical performance when the gypsum-to-CAC ratio (C$/CAC) was maintained

6



at 0.5 [44]. However, research on the high-temperature spalling resistance of ternary binder
system (PC-CAC-C$) remains scarce, especially in the context of SUHPC, where systematic
investigations have yet to be conducted.

1.2 Research motivation and aim

Driven by the concepts of green construction and low-carbon development strategies, SCMs
play a crucial role in the sustainable advancement of UHPC. The appropriate incorporation of
SCMs can substantially reduce cement usage and associated carbon emissions, while
simultaneously enhance strength development and refine the microstructure of UHPC.
However, systematic investigations into the underlying mechanisms by which SCMs enhance
the durability of UHPC remain scarce. Specifically, comprehensive investigations into the
evolution of hydration products and the fundamental mechanisms governing chloride ion
transport at the microstructural level remain limited. Moreover, the introduction of SCMs alters
the pore structure and the fiber-matrix interfacial bonding, potentially influencing the explosive
spalling behavior of UHPC. However, systematic research exploring the relationship between
SCM content and hydration, pore structure, durability, and high-temperature spalling resistance
of UHPC remains scarce, highlighting an urgent need for further investigation.

Furthermore, fire events constitute a common extreme condition and pose a critical safety
challenge during the service life of concrete structures, potentially compromising their
structural integrity and service lifespan. Although UHPC exhibits outstanding mechanical
performance and durability, its pronounced susceptibility to explosive spalling at elevated
temperatures severely limits its use in high temperature environments. Although compressive
and flexural strengths have been widely studied after high-temperature exposure [36, 45-48],
research on fracture energy remains limited. Fracture energy, a critical parameter reflecting
crack propagation resistance, is essential for evaluating structural safety after high-temperature
exposure. Nevertheless, systematic investigations into the fracture behavior of UHPC following
exposure to high temperatures, particularly the influence of varying steel fiber contents on
fracture energy and crack propagation resistance, remain limited. Current research on the
fracture performance of concrete, including UHPC, is largely limited to discrete temperature
levels [36, 49, 50], with few studies providing a comprehensive temperature-fracture energy
relationship. A clear understanding of the temperature—fracture energy relationship is essential
for enhancing the structural safety of UHPC under high-temperature conditions.

When large-scale concrete structures are subjected to localized impacts or fire, rapid repair
materials capable of providing immediate structural support are essential for maintaining
structural safety. SUHPC, characterized by its high strength and the ability to be rapidly sprayed
without formwork over complex geometries, has attracted considerable attention. Although
SUHPC demonstrates excellent strength and durability, its early-age rheological behavior, early
strength development, and shrinkage performance still require significant improvement and
further investigation.

The synergistic effects of various binder systems composed of different cementitious materials
can effectively improve the early-age rheological performance and strength of SUHPC, while



the addition of alkali-free accelerators at the nozzle can substantially shorten the setting time.
However, the influence of these introduced factors on the later-age mechanical performance of
SUHPC remains unclear, particularly in terms of compressive strength, flexural strength,
flexural fracture energy, and toughness index.

Conventional PC-based SUHPC remains highly vulnerable to explosive spalling under high-
temperature conditions such as fires, endangering both structural integrity and occupant safety.
Binder optimization through the development of novel binder systems represents a promising
research avenue for enhancing the high-temperature spalling resistance of SUHPC. Improving
the residual strength of SUHPC following high-temperature exposure is crucial, as it directly
affects the structural integrity of fire-damaged concrete elements, which is of great importance
in engineering practice.

This research comprises two interconnected parts focusing on UHPC and SUHPC:

Part I involves optimizing the binder system of UHPC and investigating its spalling behavior
after high-temperature exposure, with the aim of gaining a deeper understanding of its post-
heating failure mechanisms.

Part II focuses on designing an optimized binder system for SUHPC to enhance early- and
later-age performance and enhanced spalling resistance after high-temperature exposure.

The aim of this thesis is to develop a fire-resistant SUHPC tailored for rapid structural repair,
based on fundamental insights derived from UHPC research. To fulfill this aim, the following
specific research objectives have been formulated:

e To understand the effects of GGBS and LP on the spalling resistance and durability in
terms of chloride penetration resistance on UHPC.

e  To understand the flexural fracture behavior of UHPC after high temperature exposure.

e To develop a novel sprayed UHPC based on PC-CAC-C$ with superior early-age
performance, characterized by high thixotropy, early strength, and micro-expansion
properties.

e To clarify the effects of various cementitious materials and alkali-free accelerator on the
long-term mechanical properties of sprayed UHPC based on PC-CAC-CS.

e To investigate the spalling resistance of SUHPC based on PC-CAC-CS$ reinforced with
calcium sulfate whiskers and steel fibers under elevated temperatures.

1.3 Outline of the thesis

The research framework of this study is illustrated in Fig. 1.2. The specific contents of each
chapter are introduced in the following sections.

Chapter 1 presents the motivation and background and defines the research scope and
objectives.

Chapter 2 provides a systematic investigation into the mechanisms by which varying dosages
of GGBS and LP influence the hydration behavior, pore structure, mechanical properties, and
durability of UHPC. This chapter provides a mechanistic understanding of how SCMs influence
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the spalling resistance of UHPC via pore structure evolution.

Chapter 1 Introduction
Spalling resistance o . PC-based
SCMs Sustainability & fire resistance | binder system
Durability -
Part 1 = Chapters 2-3 | UHPC
Steel fibers | Spalling resistance Predictive model
{} Cast
Rheology Shraged

Early-age properties Setting behavior
Volumetric stability

Ternary
Part 1> Chapters 4-6 | SUHPC system Later-age properties Flexural fracture energy
Compressive/flexural toughness \/
Spalling resistance Multi-scale synergistic PC-CAC-CS
toughening mechanism ternay system
Chapter 7 Conclusions and reconmmendations

Fig. 1.2. Outline of the thesis.

Chapter 3 investigates the flexural and fracture performance of UHPC incorporating different
steel fiber volume contents under high-temperature exposures of 200 °C, 400 °C, 600 °C, and
800 °C. To clarify the fracture mechanisms of UHPC after high-temperature exposure, several
key mechanical parameters, including bending toughness, double-K fracture toughness, and
fracture energy, are measured and analyzed. Furthermore, a predictive model for predicting the
fracture behavior of UHPC at elevated temperatures is proposed and validated.

Chapter 4 shifts the focus to sprayed UHPC (SUHPC), aiming to optimize its early-age
performance. A novel SUHPC is developed by introducing a ternary binder system (PC-CAC—
C$). The effects of the C$/CAC ratio on hydration, rheology, early-age strength, and early
expansion behavior of SUHPC are systematically investigated using quantitative X-ray
diffraction (QXRD), thermogravimetric analysis (TGA), isothermal calorimetry, rheological
measurements, and scanning electron microscopy (SEM). An optimal C$/CAC ratio is
identified. In addition, the synergistic effect between the alkali-free accelerator and the ternary
binder system on hydration kinetics is further explored.

Chapter 5 investigates the later-age mechanical properties of SUHPC incorporating an alkali-
free accelerator and various binder systems composed of different cementitious materials,
including a PC-based system, a binary system (PC—CAC), and a ternary system (PC—-CAC-CS$).
The stress—strain and load—displacement curves are used to characterize the deformation
behavior of SUHPC specimens across the elastic, strain-hardening, and failure stages.
Furthermore, the observation of failure modes, including crack initiation and propagation,
contributes to understanding the correlation between microstructural features and macroscopic
mechanical behavior of SUHPC.

Chapter 6 further investigates the spalling resistance of SUHPC, which incorporates a ternary
binder system, reinforced by calcium sulfate whiskers (CSW) and steel fibers. Using PC-based
SUHPC as a reference, this chapter systematically investigates the evolution of hydration
products, spalling behavior, microstructural changes, residual strength, and pore structure of the
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ternary system-based SUHPC across a temperature range of 20 °C to 1000 °C. In addition, the
synergistic toughening mechanisms of CSW and steel fibers in the ternary binder matrix and
their contribution to improving spalling resistance at elevated temperatures are thoroughly
analyzed and summarized.

Chapter 7 summarises the conclusions of this research and provides recommendations for
future study.
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Chapter 2 Effect of SCMs on the explosive spalling resistance of UHPC
at elevated temperatures

Abstract

To mitigate cement overuse and associated CO. emissions, the incorporation of supplementary
cementitious materials (SCMs) offers a sustainable strategy for producing eco-friendly ultra-
high-performance concrete (UHPC). Moreover, the incorporation of SCMs significantly alter
the pore structure characteristics of UHPC, thereby influencing its resistance to explosive
spalling at elevated temperatures. This study investigated the effects and underlying
mechanisms of varying replacement levels of ground granulated blast furnace slag (GGBS) and
limestone powder (LP) on hydration, pore structure, mechanical properties, durability and
explosive spalling resistance in designed UHPC. The experimental results showed that GGBS
significantly improved durability, with optimal performance at 30 wt%, attributable to
enhanced secondary hydration and reduced pore connectivity. In contrast, LP provided strength
benefits at 15 wt% but adversely affected chloride resistance due to poor fiber-matrix bonding.
Correlation analysis indicated that chloride resistance in UHPC is primarily governed by pore
structure and fiber-matrix interfacial transition zone (ITZ) refinement, wherein GGBS enhances
both through secondary hydration, while LP replacement tends to impair interfacial bonding at
elevated replacement levels. However, both GGBS and LP exhibited detrimental effects on the
explosive spalling resistance of UHPC at elevated temperatures.

This chapter is partially published elsewhere:

J.He, T. Liu, W.W. Wu, X. Ling, and Q.L.Yu, Mechanism of SCMs on the hydration, pore structure, and durability
of UHPFRC. Journal of Sustainable Cement-Based Materials, 14(9) (2025), 1899-1916.

11



2.1 Introduction

With the rapid development of infrastructure projects such as long-span bridges, harbors, and
marine structures, concrete materials increasingly require superior overall performance,
particularly regarding strength, durability, and extended service life, due to aggressive corrosion
environments. Ultra-high-performance concrete (UHPC) has emerged as a superior
construction material due to its exceptional mechanical properties and durability, making it
highly suitable for aggressive environments such as marine and coastal regions [51-55]. The
incorporation of steel fibers in UHPC significantly enhances its ductility and strength [56, 57].
However, the high cement content and relatively low hydration efficiency in UHPC result in
substantial material costs and significant carbon emissions [58, 59].

To address sustainability concerns associated with high cement usage and the resulting carbon
footprint, partial replacement of Portland cement with SCMs has attracted increasing attention
[60-62]. SCMs such as fly ash (FA) [63, 64], silica fume [65], metakaolin (MK) [66-68], ground
granulated blast furnace slag (GGBS) [62, 69], and limestone powder (LP) [60, 61, 70] have
been extensively investigated to improve mechanical properties, durability, and the
microstructure of cementitious systems. However, the sustainable supply of FA is challenged
by the global decline in coal-based power generation. Although silica fume improves strength
and durability, excessive replacement levels may lead to increased autogenous shrinkage and
microcracking [71]. MK may reduce workability at high replacement levels due to its limited
dispersibility. Among these SCMs, GGBS is considered a promising alternative for UHPC due
to its high pozzolanic reactivity, low carbon footprint, and potential contributions to pore
refinement and durability enhancement. Additionally, LP has attracted growing interest for its
filler effect and nucleation effect, which may help refine the pore structure and improve
durability in sustainable UHPC systems. However, systematic investigations remain limited,
particularly in clarifying the underlying mechanisms and optimizing the incorporation of these
SCMs in UHPC.

GGBS is characterized by high contents of SiO2 and Al-Os, which lead to significant pozzolanic
reactivity. This reactivity promotes the secondary hydration and enhances the formation of C-
S-H and C-A-S-H gels, thereby improving the physical adsorption of chloride ions in
cementitious materials [72]. In addition, the abundant MgO and Al>O3 in GGBS facilitate the
formation of Mg-Al layered double hydroxides (LDHs) and Friedel’s salt (Fs), contributing to
chemical chloride binding in cement-based systems [73, 74]. However, these chloride-binding
mechanisms are generally effective after chloride ingress and are insufficient to fully
immobilize continuously penetrating chloride ions from external sources. Given the limited
chloride-binding capacity of concrete, the incorporation of GGBS to refine the pore structure
and improve the ITZ in UHPC is considered an effective strategy to reduce chloride
permeability. The pore refinement induced by GGBS occurs via both macroscopic and
microscopic mechanisms. On the macroscopic scale, GGBS optimizes particle packing through
filler effects, refining the pore structure [75-77]. At the microscopic level, the pozzolanic
reaction of active silica-alumina components within GGBS further contributes to pore
refinement in cement paste [69, 70, 78, 79]. Despite the recognized role of GGBS in refining
pore structure and improving durability [80], the steel fiber-matrix ITZ, which is considered a
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potential pathway for chloride ingress in UHPC, has not been thoroughly investigated.
Therefore, systematic studies investigating the effects of GGBS on hydration processes, pore
structure evolution, the steel fiber-matrix ITZ, and subsequent chloride permeability in UHPC
remain limited.

LP, a by-product from limestone quarries, primarily consists of calcite (CaCOz3). As a widely
utilized SCM in cement-based materials, LP influences hydration through mechanisms such as
nucleation [81], chemical effects [82], and filler effects [83]. Physically, LP fills voids and
provides additional nucleation sites for hydration products, thereby reducing the porosity of the
cement matrix and consequently decreasing chloride diffusivity [84]. Chemically, the calcite in
LP can react with aluminous phases in cement to form monocarboaluminates (Mc) and
hemicarboaluminates (Hc) [85]. This reaction reduces monosulfate formation and stabilizes
ettringite, increasing the volume of hydration products, refining the microstructure, and
ultimately reducing chloride ingress. Due to the relatively low reactivity of LP, the chemical
effect is generally limited. In the context of UHPC, research on LP has predominantly focused
on its effects on rheology [62], shrinkage [61], strength [86], and pore structure [16], with
limited attention to chloride resistance. For example, Li et al. [15] demonstrated that
incorporating 50 vol% limestone powder optimizes the strength, shrinkage behavior, and pore
structure of UHPC. Luan et al. [85] further reported that the synergistic use of limestone and
ultrafine slag significantly enhanced the compressive strength and densified the pore structure
of UHPC. Nevertheless, the influence of LP on the steel fiber-matrix ITZ in UHPC, which may
serve as a preferential pathway for chloride ingress, remains insufficiently investigated.

Beyond the challenge of high carbon emissions, explosive spalling resistance has also emerged
as a critical concern for UHPC. Due to its low porosity and dense microstructure, UHPC hinders
vapor dissipation, leading to internal pressure buildup and increasing the risk of explosive
spalling under high-temperature exposure [87]. Therefore, improving the pore structure and
introducing microscopic voids can provide escape pathways for water vapor, thereby reducing
the risk of explosive spalling. At present, polypropylene (PP) fibers are widely used to mitigate
explosive spalling in UHPC [88]. However, the incorporation of PP fibers leads to fiber melting
at relatively low temperatures (around 200 °C), introducing macropores into the matrix. While
this enhances resistance to explosive spalling at high temperatures, the resulting macroporosity
significantly compromises the mechanical properties of the material [38]. As previously
discussed, SCMs such as GGBS and LP can refine the pore structure and modify the fiber—
matrix interface, which may help reduce explosive spalling in UHPC. However, systematic
studies on their influence under high-temperature exposure remain scarce.

Considering the dense particle packing of UHPC and the increasing demand for sustainable
cementitious systems, this study investigates the effects of different replacement levels of
GGBS and LP on hydration behavior, pore structure evolution, mechanical performance, steel
fiber—matrix 1TZ, durability, and explosive spalling resistance of UHPC. A comprehensive
experimental program was conducted to characterize hydration, microstructure, interfacial
properties, chloride resistance, and high-temperature spalling behavior. Based on the
correlation analysis of the experimental results, this chapter aims to provide a theoretical basis
for the design of SCM-incorporated UHPC with improved sustainability, enhanced chloride
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resistance, and a mechanistic understanding of spalling resistance related to pore-structure
evolution.

2.2 Materials and experiments

2.2.1 Raw materials

The raw materials used in this study were Portland cement CEM 1 52.5 R (PC), GGBS, LP, fine
sand, sand, tap water (W), polycarboxylate superplasticizer (PCE) and steel fiber. The chemical
properties of the powders were analyzed by X-ray fluorescence (XRF), which are presented in
Table 2.1. The particle morphologies of the used GGBS and LP were tested by scanning
electron microscopy (SEM, Phenom ProX), shown in Fig. 2.1. The particle size distribution of
the raw materials is shown in Fig. 2.2. In this study, 2 vol% short straight steel fibers with the
length of 13 mm and diameter of 0.2 mm were adopted, which are provided by Bekaert. Fine
sand (0-0.2 mm and 0-2 mm) were added as aggregates. A polycarboxylate-based
superplasticizer (PCE) with a solid content of 35% was used at a constant dosage of 2.0 wt%
relative to the binder weight in all UHPC mixtures to ensure sufficient and comparable
workability across different mixes.

Table 2.1. Chemical compositions of raw materials (wt%).

Ca0O SiO2 ALO; Fe:03 K20 Na;O SOs3 MgO TiO: Mn3:Os LOI
PC 65.50 22,10 4.78 4.08 0.51 0.29 3.19 2.19 0.25 0.13 1.9
GGBS 37.69 3379 1337 0.8 0.44 - 1.72 10.70 - - 1.3
Lp 57.01  1.79 0.19 0.03 - 0.13 0.07 0.18 - - 40.5

Volume (%)

404

Cummulative volume (%)

0.1 1 10 100 1000
(@) Particle size (um) (b) Particle size (um)

Fig. 2.2. (a) Particle size distribution of raw materials; (b) Cumulative volume of raw materials.
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2.2.2 Mix proportion and specimen preparation

The mix proportions for UHPC mixtures investigated in this study are summarized in Table 2.2.
A water-to-cement ratio (w/c) of 0.20 was adopted, and the HRWR content was fixed at 2 wt.%
by mass of binder. The designs of all UHPC mixtures in this study were based on the modified
Andreasen and Andersen model [57, 89]. 50x50x50 mm?® cube molds and 40x160x160 mm?
prism moulds were filled to prepare specimens for compressive strength test and three-point
bending test, respectively. In this study, all UHPC mixtures were prepared using the same
mixing procedure and casting method. The samples for the rapid chloride ion migration (RCM)
test were cast into plastic cylinder molds with 100 mm diameter and 50 mm height according
to NT Build 492 [90]. Following Standard EN 12390-2 [91], the samples were demolded and
cured in water at 20 °C until further tests.

In this study, the control group was chosen to be the REF mixture containing 100% PC without
any SCMs. In order to facilitate analysis and comparison, the GGBS-cement and LP-cement
binder system were classified into two series: Series I concerns only GGBS replacement (REF,
G15, G30 and G45 mixes), and Series II concerns only LP replacement (REF, LP15, LP30 and
LP45 mixes).

Table 2.2. Mixture proportion of UHPC specimens (kg/m?).

MixID PC GGBS LP Fine sand Sand w SP Steel fiber
Series I REF 949 0 0 275 1027 155 54 156

Gl15 807 142 0 275 1027 155 54 156

G30 664 285 0 275 1027 155 54 156

G45 522 427 0 275 1027 155 54 156
Series 11 REF 949 0 0 275 1027 155 54 156

LP15 807 0 142 275 1027 131 46 156

LP30 664 0 285 275 1027 108 38 156

LP45 522 0 427 275 1027 85 30 156

2.2.3 Experimental methods
2.2.3.1 Workability

The flow table tests were conducted in accordance with EN 1015-3 [92] to evaluate the
workability of designed UHPC mixtures [93]. The relative slump (') is determined using the
following equation:

2
r:[dlz;dﬂ -1 2.1
0

In this equation, d; and d> represent the two perpendicular diameters of the spread sample, and
do is the base diameter of the cone mold.

2.2.3.2 Isothermal calorimetry

According to the mixture proportion in Table 2.2, the heat evolution of the pastes (without steel
fibers and aggregates) was characterized with an isothermal calorimeter (TAM AIR C80). All
the pastes were injected into the sample container after a 2-minute mixing period. Heat flow
and hydration heat data were continuously recorded for 80 hours and normalized by the total
paste weight. Cumulative heat release and hydration exothermal rate were obtained and
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analyzed to study the early hydration of UHPC mixtures with different replacement levels of
GGBS and LP.

2.2.3.3 Strength

The compressive and flexural strength tests were conducted after curing at the ages of 1, 7, and
28 days according to EN 196-1 [94]. Compression test was carried out on UHPC cubes
measuring 50x50x50 mm® with the loading speed of 2.4 kN/s. Flexural strength tests were
performed on a universal testing machine using 40x40x160 mm® prism samples.

2.2.3.4 Morphology

The morphologies of the ITZs of hardened UHPCs (G30 and LP30 mixes) after 28 days curing
were observed by SEM (TESCAN MIRA3). The effects of different SCMs on steel fiber-matrix
ITZ and aggregate-matrix ITZ were observed and investigated obviously.

2.2.3.5XRD

X-ray diffraction (XRD) analysis was performed to evaluate the hydration products of samples
incorporating GGBS or LP in Series I and II. The measurements were conducted using a Bruker
D2 PHASER diffractometer equipped with an XE-T detector and a cobalt radiation source (Co
Ka, A = 1.79 A), operated at 30 kV and 10 mA. The measurements were conducted over a 20
range from 5° to 90°, with a step size of 0.013°.

2.23.6 TG

To analyze the thermal decomposition of the designed UHPC mixtures, the thermal gravimetric
(TG) and differential thermal gravimetric (DTG) experiments were carried out to evaluate
samples after 28 curing days by a Netzsch simultaneous analyzer, model STA 449 C. After the
process of grinding, the powder of UHPC mixtures was heated from 20 °C to 1000 °C with the
heating rate of 10 °C/min.

2.2.3.7 MIP

In this study, a mercury intrusion porosimeter (AutoPore IV 9510, Micromeritics, USA) was
utilized to determine the effect of binder replacement with GGBS and LP on the development
of pore structure. The MIP tests require blocks with thicknesses ranging from 1 mm to 2 mm,
which were obtained by crushing hardened UHPC samples.

2.2.3.8 RCM

In this study, the RCM test was conducted to clarify the effects of different content of GGBS
and LP on the resistance to chloride ion penetration of the designed UHPC. The RCM test was
set up as shown in Fig. 2.3 according to NT Build 492 [90] . The anode and cathode solutions
were 0.3 M NaOH and 10% NaCl, respectively. After switching on the power supply, the initial
voltage was set to 30 V. Subsequently, the voltage of the power supply and test duration of the
test were carefully adjusted based on the initial electrical current in the first minute. Due to the
superior corrosion resistance of UHPC compared to ordinary concrete, the penetration depth is
significantly smaller than that of ordinary concrete. To ensure the accuracy of the data and
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minimize errors, six parallel specimens were employed for each test group and the collected
data were averaged.

+ Potential

Rubber sleeve
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Fig. 2.3. Schematic of the RCM test.

After the test, the disc samples were axially split and sprayed with 0.1 M AgNOs3 solution. The
applied voltage (U), time duration (t), and the average value of the penetration depths (Xq) were
recorded. The chloride migration coefficient (Dnssm) Was calculated as follows [90]:

D - 0.0239(273+T)L X, 0238 [@73+T)LX, 22)
U -2)t U-2

Dassm: non-steady-state chloride diffusion coefficient, 107'? m?%s;

where

T: average value of the initial and final temperatures in the anolyte solution, °C;
U: absolute value of the applied voltage, V;

L: thickness of the concrete specimen, mm;

Xaq: average value of the penetration depths, mm;

t: test duration, hour.

2.2.3.9 Spalling

After the designated curing period, UHPC specimens were dried in an oven at 80 °C for 24
hours. Subsequently, they were then exposed to elevated temperatures of 250 °C, 500 °C,
750 °C, and 1000 °C using a muffle furnace. To protect the furnace interior from potential
damage caused by explosive spalling, the specimens were placed inside steel cages. As shown
in Fig. 2.4, the temperature was raised from ambient to the target level at a constant rate of
3 °C/min, followed by natural cooling within the furnace.
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Fig. 2.4. Heating regimes of UHPC specimens.

2.3 Results and analysis
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Fig. 2.5. The slump flow and relative slump flow of Series I and Series II.

Fig. 2.5 illustrated that the workability of mixtures in Series I and II was enhanced at all
replacement levels within 0-45 wt%. The relative slump flow of UHPC mixes with GGBS-
cement and LP-cement binder system ranged from 4.88-7.07 and 4.88-7.94, respectively, and
no segregation was observed. In Series I, the relative slump flow of G15, G30, and G45
increased by 18.03%, 38.5% and 44.9% compared to REF, respectively. And the relative slump
flow increased linearly when the GGBS replacement level increased in the range of 0-30 wt%.
Nevertheless, the improvement rate of relative slump flow slowed down as the level of GGBS
replacement exceeded 30 wt%. In Series II, a notable increase from 5.28 to 7.24 in the relative
slump flow of LP15 to LP30, represented a 37.12% increment. An excessively high value of
the relative slump flow may lead to deteriorative behaviors in the UHPC, such as a significant
decrease in compressive strength and the subsidence of steel fibers, which will be further
investigated in Section 2.3.3.
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2.3.2 Hydration reaction at early ages

Based on the calorimetry test results, the effect of different SCMs content on hydration heat
was presented in Fig. 2.6. As depicted in Fig. 2.6(a), LP15 and G15 exhibited a faster rate of
heat release, reaching their exothermic peak 6.95 h and 5.31 h earlier than REF, respectively.
This peak of hydration heat corresponds to CsS hydration and the growth of C-S-H gel [95]. In
addition, LP and GGBS possess larger specific surface areas and smaller particle sizes than
cement, which promote the nucleation effect during hydration. Therefore, the nucleation effect
induced by superfine LP and GGBS significantly promotes early hydration [96], as evidenced
by the accelerated exothermic peaks in LP15 and G15. These findings highlighted that low
replacement levels, such as 15 wt%, can effectively enhance early-age hydration kinetics by
promoting the nucleation effect of superfine SCMs, while avoiding the negative dilution effects
observed at higher replacement levels.
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Fig. 2.6. Calorimetry test results of UHPC pastes with different SCMs content: (a) Normalized heat flow;
(b) Normalized cumulative heat.

Fig. 2.6(b) illustrated the normalized cumulative heat release of UHPC mixtures at 80 h. The
cumulative heat release primarily originates from the hydration reaction of cement, along with
the pozzolanic reaction between GGBS and the precipitated Ca(OH)2 [89]. Due to its high SiO:
and ALOs content as shown in Table 2.1, GGBS exhibits significant pozzolanic reactivity.
During the hydration process, the Ca(OH). produced by cement hydration further reacts with
GGBS, wherein the active SiO. and Al.Os in GGBS interact with Ca?>" and OH™ to form
additional C-S-H and C-A-S-H gels, accompanied by substantial heat release. In contrast, LP
is primarily composed of CaCOs and lacks notable pozzolanic reactivity. According to the
normalized cumulative heat release curves in Fig. 2.6(b), compared to the REF mix, the total
heat release at 80 h was reduced by 10.74% and 12.86% for the mixtures incorporating 45 wt%
GGBS and 45 wt% LP, respectively. Furthermore, the REF mix exhibited the highest
cumulative heat release, while an increasing replacement level of GGBS or LP led to a gradual
decline in total heat release. This phenomenon could be attributed to the lower pozzolanic
reactivity of GGBS and LP, as well as the dilution effect resulting from cement replacement.
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2.3.3 Mechanical properties of UHPC
2.3.3.1 Effects of SCMs content on compressive strengths of UHPC

The compressive strengths of Series I and Series II specimens after standard curing for 7 and
28 days were presented in Fig. 2.7. It could be observed that Series I and Series II exhibited
comparable strengths at 7 days; however, significant differences emerged in the strength
development between 7 and 28 days. In Series I, the strength growth rates of REF, G15, G30,
and G45 from 7 to 28 days were 5.1%, 10.2%, 29.4%, and 41.2%, respectively. Evidently,
GGBS exhibited a notable advantage in promoting later-age strength development compared to
the control mix (REF). This observation aligned well with findings reported in a previous study
[60]. Despite the considerable strength increment observed in the G45 between 7 and 28 days,
its 28-day compressive strength remained substantially lower than that of the G30. This result
will be further discussed in Section 2.3.5 through quantitative analysis of hydration products.
In Series 11, the strength growth rates of REF, LP15, LP30, and LP45 from 7 to 28 days were
5.1%, 21.3%, 3.2% and 6.5%, respectively. Among all samples, G30 in Series I and LP15 in
Series II exhibited the highest strength growth rates during the period from 7 to 28 days.
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Fig. 2.7. Compressive strength of UHPC.

The compressive strength at 28d of both Series I and Series II initially increased and then
decreased as replacement levels rise. In Series I, the compressive strength peaked at 129.8 MPa
with a GGBS replacement level of 30 wt%. As the GGBS content further increased from 30
wt% to 45 wt%, the strength decreased significantly by approximately 16.1%. This reduction
was attributed to the reduced reactivity of GGBS at higher replacement levels and the dilution
of cementitious phases, as further discussed in Section 2.3.5 through the quantitative analysis
of hydration products. In Series II, the highest compressive strength of 135.2 MPa was achieved
at a LP substitution level of 15 wt%. This enhancement was attributed to the nucleation effect,
wherein LP particles serve as nucleation sites for hydration products [97]. With further
increases in LP content, the 28-day compressive strengths of LP30 and LP45 decreased by
37.36% and 45.16%, respectively, compared to the REF. This finding indicated that 15 wt% is
the optimal replacement level of LP, at which the nucleation and filling effects dominated,
promoting the development of strength. Beyond this optimal level, the dilution effect became
predominant, diminishing the beneficial influence of nucleation and subsequently impairing
strength development.
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Fig. 2.8. The binder efficiency of Serie I and Serie II.

Binder efficiency, defined as the ratio of normalized compressive strength at 28 days to binder
mass [15], was significantly enhanced by partial cement replacement with SCMs, as illustrated
in Fig. 2.8. In Series I, the maximum binder efficiency reached 15.90 MPa/(kg/m?), indicating
that a 30 wt% GGBS replacement level was optimal for UHPC. In Series II, the maximum
binder efficiency reached 17.37 MPa/(kg/m®) with a 15 wt% LP replacement, highlighting 15
wt% LP as the optimal content for UHPC mixtures.

2.3.3.2 Effects of SCMs content on flexural load—deflection behaviour of UHPC

The effects of SCMs on flexural load versus mid-span deflection curves of UHPC mixtures
under three-point bending at 28d were illustrated in Fig. 2.9(a). From Fig. 2.9(b), the steel fibers
being drawn out are clearly visible. The effects of SCMs content on flexural toughness of UHPC
mixtures at 28d were shown in Table 2.3. The residual strength factor and toughness index were
derived to indicate the ductility and energy absorbed by the beam under flexural load. For
example, the toughness index /5 of G15 was defined by this test method as the area OACD
(So4cp) divided by the area OAB (So43) up to the first crack as illustrated in Fig. 2.9(a). In brief,
the toughness index /s, I;0 and 1290 were derived by dividing the area up to a deflection of 3, 5.5,
and 10.5 times of the first crack deflection (39, 5.50 and 100) by the area up to first crack,
respectively [98].
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Fig. 2.9. (a) Flexural load-deflection curves at 28 d; (b) The steel fibers being drawn out.

In Series I, the peak strength of REF, G15, G30 and G45 were 20.37, 17.46, 22.22 and
15.20 MPa, respectively. G30 exhibited an increase of 8.82% in peak strength compared to REF
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mix. Moreover, G30 exhibited the highest residual strength coefficient among the Series . It is
worth noting that the toughness indices of G30 were significantly elevated by 135.2%, 31.6%,
and 45.5% for Is, 10, and D, respectively, in comparison to the REF. This phenomenon
indicated that the ratio of the energy consumed by G30 in reaching different displacements
(such as 36, 5.56 and 100) to the energy consumed before the initial cracking displacement was
quite high compared to other mixtures in Series I. Hence, it indicated that the bond between the
steel fiber and the matrix was much stronger in G30 than in other mixtures in Series I, which
was the major factor for the superior toughness performance of G30. Only fibers sustain the
load through mechanical interlock and friction at the fiber-matrix interface after cracking [99].
Therefore, the increase of peak strength in G30 could be attributed to the enriched bond between
the matrix and the steel fiber. The morphology of the steel fiber-matrix ITZ of G30 was further
observed and investigated in Fig. 2.13(a). Nevertheless, when GGBS replacement further
increased from 30 wt% to 45 wt%, the peak strength (f;) and toughness indices (/5, 1;0, and I29)
demonstrated significantly reductions of 7.81%, 28.74%, 39.70% and 51.67%, respectively.
This phenomenon illustrated that it significantly impaired flexural behaviors of UHPC when
the replacement level of GGBS for cement exceeded 30 wt%.

In Series II, the toughness index (Z5, 119, and I2) for all LP replacement levels (15 wt%, 30 wt%,
45 wt%) exhibited a significant decrease relative to REF. It indicated that any replacement level
of LP within 0-45 wt% had a detrimental effect on the flexural behaviors of UHPC. During the
three-point bending test, it was observed that specimens LP15, LP30 and LP45 exhibited fewer
but more concentrated micro-cracks than REF, resulting in the extraction of the steel fibers only
from the main crack section. Hence, it was assumed that the incorporation of LP resulted in a
more concentrated cracks and the degradation of steel fiber-matrix ITZ of UHPC specimens
during the bending test. Nevertheless, it is worth noting that pre-cracking strength (fc) of LP15
at 28d was slightly elevated by 2.56% relative to REF. This was primarily attributed to the
matrix strength, which governs the initial cracking load [68]. This explanation aligned well with
the highest compressive strength observed for LP15 in Series II, as shown in Fig. 2.7.

Table 2.3. Effects of SCMs content on flexural behaviours of UHPC at 28d.

No. for (MPa)  f (MPa) JOcr (Mmm) Ou (mm) Is I Iz

REF 19.5+0.4 20.4+0.6 0.34+0.04  0.47+0.04 2.47+0.43 8.23+0.92  12.53£1.21
Gl15 18.6+0.2 17.5+£0.3 0.28+0.05  0.51+0.08  4.84+0.79  8.60+0.54  14.20+1.08
G30 19.2+0.7 22.2+1.3 0.31£0.02  0.61+0.11 5.81+£0.38  10.83+0.84 18.23+2.06
G45 17.7£0.2 15.2+0.6 0.49+0.11 0.59+0.04  4.14+0.21 6.53+0.94  8.81%1.33
LP15 20.0+0.6 16.9+0.3 0.41£0.06  0.49+0.08  2.24+0.64  6.18+1.01 8.26+2.36
LP30 13.9+0.7 13.8+0.8 0.34+0.04 0.4540.02 2.19+0.11 5.96+1.14 7.98+1.14
LP45 12.1+1.1 12.9+0.4 0.30£0.09  0.46+0.06 1.91+1.04  5.37+1.09 6.78+2.37

2.3.4 X-ray diffraction analysis

The XRD patterns of hydrated UHPC pastes in Series I and II for 28 days were presented in
Fig. 2.10. In GGBS replacement series (Series I), the main peak of calcium hydroxide (CH) at
21° and 34° could be observed in all blended UHPC pastes. The increase in GGBS replacement
level was followed by a progressive weakness of the strength of the CH diffraction peaks. Fig.
2.10(a) demonstrated that the CH peaks of G30 and G45 mixtures were much weaker than those
of the other groups in Series I. The gradual weakening of CH peaks with increasing GGBS
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content confirmed both the pozzolanic consumption of CH and the dilution effect from reduced
cement content. Additionally, the incorporation of GGBS enhances the formation of Al-bearing
hydrates such as strétlingite and hydrogarnet, contributing to the overall refinement of the
hydration system and potentially improving long-term durability [100]. Furthermore, Al can
also be incorporated into the C-S-H structures, forming so-called C-A-S-H (calcium-aluminate-
silicate-hydrate) phases with different structures and higher chain lengths than those of C-S-H
[101, 102]. Fig. 2.10 demonstrated that the X-ray diffraction peaks of UHPC pastes with
different contents of LP. As the LP replacement increases, the peak of calcite became more
pronounced [16]. The peaks of C3S and C,S were substantially weaker, mostly due to the
decreased cement content and the diluting effect of LP as a binder.

*:CH 4:CS  :CS e:Ettringite —— REF *:CH a:CS :CS e:Etringite m: CaCOs
.
:

*
* m A xa
n

——REF
——LP15|
——LP30,

T T T T T
10 15 20 25 30 35 40 45 50 55 60 10 15 20 25 30 35 40 45 50 55 60
(a) 2 theta [degree] (b) 2 theta [degree]

Fig. 2.10. XRD patterns of Series I (a) and Series II (b) at 28d.

2.3.5 Thermogravimetric analysis
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Fig. 2.11. Thermal analysis results of UHPC pastes at 28 days. (a) TG curves; (b) DTG curves.
The thermal characteristics of the developed UHPC pastes in Series I and II were presented in
Fig. 2.11. As shown in Fig. 2.11(b), three main endothermic peaks were identified at 100-
105 °C, 400-500 °C, and 600-800 °C, corresponding to the evaporation of free or bound water
in C-S-H and AFt phases, the decomposition of CH, and the decarbonation of calcium carbonate
(CaCQ0:s), respectively [103-105]. To further investigate the hydration products and degree of
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hydration at different replacement levels of GGBS and LP, the quantities of C-S-H and CH
were calculated and presented in Fig. 2.12.
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Fig. 2.12. CSH and CH contents by total mass of UHPC in (a) Series I and (b) Series II.

In GGBS replacement series (Series I), when GGBS content increased in the range of 0-30 wt%,
CH content decreased from 1.6% to 1.2%, while C-(A)-S-H content increased from 4.8% to
5.6% as shown in Fig. 2.12. Among Series I, the C-(A)-S-H content in G30 reached its peak at
5.6%. It indicated that there was sufficient calcium hydroxide (Ca(OH)2) in cement to activate
and facilitate the reaction of GGBS in G30 [61], which resulted in a high reaction degree of
GGBS, consequently a high generation of C-(A)-S-H gel. Nevertheless, when GGBS
replacement further increased from 30 wt% to 45 wt%, C-(A)-S-H content decreased from 5.6%
to 5.4% and CH content maintains at 1.2%. This indicated that when the GGBS replacement
exceeded 30 wt%, the limited availability of CH was insufficient to activate the pozzolanic
reactivity of GGBS, resulting in a lower content of hydration products such as C-(A)-S-H. This
also explained the pronounced reduction in 28-day compressive strength of G45 compared to
G30, which could be attributed to the reduced reactivity of GGBS and the dilution effect at
higher replacement levels. Therefore, a GGBS replacement level of 30 wt% represented the
optimal threshold, beyond which the dilution effect dominated and the pozzolanic reactivity of
GGBS significantly declined, leading to reduced C-(A)-S-H formation.

In LP replacement series (Series II), when LP replacement level increases from 0 wt% to 45
wt%, the CH and CSH contents decreased consistently from 4.8% to 3.7%, 1.6% to 1.4% as
presented in Fig. 2.12, respectively. It is reported that the reduced hydration products are due
to the dilution effect of reactive binders by limestone [15]. Furthermore, the normalized C-S-H
contents by mass of reactive binders in Series II (REF, LP15, LP30 and LP45) were 4.8%, 5.5%,
6.3% and 6.7%, respectively. It suggested that the incorporation of LP at any replacement level
(0-45 wt%) significantly enhanced the hydration degree of active binder, thereby improving the
binder efficiency. It can be noticed that the CH and CSH contents of LP15 exhibited minimal
variation compared to REF. This phenomenon suggested that, at the replacement content of 15
wt% for LP, LP primarily exerts its influence on the nucleation effect in designed UHPC,
enhancing the hydration degree of binder with a less noticeable dilution effect. Nevertheless,
when LP replacement level further increased from 15 wt% to 45 wt%, the C-S-H content
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decreased sharply from 4.7% to 3.7% due to the dilution effect of LP, while the hydration degree
of cement reached its peak. Thus, a 15 wt% LP replacement represented a critical threshold at
which the nucleation effect was maximized and the dilution effect remained negligible,
resulting in the most efficient binder hydration.

2.3.6 SEM analysis

The morphology of the steel fiber-matrix ITZ and aggregate-matrix ITZ in G30 and LP30 mixes
was characterized by SEM and presented in Fig. 2.13. A substantial amount of hydration
products, such as C-(A)-S-H gels, was observed on the entire surface of the steel fibers in the
G30 mix. This indicated a strong interfacial bond, as shown in Fig. 2.13(a), which was
attributed to the high pozzolanic reactivity between GGBS and CH that promoted the formation
of additional C-(A)-S-H gels. Interface between the aggregate and the matrix of the G30 was
found to be dense in Fig. 2.13(c). It verified the superior flexural behaviour and compressive
strength of G30 in Fig. 2.7 and Table 2.3.

Gap between
fiber and matrix

Gap between

aggregate and matrix

W e >

Dense interface

Fig. 2.13. SEM micrographs showing the steel fiber-matrix ITZ for (a) G30 and (b) LP45, and the

aggregate-matrix ITZ for (¢) G30 and (d) LP45.
In contrast to G30, LP30 showed noticeably fewer hydration products attached to the steel fiber
surface, as was observed in Fig. 2.13(b), indicating a weaker fiber-matrix interfacial bond.
Moreover, a distinct gap was observed at the aggregate-matrix interface in LP30 (Fig. 2.13(d)),
indicating a degraded ITZ. This degradation was primarily attributed to the dilution effect of
LP, which reduced the amount of reactive binder available for hydration. As a result,
insufficient hydration products were generated, leading to weak bonding at both fiber-matrix
and aggregate-matrix interfaces, and ultimately causing significant microstructural defects in
both ITZs.
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2.3.7 Pore structure analysis

To delve deeper into the impact of SCMs on pore structure, the pore size distribution of UHPC
mixtures in series I and series II by the MIP test at 28 days was shown in Fig. 2.14. The pores
are classified into three ranges as depicted in Table 2.4: (a) gel pores (2-10 nm); (b) capillary
pores (10 nm - 10 um); (c) macropores (>10 um) [61]. In addition, the critical pore diameter is
described as the maximum peak on the pore size distribution curve of UHPC from MIP
adsorption in Fig. 2.14(a), as well as the inflection point on the cumulative pore volume curve
in Fig. 2.14(b).
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Fig. 2.14. (a) MIP adsorption cumulative pore volume of UHPC at 28 days; (b) Pore size distribution of

UHPC from MIP adsorption dV/dlog(w) pore volume at 28 days.
In GGBS replacement series (Series I), as the GGBS content increased from 0 to 30 wt%, the
first critical pore diameter decreased from 22.1 nm to 21.5 nm, while the total gel pores
increased from 0.8% to 1.0%. An increase in gel pore content from MIP result corresponds to
a higher concentration of CSH gel [106]. Therefore, this phenomenon was attributed to the
sustained pozzolanic reactivity of GGBS, which continuously generated C-(A)-S-H gels even
at a 30 wt% replacement level. Among the mixtures in Series I, G30 exhibited the lowest total
porosity, the highest gel pores and the least amount of macro pores. This was in line with the
high compressive strength observed in Fig. 2.7. However, as the GGBS content increased
further from 30 to 45 wt%, the first critical pore diameter increased significantly from 21.5 nm
to 24.2 nm, while the gel pore decreased from 1.0% to 0.7%. This was due to the reduced
content of cement, which produced less CH as hydration product. Insufficient CH was not able
to activate the excessive GGBS (45 wt%), leading to the low pozzolanic reactivity of GGBS
and low amount of hydration product such as C-(A)-S-H gels. It also confirmed the relatively
low compressive strength of G45 among Series I shown in Fig. 2.7 and less C-(A)-S-H content
in Fig. 2.12.

Within the limestone replacement series (Series II), increasing the LP content from 0 to 15 wt%
resulted in a slight reduction in the first critical pore diameter, with the total gel pore volume
remaining nearly constant. It is uncommon in previous studies [15, 16]. It indicated that the
positive effect of LP on microstructure of UHPC compensated for the negative effect brought
by the dilution effect of LP. The positive impact of LP on the microstructure of UHPC arises
from three main effects: the promotion effect, which enhances the hydration degree of cement;
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the nucleation effect, which stimulates the formation of CSH gel; and the filling effect, which
fills the pores and the void. This also corroborated the higher compressive strength of LP15 in
Fig. 2.7 and the comparatively greater amount of hydration products in Fig. 2.12. However, as
the LP content increased from 15 wt% to 45 wt%, the first critical peak shifted from 21.3 nm
to 25.9 nm. It also became broader and more intense. Meanwhile, the gel pore volume markedly
decreased from 0.8% to 0.5%. This suggested that LP replacement beyond 15 wt% significantly
reduced hydration product formation and deteriorated microstructural refinement due to a
pronounced dilution effect.

Table 2.4. Characteristic pore parameters of UHPC mixtures as measured by MIP.

Porosity
Gel Capillary Threshold Median  Average . Tota‘l
MixID PO pores MACTOPOTES pir Tortuosity  diameter .POTC pore intrusion
(2-10 (>10 pm) diameter diameter  volume
pmy (0nm- (nm) (nm) (nm) (mL/g)
10 pm)
REF 0.8 13.7 4.5 18.9 6.79 57.13 30.1 29.8 0.1
G15 0.9 132 3.4 17.5 7.40 52.11 29.6 28.5 0.1
G30 1.0 12.9 2.9 16.8 7.94 44.28 28.4 274 0.1
G45 0.7 13.9 3.0 17.6 6.88 5031 309 29.7 0.1
LP15 0.8 13.3 2.6 16.7 6.87 56.72 26.1 26.0 0.1
LP30 0.7 13.6 4.7 19.0 6.26 76.28 319 31.1 0.1
LP45 0.5 15.9 6.1 22.5 5.61 86.29 32.6 30.7 0.1
2.3.8 RCM results

The chloride migration coefficient (Dnssm) and chloride ion penetration depth of designed UHPC
were presented in Table 2.5. Cylindrical samples after the RCM tests were shown in Fig. 2.15.
Compared with results in previous studies [107], the Dnssm values of all designed UHPCs were
very low, which indicated the superior durability of UHPC. As for the GGBS replacement series
(Series I), Dassm values were 1.13, 0.89, 0.77 and 0.84 x107'2 m?/s for REF, G15, G30 and G45
respectively. It was observed that Dnssm value firstly decreased and then increased at G45 with
the increase of the GGBS replacement levels. However, it was worth noting that the chloride
permeation resistance of G45 was comparable to that of G30 and G135, despite the fact that the
mechanical properties and pore structure of G45 were significantly inferior to those of G30
according to the results presented in Sections 2.3.3 and 2.3.7. This phenomenon was further
investigated and discussed in the subsequent sections.

In the cement replacement series (Series II), as the LP replacement content increased from 0 to
45 wt%, the Dnssm value reached the minimum at 15 wt% LP replacement rate, after which it
continues to increase significantly at 45 wt% LP replacement rate. This indicated that LP15 mix
exhibited the best resistance to the penetration of chloride ions in Series II. It is reported that a
small quantity of fine LP as a cement replacement into concrete mainly exhibits the filling effect
and the reduction of the chloride permeability of the concrete [82, 108]. As the LP content
increased further from 15 wt% to 45 wt%, the chloride ion permeability considerably increased,
which was due to the loose microstructure resulting from the lack of sufficient cement and the
dilution effect [108]. To maximize the nucleation effect and minimize the dilution effect, the
critical replacement value of LP replacing cement in terms of chloride permeability was 142
kg/m? (at the critical replacement content of 15 wt%).
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Fig. 2.15. Cylindrical samples after being tested.
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Fig. 2.16. Chloride penetration depth and chloride migration coefficient (Dnssm) of UHPC mixtures.
To better understand the influence of the type and content of SCMs as variables on chloride
penetration resistance, the calculated chloride migration coefficient (Dussm) contour plot of
UHPC at different SCMs replacement levels in RCM test was illustrated in Fig. 2.17. It
displayed the sensitivity of the Dnssm of developed UHPC to any variations of the variables (the
content of cement, GGBS and LP). It could be noticed that the incorporation of GGBS
significantly contributed to the reduction of the Dnssm value, and any addition of GGBS within
the range of 0-45 wt% was advantageous for enhancing chloride resistance. This phenomenon
is attributed to the increasing content of GGBS which can act as a cementitious material,
producing hydration products and physically and chemically absorbing chloride ions.
Additionally, the unhydrated GGBS can also optimize the pore structure as filler, thereby
enhancing the resistance to chloride ions ingress. Whereas, the increased replacement rate of
LP for cement had an adverse effect on chloride ion performance. Therefore, based on the
concept of optimizing the mix proportion for the best resistance to chloride penetration of
UHPC, it is recommended to have a higher amount of GGBS within the range of 0 to 45 wt%,
while minimizing the content of LP.
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Table 2.5. The calculated chloride migration coefficient (Dnssm) and penetration depth of designed UHPC.

Initial applied Applied voltage U Chloride penetration Dassm Resistance to

voltage U(V) (after adjustment) (V) depth (mm) (x10"2m?s)  chloride migration
REF 30 30 3.1+04 1.13+0.10 Extremely high
G15 30 25 2.3+0.1 0.89 +0.06 Extremely high
G30 30 30 25+0.3 0.77+0.11 Extremely high
G45 30 20 1.9+0.1 0.84 +0.05 Extremely high
LP15 30 30 3.1£0.1 1.11 +£0.03 Extremely high
LP30 30 20 3.6+0.3 1.86 £ 0.02 Very high
LP45 30 10 34+03 2.78£0.10 Very high
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Fig. 2.17. The calculated chloride migration coefficient (Dyssm) contour plot of UHPC at different SCMs
replacement levels.

2.3.9 Spalling observation and residual strength

Fig. 2.18 presented the spalling observations of the specimens after exposure to 500 °C.
Explosive spalling was evident in G15, G30, G45, and LP15 at this temperature, whereas REF,
LP30, and LP45 exhibited spalling after being exposed to 750 °C. These findings suggested that
incorporating 15% LP or any level of GGBS ranging from 15 to 45 wt% decreases the onset
temperature of explosive spalling in UHPC, demonstrating a clear detrimental impact on its
resistance to high-temperature spalling. No significant effect on the onset temperature of
explosive spalling in UHPC was observed when LP contents exceeded 15 wt%. Overall, neither
GGBS nor LP enhanced the high-temperature spalling resistance of UHPC; on the contrary, a
deterioration was observed in certain cases. The influence of SCMs on the spalling resistance
of UHPC at elevated temperatures may be related to pore structure, which will be further
analyzed and discussed in Section 2.4.3.

Fig. 2.19 illustrated the residual compressive strength of UHPC at elevated temperatures. It was
found that all mixtures exhibited a significant increase in residual compressive strength at
250 °C. At 250 °C, the residual compressive strengths of G15, G30, and G45 increased by
10.81%, 11.42%, and 5.63%, respectively, compared to that at room temperature (RT). This
improvement was attributed to the continued hydration of cement particles and the secondary
pozzolanic reactions of GGBS and silica fume, resulting in a denser matrix microstructure [109].

29



At 250 °C, the residual compressive strengths of LP15, LP30, and LP45 increased by only
5.25%, 3.83%, and 2.95%, respectively, compared to room temperature. These values were all
significantly lower than the 8.81% increase observed in the REF mixture. Accordingly, LP
incorporation negatively affected the residual strength at 250 °C, diminishing the post-heating
strength gain. This effect was due to the low pozzolanic reactivity of limestone powder, which
had limited contribution to secondary hydration and mainly served as a cement diluent.

(a) G15 (b) G30 (c) G45 (d) LP15

(¢) REF M LP30 (2) LP4S

Fig. 2.18. Spalling observation of UHPC samples at 500 °C.
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2.4 Discussion

2.4.1 Relationship between the porosity and Dnssm of UHPC with SCMs

The chloride diffusivity of UHPC largely depends on its pore structures [110-113]. The
incorporation of SCMs affects the hydration products and pore distribution, subsequently
influencing the transportation of chloride ions. Therefore, porosity is the critical factor and the
correlation analysis between the porosity and Dnssm becomes necessary.

A linear correlation existed between different porosity and Dpssm in both Series I and IT as shown
in Fig. 2.20. The linear correlation has been also reported in previous researches [114, 115].
Previous studies indicated that most of the transport mechanisms take place via the capillary
pore framework; hence, capillary porosity is presumed to be the paramount parameter linked to
the chloride diffusivity [116]. Nevertheless, in Series I, Dpssm of UHPC incorporated with
GGBS revealed a stronger correlation with the total porosity than with the capillary porosity in
Fig.2.20(a). Mehta et al. [117] suggested that the non-connectivity of small pores could account
for a strong correlation between relatively larger pores (diameter > 100 nm) and concrete
permeability. Therefore, it indicated that the incorporation of GGBS diminished the
connectivity of capillary pore within the range of 10-100nm. Based on the previous results in
Table 2.4, the high tortuosity of G45, G30 and G15 further validated the phenomenon that the
addition of GGBS led to a tendency of increased independence and non-connectivity among
pores, significantly decreasing the permeability of chloride ions of UHPC.

In Series II, there was a strong correlation between Dnssm and each of total porosity (pr) and
capillary porosity (pcqp) as shown in Fig. 2.20(b). This indicated that the addition of LP had a
significant impact on various porosity (gel pores, capillary pores and macro pores) which was
closely associated with variation in Dnssm. Based on the MIP results, increasing LP content from
15 wt% to 45 wt% led to deterioration of the pore structure, characterized by increased total
porosity and enhanced pore connectivity, thereby reducing chloride resistance in UHPC.
Interestingly, in the 0-15 wt% range, both capillary and macro porosity decreased while
tortuosity slightly increases, indicating that low LP replacement levels could refine the pore
structure. As demonstrated in Section 2.3.3, the enhanced pre-cracking strength (f.) and
compressive strength of LP15 were primarily attributed to matrix densification. However, as
evidenced by the flexural load-deflection behaviour in Section 2.3.3, all toughness indices for
LP mixtures are significantly lower than those of the REF mix, indicating a deterioration in the
steel fiber-matrix ITZ. Therefore, although a small amount of LP (<15 wt%) effectively
refined the matrix pore structure and enhanced compressive strength, it simultaneously
weakened the fiber-matrix bonding. This relatively weak interfacial bond may have served as
structural defects that facilitated chloride ingress, resulting in inferior chloride resistance
compared to the REF mix. The underlying mechanisms will be further discussed in Section
242,
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Fig. 2.20. Relationship between pore-type porosity and Dissm for (a) Series I and (b) Series I1. (Note: pger
and p.,p denote the porosity of gel pores and capillary pores, respectively.)

2.4.2 Understanding the mechanism of SCMs on the chloride ion transportation in UHPC

The incorporation of SCMs primarily influences the hydration products and the distribution of
pore structure, consequently affecting the pathways of chloride ion transport. Previous studies
have reported that SCMs can optimize the pore structures of UHPC [118, 119]. Moreover, due
to the incorporation of the steel fibers, the interfaces between the steel fiber and the matrix may
become the potential structural defect for UHPC, thereby reducing its chloride penetration

resistance. Fig. 2.21 illustrated schematic diagrams of chloride ion transportation in G30 and
LP45.

Electrons flow s (a)G30 Electrons flow (b) LP45
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Fig. 2.21. Schematic diagram of chloride ion transportation inside UHPC: (a) G30 mix; (b) LP45 mix.

As for Series I, the mechanism of GGBS was divided into two distinct stages for discussion,
specifically addressing the intervals of 0-30 wt% and 30-45 wt%. During the initial stage (0-30
wt%), GGBS effectively decreased the threshold diameter and increased the tortuosity of pore
structure, hence reduced the pore connectivity in UHPC matrix. Meanwhile, the correlation
analysis showed that the incorporation of GGBS diminished the connectivity of capillary pores
with range of the 10-100nm. This is attributed to the high SiO. and Al:Os content in GGBS,
which react with calcium hydroxide (CH) released during cement hydration, forming additional
C-(A)-S-H gels. This secondary hydration process contributed to an increased matrix density,
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reducing pore connectivity and enhancing resistance to external aggressive agents such as
chloride ions. Consequently, the effectiveness of GGBS in enhancing chloride penetration
resistance depended on its ability to refine the microstructure through secondary hydration,
which required a sufficient amount of CH to activate the pozzolanic reaction of GGBS. As the
GGBS replacement level ranged from 0% to 30%, a sufficient CH supply promoted the
pozzolanic reaction of GGBS, generating an adequate amount of C-(A)-S-H gels. It also
explained that the steel fibers are densely wrapped by the C-(A)-S-H gels as shown in the SEM
image of Fig. 2.12(a), where there was no gap for ions to pass through. Therefore, the refined
pore structure and the bonding behaviors contributed to the superior mechanical properties and
the highest chloride penetration resistance of G30 among Series I.

During the second stage in Series I, excessive incorporation of GGBS (> 30 wt%) in UHPC
slightly diminished its beneficial impact on pore structure compared to G30, but it remained
superior to REF (the control group). TG results showed that excess incorporation of GGBS
(over 30 wt%) led to lower generation of C-(A)-S-H gel, which indicated a reduced pozzolanic
reactivity of GGBS in G45 compared to G30. Based on the MIP results, excessive content of
GGBS increased the threshold diameter and decreased the tortuosity of pore structure,
correspondingly decreasing the difficulty of chloride ion transport in the matrix of UHPC. A
significant deterioration in the bonding strength at the steel fiber—matrix ITZ was reflected by
decreases of 7.81% and 28.74% in the peak strength (f-) and toughness index (/5), respectively.
Therefore, in the second stage, the degradation of both pore structure and bonding behaviors
explained the decline in the chloride penetration resistance in G45 compared to G30. To
conclude, the incorporation of GGBS in the range of 0-45% enhanced resistance to chloride ion
penetration in UHPC, reaching optimal performance at 30 wt%, with a decline in advantage
beyond this concentration.

In Series II, the Dyssm results and the correlation analysis showed that the mechanism of LP on
chloride penetration on UHPC could also be categorized into two stages based on different
replacement ranges of LP: 0-15 and 15-45 wt%. Within Stage 1 (0-15 wt%), the introduction
of LP led to a decrease in macro porosity and total porosity, while the tortuosity increased with
the rise in LP content. However, any replacement level of LP within 0-45 wt% adversely
affected the flexural behaviors of UHPC as well as the bonding behavior between the steel fiber
and the matrix. Therefore, in Stage 1, although LP (0-15 wt%) accelerated hydration and
improved matrix densification, it had negligible effect on enhancing chloride penetration
resistance.

In Stage 2 of Series II (15-45 wt%), there was a significant decline in both mechanical
performance and resistance to chloride ion permeability. As presented in the TG results, the
sharp decrease in C-S-H gel and CH content was attributed to the dilution effect of LP on the
reactive binder. The limited hydration products could also explain the deterioration of bonding
behaviors and the gap in both two ITZs in SEM images as shown in Fig. 2.13. Moreover, MIP
results and correlation analysis demonstrated that as the LP content increased within the range
of 15-45 wt%, tortuosity decreased significantly with the rise of various porosities, suggesting
an increase in pore connectivity in UHPC. Therefore, as depicted in Fig. 2.21(b), gaps between
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steel fiber-matrix ITZ could potentially interconnect with pores, forming chloride ion transport
pathways, thereby reducing chloride ion penetration resistance.

According to the RCM test results, the effects of varying replacement levels of GGBS and LP
on the chloride permeability of UHPC could be quantitatively compared. Specifically, the Dugssm
clearly illustrated that the optimal incorporation of GGBS (30 wt%) significantly reduced
chloride permeability (Dnssm = 0.77 % 107'2 m?/s), outperforming the optimal LP incorporation
(15 wt%, Dnssm = 1.11 x 1072 m?/s). Furthermore, increasing the LP content beyond the optimal
level (to 30 and 45 wt%) resulted in substantially elevated Dnssm values (reaching up to 2.78 x
102 m%s at 45 wt%), which were attributed to increased pore connectivity and deteriorated
fiber-matrix interfaces. In contrast, GGBS continued to exhibit superior chloride resistance
even at higher replacement levels (45 wt%, Dnssm = 0.84 x 1072 m?%s), due to the enhanced
formation of secondary hydration products (C-(A)-S-H gels), reduced pore connectivity, and
improved steel fiber-matrix bonding, as further supported by TG, MIP, and SEM analyses.

To conclude, the mechanisms of different replacement levels of GGBS and LP on hydration,
pore structure, mechanical properties and durability in designed UHPC were investigated. The
ultimate objective of this study was to provide a theoretical foundation for the mixed and
complicated application of GGBS and LP into UHPC. In this study, to achieve high durability
of constructions, GGBS is recommended to be SCMs and applied into UHPC instead of LP.
Specifically, the optimal incorporation level of 30 wt% GGBS led to the optimization of the
pore micro-structure, significantly enhancing the resistance against chloride ion penetration.
Moreover, it improved the hydration rate, mechanical strength, bond between steel fibers and
the matrix of UHPC. However, if durability enhancement becomes the objective of designed
UHPC, LP is not recommended as SCMs to be incorporated into UHPC. Since any replacement
level of LP adversely affects the bonding between the steel fiber and matrix, thereby degrading
the durability performance of designed UHPC. Whereas, incorporating an appropriate amount
(15 wt%) of LP as fine aggregates of filler into UHPC enabled it to demonstrate the great
performance observed in this study, with advantages such as high compressive strength and
optimized pore structure.

2.4.3 Mechanistic understanding of SCMs on high-temperature spalling resistance of
UHPC via pore structure evolution

The previous Sections 2.4.1 and 2.4.2 demonstrated that GGBS and LP refine the pore structure
and alter chloride transport primarily through changes in capillary connectivity and fiber-matrix
bonding. These very microstructural features also govern vapor pressure build-up during
heating, which is the direct trigger for explosive spalling in UHPC. Therefore, analysing the
evolution of pore size distribution, critical pore diameter and tortuosity enables an indirect yet
quantitative assessment of how different SCMs modulate spalling resistance.

For GGBS, a two stage behaviour was observed. Moderate GGBS replacement (0-30 wt%)
promoted secondary hydration, forming more C-(A)-S-H gels. This reduces macro-porosity and
increased tortuosity. However, the denser matrix inhibited vapor escape, leading to explosive
spalling in all GGBS mixtures (G15-G45) at 500 °C. At 250 °C, G30 exhibited the highest
residual compressive strength. This was attributed to its high gel pore fraction and low macro-
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pore content. However, its highly refined pore structure also trapped vapor, causing pressure to
build up more rapidly. As a result, G30 spalled earlier than REF, with a lower spalling threshold
of 500 °C. When the GGBS content increased to 45 wt% (G45), the dilution effect became
dominant. This reduced tortuosity and increased the critical pore diameter. The more open pore
network allowed some vapor release, slightly improving spalling resistance compared to G30.
However, this came at the cost of reduced mechanical performance.

In contrast, the behavior of LP was opposite to that of GGBS. At 15 wt% dosage, LP refined
the pore structure and densified the matrix, which restricted vapor escape. This caused internal
pressure buildup, and triggered explosive spalling at 500 °C. As the LP content increased to
3045 wt%, macro and total porosity increased significantly, forming more continuous vapor
escape channels. The weakened interfacial bond between steel fibers and matrix (ITZ) also
contributed to vapor escape channels, helping relieve internal pressure. As a result, explosive
spalling of LP30 and LP45 was delayed to 750 °C compared to LP15. This coarser network
delayed explosive spalling to 750 °C. However, LP45 consistently exhibited the lowest residual
compressive strength across all tested temperatures. This suggested a significant compromise
in mechanical performance due to excessive dilution and weakened ITZ bonding.

In summary, neither GGBS nor LP proved effective in enhancing the high-temperature spalling
resistance of UHPC. Compared with REF, the pore structures of LP15, G15, G30, and G45
became further densified. Vapor escape was hindered, causing the spalling onset temperature
to drop from 750 °C to 500°C. When LP exceeded 15 wt%, pore connectivity increased
significantly and spalling was delayed to 750 °C. The higher LP replacement level, however,
significantly reduced residual compressive strength. Therefore, both GGBS and LP exert a
negative influence on the high-temperature spalling resistance of UHPC.

2.5 Conclusions

This chapter clarified the mechanisms of GGBS and LP on hydration, pore structure, chloride
penetration resistance, with special attention to explosive spalling resistance in UHPC. The
major conclusions can be drawn as follows:

e The incorporation of 15 wt% GGBS or LP accelerated early hydration, advancing the
exothermic peak by 6.95 and 5.31 hours, respectively. However, excessive replacement
levels reduced hydration kinetics due to dilution effects.

e  The UHPC mixtures with 30 wt% GGBS and 15 wt% LP achieved the highest compressive
strength and binder efficiency within their respective binder systems. All GGBS
replacement levels (0-45 wt%) promoted strength development from 7 to 28 days, whereas
LP enhances early strength but impairs long-term performance beyond 15 wt%
replacement.

e A 30 wt% GGBS replacement significantly enhanced flexural toughness, increasing
toughness indices by 135.2%, 31.6%, and 45.5% for Is, 1,0, and I>9. This improvement was
attributed to enhanced fiber-matrix bonding, as confirmed by dense ITZ microstructures in
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SEM analysis. In contrast, LP weakened fiber-matrix bonding across all replacement levels
(0-45 wt%), leading to a reduction in flexural properties.

Based on qualitative XRD and quantitative TG analyses, optimal replacement levels were
identified as 30 wt% for GGBS and 15 wt% for LP. Quantitative TG results confirmed
maximum C-(A)-S-H formation and adequate CH availability at 30 wt% GGBS, and
enhanced hydration efficiency due to nucleation effects at 15 wt% LP. Additionally, MIP
results suggest that mixtures at these thresholds achieve optimal pore structure refinement,
as evidenced by reductions in critical pore diameter and total porosity, and increased gel
porosity, respectively.

GGBS replacements ranging from 0 to 45 wt% enhance resistance to chloride penetration,
achieving peak performance at 30 wt%. In contrast, LP incorporation reduces chloride
resistance, especially above 15 wt%, due to increased pore connectivity and deterioration
of fiber-matrix interfacial bonding.

Correlation analysis revealed that the effects of GGBS and LP on the chloride penetration
resistance of UHPC can be divided into two distinct stages: 0-30 wt% and 30-45 wt% for
GGBS; 0-15 wt% and 15-45 wt% for LP, respectively. The chloride diffusivity of UHPC
is strongly influenced by pore structure characteristics and fiber-matrix interfacial bonding,
offering a scientific basis for optimizing SCM incorporation strategies aimed at enhancing
both durability and sustainability.

Both GGBS and LP exert a negative influence on the high-temperature spalling resistance
of UHPC. A 15wt% replacement of cement with LP decreases the spalling onset
temperature from 750 °C to 500 °C relative to the reference mix. Similarly, incorporating
GGBS within the 0-45 wt% range results in a comparable reduction. High LP replacement
levels (15-45 wt%) significantly decrease the residual compressive strength at elevated
temperatures. These findings indicate that neither LP nor GGBS contributes to the
enhancement of high-temperature spalling resistance in UHPC.
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Chapter 3 Evolution of mechanical properties of UHPC at elevated
temperatures

Abstract

To improve the post-fire safety and structural integrity of UHPC, a comprehensive
understanding of its fracture behavior under elevated temperature conditions is essential. This
study systematically investigated the flexural fracture performance and degradation
mechanisms of UHPC incorporating various steel fiber (SF) volume ratios (1.5%, 2.0%, and
2.5%) following exposure to 200, 400, 600, and 800 °C. Key fracture parameters, including
flexural strength, fracture toughness, and fracture energy, were evaluated via three-point
bending tests on notched specimens. Results revealed a modest increase in compressive and
flexural strengths at 200 °C, attributed to internal autoclaving effects. However, as the
temperature continued to rise, a sharp decline in strength was observed. At 800 °C, residual
strengths decreased to 26.2-30.2% of their ambient values. Elevated temperatures significantly
altered the load—deflection response, notably eliminating the sawtooth fluctuations associated
with fiber pull-out, indicating severe degradation of the fiber—matrix interface. This transition
led to premature brittle failure and substantial reductions in fracture toughness and energy. A
predictive model was developed to estimate post-fire compressive strength, flexural strength,
and fracture energy of UHPC as functions of temperature and fiber content. Moreover,
quantitative relationships among compressive strength, flexural strength, fracture energy, and
fracture toughness were established, facilitating practical evaluation of the residual fracture
performance of UHPC after fire exposure. These findings provide a theoretical foundation for
the structural assessment and design of UHPC components subjected to high-temperature
conditions.

This chapter is partially published elsewhere:

J. He, H.Y. Wang, and Q.L. Yu, Flexural fracture behavior of ultra-high performance concrete after high-
temperature exposure. Construction and Building Materials, 481 (2025), 141544.
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3.1 Introduction

UHPC has become the preferred material for key components in major engineering projects
such as large-span bridges, high-rise buildings, and nuclear power plants due to its excellent
mechanical properties and durability [120, 121]. However, under high-temperature conditions
such as fires, the high-density microstructure of UHPC becomes a fatal flaw in its fire resistance
performance - the rapidly increasing pore vapor pressure can easily cause severe explosions
[122, 123], seriously threatening the structural stability and service life of UHPC components
[124]. More seriously, multi-scale damage induced by high temperature (including C-S-H gel
dehydration phase transformation, steel fiber matrix interface oxidation, thermal expansion
coefficient mismatch, and other synergistic effects) will lead to significant temperature-
sensitive properties of materials [125, 126]. The systematic study of the degradation law and
damage mechanism of high-temperature mechanical properties of UHPC can not only provide
theoretical basis for the post fire safety assessment of existing structures, but also lay a scientific
foundation for the material design of the new generation of fire-resistant UHPC. This has
significant practical value for promoting the engineering application of UHPC in high-
temperature and high-risk environments.

There have been several studies on the mechanical properties of UHPC after exposure to high
temperatures [112, 127-129]. These properties are highly sensitive to temperature changes and
are influenced by various factors, including curing conditions, the composition of cementitious
materials, fiber types, and fiber volume ratios [130-132]. Compared to ordinary and high-
strength concrete, UHPC often exhibits distinct degradation patterns under thermal loading,
with reduced residual strength and stiffness at elevated temperatures. Early-age steam curing
has been shown to promote hydration reactions and reduce the amount of free water within the
UHPC matrix. This helps to lower internal vapor pressure during heating and enhances the
material’s resistance to high-temperature-induced damage. Thermal curing further improves the
durability and spalling resistance of UHPC by reducing its permeability [133, 134]. With regard
to binder composition, previous studies have shown that different cementitious materials
significantly affect the high-temperature performance of UHPC. For example, incorporating
appropriate amounts of fly ash can enhance both the flowability and compressive strength of
UHPC. Fly ash also contributes to improved thermal stability and recovery capacity of
cementitious matrices after exposure to high temperatures [135]. In addition, the use of high-
alumina cement as a partial replacement for Portland cement has been reported to enhance the
crack resistance of UHPC under thermal conditions [136].

For fiber-reinforced UHPC, existing studies have primarily focused on the high-temperature
mechanical properties of UHPC reinforced with steel fibers or hybrid fiber systems in which
steel fibers are the dominant component. The incorporation of steel fibers has been shown to
significantly inhibit the development of thermal cracks in UHPC under elevated temperatures
[137]. Muhammad et al. [138] reported that UHPC containing 2% steel fibers by volume
exhibited higher residual tensile strength at 300 °C compared to ambient conditions, particularly
in high-strength matrices containing silica fume.
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Similarly, the addition of steel or polypropylene fibers can partially mitigate the negative impact
of high temperatures on compressive strength and improve the residual compressive
performance of UHPC [139]. Sanchavan et al. [140] demonstrated that blending steel fibers
with polyvinyl alcohol fibers can effectively enhance the thermal resistance of UHPC. Raza et
al. [141] found that UHPC incorporating 1.5% steel fibers and 0.5% carbon fibers achieved
residual compressive, tensile, and flexural strengths approximately two, four, and five times
higher, respectively, than those of fiber-free UHPC at 800 °C.

Extensive efforts have been devoted to evaluating the mechanical properties of UHPC after
high-temperature exposure, with research focusing on the influence of mix design, fiber type,
dosage, and curing methods. Among these factors, the type and dosage of fibers are particularly
critical in determining thermal performance. However, the fracture behavior of UHPC under
elevated temperature conditions remains insufficiently addressed in current literature. Fracture
energy, as a key parameter for characterizing crack propagation resistance, plays an essential
role in evaluating the load-bearing capacity and failure mode of UHPC subjected to thermal
damage. Despite this, most existing studies have been limited to a few discrete temperature
levels, and systematic investigations into the temperature dependence of fracture energy are
still lacking. Establishing a robust correlation between temperature and fracture performance is
therefore essential for ensuring the structural safety of UHPC components exposed to fire or
other high-temperature conditions.

This study aims to investigate the flexural fracture mechanism of UHPC after exposure to
elevated temperatures. UHPC mixes with varying steel fiber (SF) volume fractions (1.5%, 2.0%,
and 2.5%) were evaluated under two conditions: ambient temperature (25°C) and after
exposure to 200, 400, 600, and 800 °C using an induction heating furnace, followed by natural
cooling. For each mix design, fifteen prismatic specimens were cast. After heating, the
specimens were cooled to room temperature, and notches of specified depth were introduced
using a precision cutting saw. Three-point bending tests were then conducted to assess the
flexural fracture behavior of UHPC after high-temperature exposure. In addition, uniaxial
compression tests were performed on the fractured specimens using a dedicated fixture to
evaluate residual compressive performance. Based on the experimental results, a predictive
model was established to estimate post-fire compressive strength, flexural strength, and fracture
energy as functions of fiber content and temperature. Furthermore, empirical correlations were
developed among compressive strength, flexural strength, fracture energy, and fracture
toughness, providing a comprehensive understanding of UHPC performance under high-
temperature conditions.

3.2 Materials and experiments

3.2.1 Raw materials

UHPC materials are composed of water, cementitious materials, and steel fibers. Portland
cement CEM I 52.5 R (PC), silica fume (microsilica, MS), and fly ash (FA) are cementitious
materials. In this study, the modified Andreasen and Andersen model (MAA) [57, 142] for
UHPC mix optimization is given by:
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In these equations, P(D) denotes the cumulative passing fraction by volume of particles with
size smaller than D. And D is the particle size, while Duin and Dya denote the minimum and
maximum particle sizes of the granular constituents, respectively. Ppuix and Prarges correspond to
the particle size distribution curves of the designed mixture and the target distribution. The
parameter q is the distribution modulus that controls the shape of the target grading curve. In
Eq. (3.2), RSS represents the residual sum of squares used to quantify the deviation between the
mixture grading curve and the target curve. D"/ denotes the discrete particle size intervals used
for gradation fitting, and # is the total number of particle size classes considered. Minimization
of RSS ensures optimal packing density of UHPC through improved particle size distribution.

According to the suggestion of existing literature [143], the design ¢ value of UHPC is 0.23.
Research has shown that adding steel fibers (0-3%) can effectively improve the ductility and
toughness of UHPC [144]. Based on this, we designed three SF volume ratios, namely 0.15%,
0.2%, and 0.25%. Calculate the target curve based on the particle size distribution of each
aggregate, as shown in Fig. 3.1. Adjusting the proportion of materials in each part matches
UHPC, as shown in Table 3.1. This study used steel fibers coated with copper on a straight
surface, and the geometric and mechanical properties of the steel fibers are shown in Table 3.2.
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Fig. 3.1. Material particle size distribution curve.
Table 3.1. Mix ratio of UHPC (kg/m?).
Steel
No. SF % PC MS FA QS-3 QS-2 QS-1 fiber SP Water
il
1 1.5 791 179 144 412 510 192 117 47 198.3
2 2.0 791 179 144 412 510 192 156 47 198.3
3 2.5 791 179 144 412 510 192 195 47 198.3

Table 3.2. Geometric and mechanical properties of steel fibers.

i Density Tensile strength Elastic modulus  Length Diameter Aspect
Fiber shape 3 .
(kg/m’) (MPa) (GPa) (mm) (mm) ratio
Straight 7850 2500 200 12 0.2 65
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Considering that the UHPC mix proportion adopts a lower water-cement ratio and the volume
fraction of steel fibers in this study is variable, up to 2.5%, a unique mixing process is required.
In the initial stage, all the cementitious materials and dry mix are added and dry-mixed for two
minutes. Subsequently, a portion of steel fibers is added, followed by one minute of dry-mixing.
After that, water and a polycarboxylate superplasticizer (PCE, with 40% solid content) were
introduced, and the mixture was stirred for 3 min. The water-to-binder ratio (w/b) of the
mixtures was 0.19. Finally, the remaining steel fibers are carefully dispersed, and the whole is
remixed until UHPC demonstrates good workability. After actual measurement, the density of
UHPC was determined to be 2670 kg/m?. After casting, all UHPC test beams were cured in a
standard curing environment for 28 days.
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Fig. 3.2. The temperature-rise history curve of UHPC.

An electric furnace with a heating capacity of 1000 °C is used to heat the test beams. To prevent
the UHPC from spalling during the heating process, the UHPC specimens are heated in a
gradient heating manner proposed by Xue et al. [145]. To ensure that the internal and external
temperatures of the test beam are the same after the furnace temperature reaches the target value,
the specimen is kept in the constant-temperature furnace for 2 hours. Then, the specimen is
clamped out of the furnace and cooled to room temperature for fracture tests. The entire process
of UHPC production and high-temperature treatment is shown in Appendix Fig. Al, and the
heating process of the induction heating system is illustrated in Fig. 3.2.

3.2.2 Experimental methods

This study prepared a total of 45 experimental beams to investigate the fracture behavior of
UHPC at temperatures ranging from 25 to 800 °C. Fig. 3.3 shows the geometric structure
diagram of the UHPC fracture performance test. The test beam size is 160 x 40 x 40 mm?, the
effective span (/p) is 140 mm, the span-to-height ratio of the test beam is f = 3.5, and an initial
crack with a length of 10mm and a width of 2 mm is prefabricated using a cutting machine. The
load-deflection curve of the fracture test is measured by a weighing sensor and a displacement
sensor, respectively. A clamp extensometer measures the crack mouth opening displacement
(CMOD), and the cracking load of the test beam is measured by a concrete resistance strain
gauge. The above equipment is connected to a dynamic acquisition instrument for the same

41



frequency acquisition, with a sampling frequency set at 20 Hz and a beam loading speed of 0.2
mm/min.

According to the method described in reference [146], the fractured half beam was subjected to
a uniaxial compression test after conducting the fracture test. The cross-sectional area of the
loading device was 40 mm x 40 mm, and the loading speed was 3 mm/min.

Pressure testing machine
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.
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Fig. 3.3. UHPC fracture performance testing and geometric structure diagram.
3.3 Results and analysis

3.3.1 General mechanical behavior

Crack Width Detector observed the surface cracks of UHPC specimens after high-temperature
exposure. Some temperatures were selected for presentation, and the crack distribution can be
seen in Table 3.3. Under normal temperature conditions, the surface of UHPC was smooth
without any micro-cracks. When exposed to 400 °C, it could be seen that micro-cracks began
to appear on the surface of UHPC. Notably, for UHPC with an SF fiber volume ratio of 1.5%,
both single and reticular cracks were observed simultaneously. As the fiber volume ratio
increased, only single cracks could be observed. When the temperature was raised to 800 °C, it
could be observed that the single cracks in UHPC with different SF fiber volume ratios
gradually expanded to form reticular cracks.

Fig. 3.4 shows the variation of compressive strength of UHPC with different SF volume ratios
after high temperature. The compressive strength of UHPC shows a trend of first increasing
and then decreasing, reaching its peak at 200 °C. At this time, the evaporation of water vapor
in the capillary tube causes UHPC to undergo a steam-curing process, effectively promoting
the volcanic ash reaction of the active admixture and the hydration of cement particles [134],
thereby increasing its compressive strength, with an average increase of 4.3% -5.3%. Moreover,
from a microstructural perspective, the temperature increase below 200 °C leads to the
evaporation of free and bound water in the C-S-H gel [104]. This process reduces porosity and
contributes to matrix densification, thereby enhancing the load-bearing capacity of the material.
Simultaneously, partially unhydrated particles may become further activated under mild
thermal conditions, leading to secondary hydration reactions that strengthen the matrix.
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However, after 200 “C, the compressive strength loss of UHPC increases sharply. When the test
temperature increases from 25 °C to 400, 600, and 800 °C, the compressive strength of UHPC
is only 89.0-99.0%, 57.4-68.4%, and 26.2-30.2% of the initial strength, respectively, which is
worth noting. It should be noted that the compressive performance is best when the SF volume
ratio is 2%, and the relative value of compressive strength does not delay the loss of strength
with the increase of fiber volume ratio.

Table 3.3. Crack distribution of UHPC after high-temperature exposure.

25°C 400 °C 800 °C

SF
1.5
%

SF
2.0
%

SF
2.5
%

136.16 [ sF-1.5% 1.2 —=—SF-1.5%
140 4 r [ISF-2.0% - e~ SF-2.0%
3 [ ISF25% A SF2.5%

Compressive strength (MPa)
Relative compressive strength

25 200 400 600 25 2(‘)0 4(')0 600 8(‘)0
Temperature (°C) Temperature (°C)
(a) Absolute value of compressive strength (b) Relative value of compressive strength

Fig. 3.4. Compressive strength of UHPC.

Fig. 3.5 shows the fracture patterns of UHPC after high-temperature exposure under different
SF volume ratios. It can be seen from the figure that when the SF volume ratio is 1.5%, the
crack almost extends straight along the pre-made crack surface to the loading point. The crack
propagation path becomes significantly tortuous as the fiber volume ratio increases. High
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temperature does not change the fracture morphology of the test beam. However, as shown in
Fig. 3.5, by comparing the test beams at different temperatures just before failure, it is found
that there is significant SF fiber bridging at the UHPC crack location at room temperature, while
at the crack location of the specimen at 800 °C, the SF does not produce obvious bridging,
resulting in the brittle fracture characteristics of the specimen directly.

SF specimen fracture at high temperature

Fig. 3.5. Typical failure modes of fractured specimens.

Fig. 3.6 shows the measured average load-deflection curves of UHPC specimens with different
SF volume ratios after bending tests at different temperatures. For UHPC specimens at normal
temperature, their load-deflection curve follows a typical three-stage pattern: 1) Linear elastic
stage: The load-deflection relationship shows a linear relationship, and UHPC is in an elastic
response state; 2) Elastic-plastic stage: The linear relationship between load and deflection
disappears, and microcracks appear in UHPC. Although the overall load-bearing capacity still
exists, plastic behavior begins to emerge; 3) Strengthening/Destruction Stage: Although the
structure may exhibit an increase in strength, it is accompanied by significant plastic
deformation until it fails. This paragraph highlights the strength and toughness characteristics
of UHPC under extreme load conditions. Comparing UHPC with different SF volume ratios, it
is found that the larger the fiber volume ratio, the more significant the efficiency increase at
this stage.

At normal temperatures, UHPC exhibits a significant sawtooth effect in the third stage, and the
bonding strength of steel fibers in the matrix is generally composed of chemical bonding,
mechanical interlocking, and friction. As shown in Fig. 3.7(a), the ITZ around the steel fiber at
25 °C remains dense and intact. When the temperature rises to 200 °C (Fig. 3.7(b)), the ITZ is
still relatively compact, and the bond between fiber and matrix remains effective. However, at
600 °C (Fig. 3.7(c)), cracks and microstructural damage become evident near the fiber—matrix
interface. At 800 °C (Fig. 3.7(d)), the ITZ is severely damaged, and fiber—matrix debonding is
clearly visible. These changes result in reduced fiber anchorage and sawtooth fluctuation
suppression on the macroscopic load—deflection curves. With a fixed sampling frequency, the
larger the fiber volume ratio, the denser the sawtooth phenomenon.
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Fig. 3.7. SEM images of the UHPC mixture containing 2.0% steel fiber (SF) after exposure to different
temperatures: (a) 25 °C, (b) 200 °C, (c¢) 600 °C, and (d) 800 °C.
High-temperature conditions significantly modified the development pattern of the load-
deflection curve of UHPC. This phenomenon is primarily attributed to the thermal
decomposition of hydration products, which subsequently affects the interfacial bond between
the steel fibers and the cementitious matrix. Studies have shown that the ultimate load exhibits
a trend similar to the increase in compressive strength at 200 °C [147]. This can be explained
by accelerating the secondary hydration of unhydrated cement particles and active mineral
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admixtures such as silica fume and fly ash cenosphere at elevated temperatures, which promotes
additional C-S-H gel formation. This process further densifies the matrix and helps maintain
adequate interfacial bonding strength between the steel fibers and the cementitious matrix [147].
Fig. 3.7(a) and (b) present SEM images of the ITZ at 25°C and 200 °C, respectively,
demonstrating that the ITZ retains a compact microstructure at 200 °C with no obvious signs of
degradation. In the temperature range of 180-300°C, C-S-H gel dehydrates, weakening the
interfacial bond between steel fibers and the matrix [50]. With further temperature increase, the
bound water in C-S-H gel is released through dehydration within the 180-300 °C temperature
range. Calcium hydroxide and calcium carbonate subsequently decompose at approximately
450 °C and 700 °C, respectively, weakening the interfacial bonding strength between the steel
fibers and the cementitious matrix [50]. As shown in Fig. 3.7(c) and (d), SEM images reveal
the formation of pronounced gaps at the ITZ between steel fibers and the matrix with increasing
temperature. These gaps can serve as escape channels for internal water vapor within the UHPC
matrix. This may be due to the successive decomposition of calcium hydroxide (CH) and
calcium carbonate at approximately 450°C and 700 °C, respectively. In addition, the
longitudinal expansion of steel fibers at elevated temperatures further promotes widening gaps
at the ITZ and the formation of microcracks in the surrounding matrix [148]. Microstructural
observations of the ITZ also help explain the disappearance of the sawtooth-shaped fluctuation
amplitude in the load-deflection curve, which is caused by stress redistribution during the fiber
pull-out process. As a result of the widened gaps and increased microcrack formation at the ITZ
under high-temperature exposure, the strengthening phase of the UHPC load-deflection curve
suddenly transitions into the failure phase, accompanied by a sharp decline in the third stage of
the curve. This behavior reflects a significant increase in the brittleness of UHPC after exposure
to elevated temperatures.

Fig. 3.8 shows the variation of flexural strength of UHPC with different SF volume ratios after
high temperature, which is consistent with the variation of compressive strength. The flexural
strength first increases and then decreases with the temperature increase, reaching its peak at
200 °C. Under different SF volume ratios, the average increase ranges from 9.5% to 14.4%.
When the experimental temperature was increased from 25 °C to 400 °C, 600 °C, and 800 °C,
the flexural strength of UHPC retained 77.1-88.7%, 48.8-59.3%, and 25.2-32.8% of its initial
strength, respectively. The results showed that high temperatures severely damaged the flexural
strength of UHPC.

The bending energy absorption of UHPC can be described by its flexural toughness, which can
be calculated by the envelope area of the load-deflection (P-&) curve at characteristic points.
According to ASTM C1609 standard [149], it can be expressed by the bending toughness at
points dp, o/600 and /y/150, J, represents the deflection corresponding to the maximum load, /y
represents the net span of the test beam, and considers the superior deformation capacity of
UHPC. The parameters /o/100 and /5/50 were jointly adopted to characterize the toughness of
UHPC after exposure to elevated temperature. The toughness and improvement effect of UHPC
characteristic points with different SF volume ratios after high temperature are recorded in
Table 3.4, and the trend of bending toughness changes is shown in Fig. 3.9.
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Fig. 3.8. Flexural tensile strength of UHPC.

Table 3.4. Flexural toughness parameters of UHPC at characteristic deflection points after high-

temperature exposure.

volsnl:ne Tempera- P T“/wo Tl,,/lso T, /100 TIU/SO
ratio “ture
(%) © (N -mm) Tp/Tr:sr (N -mm) Tp/Tp—zsc (N -mm) Tp/Tp—zsc (N -mm) Tp/T -25C (N -mm) Tp/Tp—zs‘L
15 25 881.2 1.000 1253 1.000 2123.7 1.000 32453 1.000 5582.3 1.000
200 602.9 0.684 205.9 1.643 2158.1 1.016 3057.5 0.942 4486.9 0.804
400 533.1 0.605 161.3 1.287 1543.1 0.727 2061.3 0.635 2830.1 0.507
600 422.1 0.479 91.0 0.726 1177.9 0.555 1509.8 0.465 1719.3 0.308
800 2173 0.247 40.4 0.322 455.7 0.215 4923 0.152 492.3 0.088
2.0 25 1282.0 1.000 3015 1.000 2644.5 1.000 3976.2 1.000 6440.9 1.000
200 688.5 0.537 241.5 0.801 2529.6 0.957 3585.2 0.902 5261.3 0.817
400 665.0 0.519 59.9 0.199 1612.6 0.610 2586.7 0.651 4159.7 0.646
600 378.1 0.295 89.4 0.297 1152.2 0.436 1476.8 0.371 1681.9 0.261
800 163.4 0.127 76.5 0.254 401.8 0.152 463.4 0.117 463.4 0.072
2.5 25 1366.3 1.000 190.238 1.000 2617.488 1.000 3984.486 1.000 6467.946 1.000
200 936.7 0.686 264.99 1.393 2790.79 1.066 3902.142 0.979 5736.34 0.887
400 742.6 0.544 97.82 0.514 1795.216 0.686 2615.736 0.656 3910.61 0.605
600 267.1 0.195 79.862 0.420 1102.592 0.421 1373.86 0.345 1611.84 0.249
800 145.0 0.106 69.204 0.364 369.088 0.141 370.402 0.093 370.402 0.057
7000 - /7,
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Fig. 3.9. Flexural toughness of UHPC at high temperatures: (a) 1.5% SF.
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Fig. 3.9 (continued). Flexural toughness of UHPC at high temperatures: (b) 2.0% SF and (c) 2.5% SF.

Fig. 3.9 shows that Tp decreases with the increased temperature. When the test temperature rises
from ambient temperature to 800 °C, T is only 10.6% -24.7% of the original value. Due to the
virtual displacement between the test beam, support, and loading head during the loading
process, Tissoo did not exhibit a direct relationship with temperature and SF volume ratio.
Therefore, Tissoo is not directly applicable for evaluating the bending ductility of high-
temperature UHPC. The test temperature was raised from the ambient temperature to 800 °C,
Tiwsoo » Tiwioo, and Tiyso are only 14.1% -21.5%, 9.3% -15.2%, and 5.7% -8.8% of of their
original values, respectively. Although high temperature severely weakens the bending
toughness of UHPC, comparing UHPC with different fiber volume ratios, it is found that the
degree of fracture toughness weakening of UHPC before 600 °C is inversely proportional to the
SF content.

However, after 600 °C, the larger the fiber volume ratio, the lower the bending toughness. Fig.
3.7 shows that micro-cracks will occur in the interface transition zone between SF fibers and
the matrix after 600 °C. The larger the fiber volume ratio, the more weak bonding surfaces
between the matrix and fibers on both sides of the fracture surface. Using the same limit
deflection of the test beam as the judgment basis, the less energy consumed during the fiber
drawing process, resulting in a lower bending toughness.

48



3.3.2 Fracture behavior
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Fig. 3.10. P—CMOD curves of fracture beams: (a) SF 1.5%; (b) SF 2.0%; (c) SF 2.5%.

During the fracture process of UHPC specimens, as the load increases, the main crack appears
at the left and right ends of the prefabricated crack and gradually develops to the loading point.
The main crack undergoes crack initiation, an increase in crack depth, and a significant increase
in crack opening. Steel fibers are gradually pulled out of the matrix, and the test beam makes a
sizzling sound before finally being destroyed. Fig. 3.10 shows the load crack mouth opening
displacement (P-CMOD) curve during the fracture process of the specimen. The development
trend of this curve is similar to the load-deflection curve's three-stage characteristics: linear
elasticity, elastic-plastic deformation, and strengthening/failure stage. No cracks appeared in
the online elastic stage, and the displacement of the crack opening increases linearly with the
increase of load. During the elastic-plastic stage, UHPC cracks initiate until the main crack
appears, and the curve exhibits nonlinearity. In the strengthening/failure stage, there is an
increase in strength accompanied by significant plastic deformation, and steel fibers are
gradually pulled out from the UHPC matrix, with the P-CMOD curve gradually decreasing.
Although the trend of the P-CMOD curve is similar to that of the P-5 curve, it can be observed
that the first stage curve area is consistent, which can effectively eliminate the experimental
errors caused by random factors such as virtual displacement between the specimen and the
support during the test process and roughness of the specimen after high temperature.
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The double K fracture model is commonly used to describe the crack development stage of
UHPC [150]. In this model, when K < K;¢™, the crack does not propagate; When K¢ < K <
Kid™, the crack expands steadily; When K™ < K, the crack becomes unstable. The formula
for calculating fracture toughness is given as follows [150]:

3(P+— ! mg) 33
K, = thz — 2 i Jraxf(a) (3.3)
a+h,
T hh 34

In these equations, P (kN) is the applied load; mg is the weight between the spans of the
experimental beam; /y is the span of the experimental beam; a is the crack length of the test
beam; Ay is the blade thickness of the fixed clamp extensometer, which is 1.5 mm in this study;
f(a) is a calculated K;c shaped function related to the aspect ratio S and a/h.

For the experimental beam with a span-to-height ratio of # = 4, the 1, ,(«) expression [151] is:

(@)= 1 1.99-a(l-a)(2.15-3.93a +2.7a”)

N~ (+2a)(1-a)” (3.5)
Several studies [152, 153] applied this shape function to beams with span-to-depth ratios other
than 4, thereby introducing bias into the calculated fracture toughness and potentially
compromising safety assessments.

For the experimental beam with a span-to-height ratio of f = 2.5, the expression for ,_,(a)
[154] is:

’ (a)_L1.8371.65a+4.76a275.3a3+2.51a4 (3.6)
s Jr (1+2a)(1- )" '

In this study, if the span-to-height ratio of our experimental beam is = 3.5, linear interpolation
is applied to the shape functions of span-to-height ratios f =4 and f=2.5:

3.5-25
Jpa5(@) == Jpa(@ == zsfﬂzs(a) 3.7

For the initial fracture toughness K;c™, it can be calculated by substituting the precast crack
depth ao and the initial crack load into Eqgs. (3.3-3.7), while the fracture toughness K;c*" for

unstable cracks is determined by Prax (kN) and the critical crack length ac, and is given by [150]:

a, =g(h+h0)arctan\/bixcﬂ—0.ll35—ho (3.8)
T

max

In the formula, CMOD, is the crack mouth opening displacement to the peak load; The
calculated elastic modulus E of the open specimen is [155]:

WP 70+32.60tan>(Z a)} (3.9)
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Fig. 3.11 shows the calculated double K fracture toughness of UHPC after high temperature. It
can be visually observed from the figure that the double K fracture toughness slightly increases
or decreases within 200 °C. The fluctuation range of K;c™ is between 5.2% increase and 7.5%
decrease, and the fluctuation range of K;c*" is between 2.3% increase and 4.2% decrease. When
the experimental temperature is above 200 °C, high temperature shows a decreasing trend in
fracture toughness. When the temperature is increased from ambient temperature to 400 °C,
600 °C, and 800 °C, K;c™ decreases by 24.4% -26.4%, 42.6% -68.6%, and 70.2% -76.9%, and
Kic"™ decreases by 18.5% -25.0%, 42.7% -52.7%, and 69.2% -75.9%, respectively.
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Fig. 3.11. Double K fracture toughness of UHPC after high temperature.

High-temperature exposure can reduce the fracture toughness of UHPC. From the perspective
of fiber volume ratio, at all temperatures, the larger the fiber volume ratio, the greater the initial
fracture toughness. However, in terms of critical fracture toughness, this law only applies before
400 °C. After 600 °C, due to the weakening of the mechanical properties of the matrix and ITZ
by high temperature, the critical fracture toughness calculated by the maximum load point did
not show a significant change pattern with the change of fiber volume ratio, and the critical
fracture toughness was almost unchanged. Overall, from the perspective of improving the
fracture toughness of high-temperature UHPC, increasing the fiber volume ratio is
advantageous.

For three-point bending experiments with prefabricated notched beams, the Type I fracture
energy can be calculated through the load deflection (P-J) curve [156]:

G j Pdo +mgo,
F b(h*ao) (310)
In this formula, P represents the external load; J is the mid-span deflection; dy is the maximum

deflection during fracture; b is the specimen width; % is the height of the beam; ay is the notch
depth; and m and g are the mass and gravitational acceleration, respectively.

During the experiment, there is a virtual displacement between the specimen and the support,
which is affected by random factors such as the surface roughness of the specimen and support,
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resulting in a large dispersion of the load-deflection (P-0) curve. Using the load crack opening
(P-CMOD) curve can effectively avoid this problem. According to the P-CMOD curve, the
calculation formula for fracture energy is as follows [157]:

lO l()
_ J.Pd(5)+ mgd, 5:4%0\401) - Ejpd(CMOD)+ﬁmgCMODO
i b(h—a,) b(h—a,)

(3.11)

F

In the formula, /y is the span length (distance between supports), H = h+hy is the effective
height of the beam including the fixture thickness, CMODy is the maximum crack mouth
opening displacement, and CMOD 1is the corresponding variable during loading. Other
parameters are consistent with Eq.(3.10).
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Fig. 3.12. Fracture energy of UHPC after high temperature.

As shown in Fig. 3.12, the fracture energy of UHPC decreases progressively with increasing
exposure temperature. When the temperature increases from ambient to 200 °C, 400 °C, 600 °C,
and 800 °C, the measured fracture energy drops from 6.62-8.16 (N/mm) to 4.16-6.64, 3.43-5.44,
1.46-2.53, and 0.42-0.58 (N/mm), corresponding to 61.2-81.4%, 49.0-66.6%, 22.1-31.0%, and
5.1-7.1% of the original values, respectively. These results confirm a clear degradation trend.
The fracture energy was calculated based on the area under the complete load—crack mouth
opening displacement (P-CMOD) curve. At 600 °C and above, although the mechanical
integrity of both the matrix and the ITZ is substantially compromised, resulting in a reduced
energy requirement for fiber pull-out, the steel fibers continue to exhibit a degree of residual
load-bearing capacity even after slippage. This delayed pull-out behavior helps to maintain
energy absorption. Moreover, a higher steel fiber volume ratio results in denser fiber
distribution across the crack plane. This increases the crack opening displacement at the stage
when the tensile zone no longer contributes to load bearing, thereby expanding the total
envelope area and improving the energy absorption capacity. Although elevated temperatures
drastically reduce the overall fracture energy of UHPC, the extent of reduction is mitigated by
higher fiber volume ratios. This indicates that increasing steel fiber content can partially
compensate for thermal damage and improve post-fire fracture resistance.
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3.4 Prediction of mechanical and fracture properties of UHPC
after high-temperature exposure

To describe the relationship between the SF volume fraction and the post-high-temperature
compressive strength of UHPC, the compressive-strength influence factor f..” is given by:

fa =B 1 (3.12)

BT ==0.1779+0.02132T,; +112.79962V, —0.0011T,,.> — 2583.52335V,% — 0446167,V (3.13)

Eq. (3.13) was obtained by polynomial linear regression through Fig. 3.15(a). Fig. 3.15(a)
shows the relationship between high temperature, SF volume ratio, and compressive strength,
which was obtained through polynomial fitting of the relationship between temperature, SF
fiber volume ratio, and compressive strength. For the convenience of polynomial fitting in the
future, the high temperature is normalized. Tr2s represents the ratio of experimental temperature
to ambient temperature of 25 °C, Vsr represents the volume content of steel fibers, as shown in
Eq. (3.13), and the correlation coefficient R? = 0.988. Fig. 3.13 compares the experimental and
predicted values of the compressive strength of UHPC after high-temperature exposure, which
were calculated using Eqgs. (3.12-3.13). For further verification, the experimental results of Xue
et al. [145], Lin et al. [24], and Khan et al. [158] were also introduced in the figure for
comparison. It can be seen from Fig. 3.13 that, except for a few individual data points, the
prediction error is controlled within 20%.
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Fig. 3.13. Comparison of UHPC compressive strength test values with predicted values after high-
temperature exposure.

Similar to compressive strength, the flexural strength variation process of UHPC specimens is
described using the flexural strength influencing factor 8,7, defined as:

=87 (3.14)

The dependence of 3,7 on normalized temperature and SF volume fraction was obtained by
polynomial regression of the data in Fig. 3.15(b) and is given by:

B, =0.38426+0.01524T,; +36.87622F, — 0.0007T,,;> —~391.72426V,> —0.78136T,,,V (3.15)
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Fig. 3.15(b) presents the relationship between high temperature, SF volume ratio, and flexural
strength. The factors influencing high temperature and SF volume ratio on flexural strength
were obtained through normalization and polynomial fitting, as shown in Eq.(3.15), with a
correlation coefficient of R’ = (.927. Fig. 3.14 compares the experimental and predicted values
of the flexural strength of UHPC after high-temperature exposure. To further verify the
rationality of the proposed formulas, the experimental results of Lin et al. [24] , Huang et al.
[45] and Arabani et al. [148] are also introduced in the figure for comparison. It can be seen
from the figure that the prediction error is controlled within 20%.
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Fig. 3.14. Comparison of UHPC flexural strength test value and predicted value after high-temperature
exposure.

To accurately describe the relationship between SF volume ratio and the post-heating fracture
energy Gr', the fracture-energy influencing factor B¢ is used to characterize the change in
fracture energy of UHPC specimens after high temperature exposure, as given by:

GFT :ﬂ(;TGF (316)

B =1.02831-0.01748T,,, —36.73825V, +0.00009817,,.> +1712.00228V,,% —0.74231T,.,.V's,  (3.17)

Eq. (3.17) was obtained by polynomial linear regression through Fig. 3.15(c). Fig. 3.15(c)
shows the relationship between relative high temperature, fiber volume ratio, and relative
fracture energy. The relationship between the high-temperature fracture energy influencing
factor fg, relative temperature, and fiber content was obtained using polynomial fitting, as
shown in Eq. (3.17), with a correlation coefficient of R?=0.958. Fig. 3.16 compares the
experimental and predicted values of the fracture energy of UHPC after high-temperature
exposure, which are calculated based on Eqgs. (3.16-3.17). To further verify the rationality of
the proposed formulas, the experimental results of Huang et al. [45], Arabani et al. [148], and
Peng et al. [159] are also introduced in the figure for comparison. At present, the directly-
referable data regarding the fracture energy of UHPC after high-temperature exposure are
somewhat limited. In their study, Huang et al. [45] and Arabani et al. [148] Only the load-
displacement curves were provided during the flexural test of UHPC after high-temperature
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exposure. The fracture energy mentioned in this study is calculated based on their research by
extracting the load-deflection curves of UHPC after high-temperature exposure and combining
them with Eq. (3.10). Since the fracture energy is calculated based on the load-deflection curves,
it can be seen from the figure that the discreteness of the prediction error is relatively large, but
overall, it still conforms to the pattern of the proposed formulas.

(a) Compressive strength reduction
factor

(b) Flexural strength reduction (c) Reduction coefficient of fracture
factor energy

Fig. 3.15. The relationship between high temperature, strength, and fracture energy.
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Fig. 3.16. Comparison of the test and predicted values of UHPC fracture energy after high-temperature
exposure.

In addition to predicting the effects of high temperature and fiber volume ratio on the
mechanical properties of UHPC, experimental results show that as the temperature increases,
the compressive strength, flexural strength, fracture energy, and double K fracture toughness of
UHPC decrease almost linearly. Based on the experimental results, the relationship between
the mechanical properties of UHPC after high-temperature exposure is given by:

1=k (3.18)
G, =k f] (3.19)
K =kl 1, (3.20)
Kol = ki K" (3.21)
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In the formula, f..” represents the compressive strength of UHPC after high temperature, f,”
represents the flexural strength of UHPC after high temperature, G#” represents the fracture
energy of UHPC after high temperature, K;c"™*T represents the initial fracture toughness of
UHPC after high temperature, K;c*"T represents the fracture toughness of UHPC crack
instability after high temperature, and the range of temperature T is (25°C<T<800°C), k is
the linear coefficient related to the relative temperature, which varies with the relative

temperature, as shown in Fig. 3.17.
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Fig. 3.17. Relationship between mechanical properties of UHPC after high-temperature action.

The fitting effect of the relationship between the mechanical properties of UHPC after high-
temperature exposure with the relative temperature change is shown in Fig. 3.17. Judging from
the fitting effect, the determined model can accurately reflect the relationship between the
mechanical properties of UHPC after high-temperature exposure. After high-temperature
exposure, the mechanical properties of UHPC show a linear relationship, according to the
flexural strength test and Eqs. (3.19-3.21), the fracture energy and toughness of UHPC can be
conveniently estimated. If limited by experimental equipment, according to the cube test results
and Egs. (3.18-3.21), the fracture energy and toughness of UHPC can also be estimated.

It should be noted that the mechanical property prediction model of UHPC after high-
temperature exposure proposed in this study is based on limited experimental data. Moreover,
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after high-temperature exposure, the fracture experiments were carried out after natural cooling
to room temperature in the laboratory, without considering the influence of actual
environmental temperature and humidity on the residual stress in UHPC after cooling.

3.5 Conclusions

This chapter aims to understand the fracture performance of UHPC under high temperatures.
UHPC was designed with different SF volume ratios and tested under temperatures of 200, 400,
600, and 800 °C, respectively. The degradation behavior of UHPC in terms of flexural strength
and fracture energy was investigated. In addition, a prediction formula for the mechanical and
fracture properties of UHPC after high-temperature exposure was proposed. The main
conclusions are as follows:

After exposure to high temperatures, the compressive strength and flexural strength of
UHPC show a trend of first increasing and then decreasing with the increase in temperature.
When the temperature reaches 200 °C, the residual compressive strength is increased by
4.3-5.3%, and the residual flexural strength is increased by 9.5-14.4%. After 200 °C, the
residual strength of UHPC decreases linearly. When the temperature increases to 800 °C,
the residual compressive strength is only 26.2-30.2% of that at normal temperature, and
the residual compressive strength is only 25.2-32.8%.

Regardless of P-6 curve or P-CMOD curve, high temperature reshapes the original
development trajectory of the curve. In the third stage of curve extension, the sawtooth-
shaped fluctuation amplitude caused by stress redistribution due to fiber drawing at 200 °C
is significantly reduced compared to normal temperature. When the temperature exceeds
600 °C, the sawtooth-shaped fluctuation amplitude caused by stress redistribution due to
fiber drawing disappears directly, seriously affecting the bonding between steel fibers and
matrix.

After exposure to high temperatures, the original strengthening stage of UHPC suddenly
transforms into a failure stage, resulting in brittle failure characteristics of UHPC. After
high temperature, the bending toughness, fracture toughness, and fracture energy of UHPC
were significantly reduced. From the perspective of the SF fiber volume ratio, although the
retention of bending toughness and critical fracture toughness after 600 °C is not
significantly positively correlated with the fiber volume ratio, overall, an increase in SF
volume is beneficial for improving the fracture performance of UHPC.

A new prediction model for the compressive strength, flexural strength, and fracture energy
of UHPC after high temperature is established using SF volume ratio and temperature as
variables. The model can effectively predict the compressive strength, flexural strength,
and fracture energy of UHPC after high temperatures. The conversion relationships among
compressive strength, flexural strength, fracture energy, and fracture toughness are
established, and the reduction effect takes temperature influence into account.
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Chapter 4 Mix design of SUHPC with superior early-age performance

Abstract

Achieving rapid setting, early-age strength and volumetric stability is critical for shotcrete used in
repair applications. In this study, a novel sprayed ultra high performance concrete (SUHPC)
incorporating a Portland cement—calcium aluminate cement—gypsum (PC—CAC-CS$) ternary binder
was developed for the first time to tackle challenges in rheology, shrinkage, and early age strength. A
series of SUHPC mixtures with varying C$/CAC ratios (0.25-1.0) and the addition of a 2 wt%
alkali-free accelerator were systematically investigated. QXRD, TGA, calorimetry, rheology, and
SEM revealed that a C$/CAC ratio of 0.5 maximizes early ettringite formation, resulting in a fourfold
increase in thixotropy compared to cast UHPC, and enabling a 3-hour compressive strength of
15.11 MPa. At later stages, the accelerator promotes strétlingite formation, mitigating phase
conversion of CAC and preserving strength and durability. Meanwhile, the ternary system induces
micro-expansion, effectively offsetting both accelerator-induced shrinkage and autogenous shrinkage
of SUHPC, thus ensuring dimensional stability. Overall, this novel SUHPC achieves rapid setting,
enhanced thixotropy, early strength, and micro-expansion, making it a promising candidate for large-

scale shotcrete applications.

This chapter is partially published elsewhere:

J. He, Y.S. She, X. Ling, H.Y. Wang, H.J.H. Brouwers, and Q.L. Yu, Development of a Novel SUHPC Based on PC-CAC-
C$ System: Rheology, Early-Age Strength, and Hydration Kinetics. Construction and Building Materials, 502 (2025),
144420.
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4.1 Introduction

In large load-bearing structures such as tunnel linings and bridge piers, repair materials must provide
high strength and support to the structure within a few hours under emergency scenarios (e.g.,
localized impacts, fires, collapses, or water infiltration) to ensure the safety of personnel and
structures [160, 161]. In recent years, sprayed ultra-high-performance concrete (SUHPC),
incorporating fibers and characterized by high strength, excellent durability, and rapid construction
for irregular cross-sections, has shown promising potential for widespread application as a rapid

repair material [25, 26].

SUHPC integrates the advantages of conventional UHPC and shotcrete, offering a high packing
density, lower water-to-binder ratio, and enhanced durability and corrosion resistance [35, 87, 162].
Additionally, SUHPC exhibits superior strength, allowing for the application of thinner sprayed
layers while maintaining structural integrity. Despite these benefits, several challenges remain

unaddressed, especially regarding rheology, shrinkage, and early-age strength.

A primary challenge lies in enhancing the rheological performance SUHPC to ensure both
pumpability and sprayability. Previous studies have shown that incorporating viscosity-enhancing
admixtures (VEASs) can increase the yield stress and thixotropy of SUHPC, thereby improving its
sprayability [163]. However, the high viscosity induced by VEAs often entraps air bubbles, leading
to increased porosity and a reduction in mechanical properties of SUHPC [27, 164]. Therefore,
identifying alternative strategies to enhance SUHPC rheology without compromising strength is

essential for achieving both efficient spraying and mechanical performance.

A second critical issue is the high autogenous shrinkage inherited from UHPC. Excessive shrinkage
increases the risk of cracking and volumetric instability [29]. Moreover, when employed as a repair
material, the shrinkage of SUHPC can weaken its bond with the repaired structure, thereby
deteriorating the overall repair effectiveness. Various methods, including shrinkage-reducing
admixtures (SRA) [165-167], expansive agents (EA) [168-170], and internal curing (IC) agents [171],
have been introduced to mitigate shrinkage-induced stresses and enhance the bond strength between
the repair material and the substrate. However, these shrinkage-reducing materials can adversely
affect the compressive, flexural, and tensile strength of concrete [172]. Consequently, developing

new SUHPC formulations with shrinkage compensation is crucial for ensuring volume stability.

A third pressing challenge is achieving high early-age strength and rapid setting in SUHPC to ensure
the necessary structural support at early age (e.g., within a few hours), which is essential for
emergency repair applications. Al>(SO4); based alkali-free accelerator are commonly employed in
shotcrete to reduce setting time and enhance the early strength [172]. It is typically added at the nozzle

of the spraying machine and mixed with the shotcrete. Upon contact with the paste, the accelerator
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rapidly dissolves, releasing AI**, which converts to Al(OH)s in the alkaline environment and
subsequently interacts with Ca?" and SO4>", leading to ettringite formation. The formation of ettringite
in large quantities within a short time creates a dense spatial network structure, thereby enhancing the
early strength of SUHPC. However, the use of accelerators also introduces several drawbacks: 1)
Strength instability, as their rapid reaction with the paste traps air bubbles, increasing macro-porosity
and reducing strength [27, 164]; 2) Volume instability, as accelerator exacerbate long-term shrinkage
[28, 173]; 3) High cost, which hinders the sustained application of the alkali-free accelerator.
Therefore, developing alternative methods to accelerate setting and improve early-age strength while

reducing reliance on alkali-free accelerators warrants further investigation.

In light of these challenges, this chapter introduces a novel ternary binder system (PC-CAC-CS$) into
SUHPC, composed of Portland cement (PC), calcium aluminate cement (CAC), and gypsum (C$).
This system is designed to systematically improve the rheology, shrinkage, and early-age strength of
SUHPC through innovations in the cementitious matrix. The hydration behavior of the ternary binder
system is considerably complex [30, 31], being influenced not only by the ratios of PC/CAC and
CAC/C$ but also by environmental temperature and curing conditions [174]. During the early
hydration stage, CA from CAC cement dissolves and reacts with calcium sulfate to form ettringite
[175]. Ettringite is the primary expansive phase formed in PC-CAC-CS$ blends, serving as an effective
means to mitigate early autogenous shrinkage and accelerate setting [29]. Theoretically, the
application of the PC-CAC-C$ system in SUHPC could reduce or even compensate for shrinkage
induced by accelerators, thereby potentially partially or completely replacing alkali-free accelerators.
Therefore, investigating the individual and synergistic effects of the PC-CAC-C$ system and alkali-

free accelerators is a key research focus in optimizing the hydration kinetics of SUHPC.

Currently, the intrinsic hydration mechanisms underlying the optimal gypsum-to-calcium aluminate
cement (C$/CAC) ratio, as well as the synergistic interactions between alkali-free accelerators and
the PC-CAC—CS$ ternary binder system, remain unexplored. Specifically, critical questions include
how variations in the C$/CAC ratio influence rheology and phase evolution of SUHPC, and how
alkali-free accelerators interact with the ternary binder to modify its hydration kinetics, early-age
strength, and shrinkage compensation behavior. To address these gaps, rheological properties and
setting time were evaluated to assess the fresh behavior. Calorimetry was employed to measure heat
evolution, and SEM was used to analyze morphological changes. The hydration process and phase
evolution at early and later stages were analyzed qualitatively and quantitatively evaluated applying
Rietveld-refined QXRD and TGA. The effects of different C$/CAC ratios and accelerator on the
hydration kinetics, rheological properties, and early-age strength of the PC-CAC-C$ system are
systematically investigated. Finally, the optimal C$/CAC ratio and mix proportion for SUHPC were
determined, and the synergistic mechanism between the PC-CAC-C$ system and alkali-free
accelerators was systematically summarized.
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4.2 Materials and experiments

4.2.1 Raw materials and mix proportions

CEM 1 52.5R (PC, supplied by Heidelberg Materials), commercial CAC cement and gypsum
(CaS042H20, abbreviated as C$) were employed as the primary cementitious materials to form
ternary binder systems in this study. Silica fume (microsilica, MS) and fly ash cenosphere (FAC)
were incorporated into the mixture as supplementary cementitious materials. The chemical

compositions of powder materials are illustrated in Table 4.1.

Table 4.1. Chemical composition of the raw materials.

Oxide (Wt%) PC CAC Cs MS FAC
AlLO; 4.98 53.31 0.20 0.23 17.89
CaO 64.61 34.28 433 0.41 8.20

SiO2 20.18 6.96 0.32 94.68 55.57
MgO 2.19 0.37 1.37 0.43 1.02

Fe205 3.24 1.90 0.10 0.17 11.31
K,O 0.53 0.41 0.01 0.83 2.74

P20s 0.74 0.15 - 0.19 1.59

NaO 0.27 0.12 - 0.15 0.48

TiO; 0.25 1.67 - - -

SOs 3.01 0.83 53.7 0.81 1.20

LOI 1.56 1.60 1.59 2.33 1.03

Three types of continuously graded quartz sand, designated as 0.38-1.2 mm (QS-1), 0.2-0.47 mm
(QS-2), and 0-0.22 mm (QS-3) were used as aggregates. Copper-coated steel fibers with a diameter
of 0.22 mm and a length of 6 mm were incorporated. A polycarboxylate superplasticizer (PCE) with
a solid content of 40% was applied to ensure the workability of SUHPC, with a dosage of 1.9 wt%
relative to the binder weight. To adjust the viscosity of SUHPC, hydroxypropyl methyl cellulose
(HPMC) with a viscosity of 200,000 mPa-s (supplied by Shanghai Chenqi Company) was employed.
In this study, a liquid alkali-free accelerator (FSA-AF, Shanxi Feike New Material Technology Co.,
Ltd.) with aluminum sulfate as the main component was utilized, with a dosage of 2% by binder

weight.

To achieve the maximum particle packing of the raw materials in the SUHPC mix design, the
modified A&A model (MAA) was applied [176, 177]. The particle-size distribution is required to
satisfy the MAA gradation function given in Eq. (3.1) of Section 3.2.1, where P(D) denotes the
percentage volume fraction of particles with a diameter less than D; Dmax and Dumin signifies the largest

and smallest particle size, respectively; q refers to the distribution modulus.

Subsequently, the measured cumulative particle-size distribution was fitted to the target curve using

the residual sum of squares (RSS), where RSS is the residual sum of squares; Pmix refers to the
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composite mixture of SUHPC; Py, is the target classification [178, 179]. The fitting criterion is given
by Eq. (3.2).

Considering that the SUHPC designed in this study contains a relatively high proportion of fine
particles, a low distribution modulus (q = 0.23) was adopted. The optimized SUHPC mixture

composition and corresponding fitted cumulative curves are presented in Fig. 4.1 and Table 4.3.
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Fig. 4.1. Cumulative curves of raw materials and SUHPC mixtures.

Table 4.2. Composition of the binders in various systems.

Mix ID Composition C$/CAC
Neat PC U 100%PC -
Ternary TR1 70%PC+24%CAC+6%C$ 0.25

TR2 70%PC+20%CAC+10%C$ 0.5

TR3 70%PC+17.14%CAC+12.86%C$ 0.75

TR4 70%PC+15%CAC+15%C$ 1
Accelerator U-Afa U+6%Accelerator -

TR2-Afa TR2+6%Accelerator 0.5

Table 4.3. Mix proportion of SUHPC mixtures (kg/m?).

Materials U TR1 TR2 TR3 TR4 U-Afa TR2-Afa
PC 791 553.7 553.7 553.7 553.7 791 553.7
CAC - 189.8 158.2 135.6 118.7 - 158.2
C$ - 47.5 79.1 101.7 118.7 - 79.1
MS 179 179 179 179 179 179 179
FAC 144 144 144 144 144 144 144
QS-1 192 192 192 192 192 192 192
QS-2 510 510 510 510 510 510 510
QS-3 412 412 412 412 412 412 412
Water 188.3 195 195 195 195 188.3 195
SP 47 49.5 49.5 49.5 49.5 47 49.5
Accelerator - - - - - 223 223
Steel fiber 156 156 156 156 156 156 156
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In this study, U refers to the conventional UHPC mixture with PC as the primary binder, serving as
the control group. The water-to-binder ratio (w/b) of U mix was 0.19. TR represents the ternary
system (PC-CAC-CS$), in which the combined amount of CAC and C$ replaced 30 wt% of the PC. In
the ternary system, to ensure that the flowability of the SUHPC meets the required standard [180],
the water-to-binder ratio was adjusted to 0.2. Composition of the binders in various systems and mix
proportion of SUHPC mixtures are shown in Table 4.2 and Table 4.3.

4.2.2 Field spray test and and specimen preparation

Fig. 4.2 illustrates the field spray test, conducted in accordance with EN 934-5:2007 [181]. The field
spray test and specimen preparation followed a standardized procedure comprising material weighing,
mixing, transportation, spraying equipment setup and loading, mold preparation, and final spraying.
The alkali-free accelerator was incorporated at the nozzle of the spraying system during application.
In the field spray test, the SUHPC of the ternary system without an accelerator (TR2 mix) achieved
a thickness of 41 mm, while the SUHPC of the ternary system with an accelerator (TR2-Afa mix)
reached a thickness of 52 mm, confirming the excellent pumpability and sprayability of the ternary
binder system [181]. After demolding, the concrete slabs were cut into SUHPC specimens with
dimensions of 150 mmx150 mmx150 mm and cured until the specified curing age. U mix was used

as conventional poured UHPC and was directly cast into 150 mmx150 mmx150 mm molds.

2

(d) Sprayed thickness 52 mm (¢) Sprayed Concrete Panels

Fig. 4.2. Field spray test.
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4.2.3 Experimental methods
4.2.3.1 Setting time and flow behavior

The initial and final setting times of SUHPC were determined according to EN 196-3 [182].
Measurements were taken at 20-second intervals because the accelerator reduced the initial setting
time to approximately five minutes and the final setting time to less than ten minutes. A flow table
test of SUHPC flowability is conducted according to EN 1015-3 [92]. For SUHPC containing alkali-
free accelerators, the flowability decreases rapidly within 5 minutes due to flash setting. Therefore,

the measurements of U-Afa and TR2-Afa are not conducted.
4.2.3.2 Isothermal calorimetry

The hydration heat evolution of SUHPC in the ternary system was measured and recorded using
isothermal calorimetry (TAM Air C80). After external mixing, heat flow was recorded for 48 hours,

and cumulative heat was calculated.

4.2.3.3 Rheology

The rotational rtheometer (R/S-SST 2000, manufactured by Brookfield, USA) was used to evaluate
the SUHPC in the ternary system. The rotor of rheometer with a height of 20 mm and a diameter of
10 mm was used. To avoid potential damage to the rheometer rotor due to the accelerator reducing
the initial setting time to less than 5 minutes, U-Afa and TR2-Afa were excluded from the
measurements. As shown in Fig. 4.3(a), fresh mixed mortar with different C$/CAC ratios (0, 0.25,
0.5, 0.75 and 1) were continuously sheared at a constant shear rate of 0.1 S for 90 seconds at various
hydration times. The thixotropy (A) of the SUHPC mortar, defined from the maximum shear stress
(ti) and the steady-state equilibrium shear stress (t.) as illustrated in Fig. 4.3(b), is given by [183]:

A=(r,-1)/7, (4.1)
2 =
2 &
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Fig. 4.3. (a) Depiction of the shear process and (b) the corresponding shear stress curve
from the rheological test of SUHPC.
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4.2.3.4 QXRD

Quantitative X-ray diffraction (QXRD) analysis was carried out on a Bruker D2 PHASER with the
XE-T detector (Co, A=1.79 A). Two-theta values were measured from 5 to 90° with a step size of
0.013°. Crystalline silicon was incorporated at 10 wt% of the total sample weight and used as an
internal standard during Rietveld refinement. The Rietveld analysis was performed with Topas

software (version 5.0).
4235 TG

Thermogravimetric analysis (TGA) was carried out using a TA Instrument (TA 209 F3 Tarsus).
Approximately 20 mg of each SUHPC paste sample was tested at a constant rate of 10 °C/min in a

temperature range of 25 to 1000°C.

4.2.3.6 Morphology

The morphology of the SUHPC specimen was observed by scanning electron microscopy (SEM)
applying a TESCAN MIRA3 equipment. The block samples were about 0.5 mm? each and was coated
with gold. It features a resolution of 1.2 nm, a magnification range from 2 to 1000,000 times, and an
acceleration voltage adjustable between 0.5 kV and 30 kV.

4.2.3.7 Dimensional change

The measurement and evaluation of dimensional change in concrete samples were conducted in
accordance with ASTM C490/C490M-21 [184]. The initial measurements were conducted 1 day after
demolding. The length change at the specified age is given by:

L x100 4.2)

_(L, L)
G
Here,

L= the difference between the comparator reading of the specimen and the comparator reading of the

reference bar at the same age x (1, 3, 7, 14, and 28 days).

L; = the initial difference between the comparator reading of the specimen and that of the reference

bar.
G = the nominal gauge length of the measuring apparatus, which was set to 250 mm in this study.

The length change values for each specimen shall be calculated to an accuracy of 0.001%, and the

average values shall be reported to the nearest 0.01%.
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4.2.3.8 Strength

The compressive strength tests were conducted on cube specimens, which were obtained by cutting
SUHPC slabs into 150 mm X 150 mm X 150 mm sections. The specimens were cured under standard

conditions for 3 hours, 1 day, and 28 days, followed by strength testing at a loading rate of 1.0 MPa/s.

4.3 Results and analysis

4.3.1 Setting time and flow behavior

Fig. 4.4 summarizes the setting time and fresh behavior of SUHPC with different C$/CAC ratios
and/or under the influence of alkali-free accelerator. The majority of SUHPC blends show high
flowability, with measurements exceeding 230 mm. The various ternary PC-CAC-C$ mixes exhibited
superior flowability compared to the poured UHPC mix (U mix) at lower CS/CAC ratios. This
improvement in flowability is attributed to the enhancing effect of CAC on the overall flow behavior
[185]. With an increase in C$/CAC ratios, the flowability of SUHPC gradually decreased, which
could be attributed to the high water absorption capacity of C$ [186].
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Fig. 4.4. Setting time and flow behavior of SUHPC.

Ternary PC-CAC-CS$ systems in SUHPC demonstrated significantly shorter initial and final setting
times compared to the poured UHPC (U mix). It is noteworthy that an increase in the C$/CAC ratio
exhibited a significant positive correlation with both the initial and final setting times in the ternary
system. As the CS/CAC ratio increased from 0.25 to 1, the final setting time extended from 29 to 77
min. Moreover, with the incorporation of 2 wt% alkali-free accelerator into both the ordinary UHPC
(U mix) and the ternary system (TR2 mix), the initial setting time decreased to less than 5 minutes,
and the final setting time was reduced to under 10 minutes in the U-Afa mix and TR2-Afa mix,

respectively. This result meets the requirements for accelerator specified in the EN 934-5:2007
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standard [187], which mandates that the initial setting time should be less than 10 minutes and the
final setting time should be less than 60 minutes.

4.3.2 Hydration kinetics

From Fig. 4.5(a), it was observed that the onset of the acceleration period for the TR1 mix with a low
C$/CAC ratio occurred at 40 hours, approximately 20 hours later than that of the control group (U
mix). In this experiment, it was found that in the ternary system, a CAC content above 24 wt% (or a
low C$/CAC ratio of 0.25) leads to a noticeable delay in the silicate hydration peak, as observed in
the TR1 mix. This may be attributed to the high AI** ions concentration and low calcium content in
the pore solution of TR1, which hinder the nucleation and precipitation of C-S-H, thereby impeding
the dissolution of tricalcium silicate (alite) [188, 189]. The C$/CAC ratio affects not only the heat
flow but also the cumulative heat. Within the first hour, the ternary systems with C$/CAC ratios of
0.25, 0.5, 0.75, and 1.0 released cumulative heats of 19.8, 21.3, 31.7, and 36.8 J/g, respectively—
significantly higher than the 9.3 J/g of the U mix. Nevertheless, the cumulative heat of the ternary
systems at 80 hours was lower than that of the U mix.
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Fig. 4.5. Isothermal calorimetry of SUHPC pastes: (a) Heat-flow curve up to 80 h;
(b) Cumulative heat-flow curve up to 80 h.
The incorporation of the accelerator increased the first peak values of U-A and TR2-A to 52.7 and
47.5 mW/g, respectively, as shown in Fig. 4.5(a), significantly higher than those of the other mixtures.
The first heat release peak is typically associated with the initial dissolution of cement. However, in
this study, a significant amount of heat was released upon the contact of the accelerator with the paste,
as Al(OH)s and SO4” ions in the accelerator rapidly reacted to form Al-hydrates (ettringite, AFm, or
AH3). Therefore, the first heat release peak in this study is not only attributed to the heat of dissolution
but also to the rapid formation of hydration products, as shown in the magnified view in Fig. 4.5(a).

Additionally, the incorporation of the accelerator significantly advanced the silicate hydration peak.
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For instance, the second hydration peak of TR2-Afa mix occurred 4.5 hours earlier than that of TR2
mix, while the second hydration peak of U-Afa mix was 3h ahead of that of the U mix. In addition,
the inclusion of the accelerator in U-A mix and TR2-A mix increased the cumulative heat release at

80 hours by 4.4% and 12.7%, respectively, compared to U mix and TR2 mix without the accelerator.

Overall, these results indicate that the hydration kinetics of SUHPC can be effectively controlled by
adjusting the C$/CAC ratio and incorporating the accelerator. Particularly, the optimal balance
between hydration acceleration and cumulative heat release can be achieved at intermediate C$/CAC
ratios (e.g., 0.5), while excessive CAC content (low C$/CAC ratio) delays silicate hydration.
Moreover, the incorporation of the accelerator significantly promotes early-age hydration,

highlighting its potential in improving early-age performance of SUHPC mixtures.
4.3.3 Rheological properties

Fig. 4.6 presents the effects of different C$/CAC ratios on the static yield stress, dynamic yield stress,
and thixotropy of SUHPC mortar at various hydration times. With a consistent content of viscosity-
enhancing additives, hydration is the main factor influencing changes in yield stress [190]. In this
study, the C$/CAC ratio was a critical variable influencing the early-stage hydration kinetics, which
further affected the rheological properties of SUHPC.
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The static yield stress (z;) and dynamic yield stress (z.) exhibited a highly similar trend, as shown in
Fig. 4.6(a) and (b). At a low C$/CAC ratio (TR1 mix), 7; and 7. initially increased gradually, followed
by a substantial increase after 15 minutes, reaching 1792.3Pa and 1636.8Pa, respectively. And this
abrupt increase accounted for 70.32% and 80.69% of the total hydration process, respectively. With
the gradual increase of the C$/CAC ratio, the 7; and 7. of TR2, TR3, and TR4 mix exhibited a
significant increase at 35, 40, and 45 minutes, respectively. A previous study [191] demonstrated that
an increase in dynamic yield stress within a certain range enhances the pumpability of mortar.
Therefore, compared to conventional UHPC (U mix), SUHPC with the ternary system indeed

contributes to an early-stage increase in dynamic yield stress, thereby improving pumpability.

The concept of thixotropy entails the recovery capability of the flocculated structure once shear is
removed [192]. In this study, the PC-CAC-C$ system accelerated the hydration rate and shortened
the setting time of SUHPC. The rapid formation of AFt promoted the development of the flocculated
structure in the SUHPC paste. In this study, it was observed that the thixotropy (1) of all SUHPC
mixtures initially increased and then decreased abruptly. This phenomenon can be attributed to the
ternary system significantly accelerating the early hydration rate and shortening the setting time of
SUHPC. The rapid formation of AFt facilitated the development of the flocculated structure in the
paste, thereby enhancing thixotropy. As SUHPC approached setting, the structural deformation
recovery ability irreversibly declined, leading to an abrupt decrease in the thixotropy value. In
contrast, with a much lower early hydration rate than the ternary system, conventional UHPC (U mix)

exhibited nearly unchanged rheological parameters within the first 0-50 minutes.

The thixotropy (1) was observed to decrease rapidly with excessively high static yield stress (z;) and
dynamic yield stress (ze), indicating the failure of thixotropic behavior and the loss of construction
feasibility in shotcrete. Open time, which typically refers to the period from the completion of mixing
until the loss of construction feasibility, is closely related to thixotropy [193]. The thixotropy (1) of
TR1 and TR2 mixes reached four times that of poured UHPC (U mix). A low C$/CAC ratio of 0.25
(TR1 mix) led to thixotropy failure at 15 minutes, significantly shortening the open time and making
it insufficient for pumping and spraying. In contrast, TR2 mix, with a C$/CAC ratio of 0.5, maintained
a higher thixotropy value within 35 minutes. This enhancement increased the cohesion of the SUHPC
paste, theoretically providing superior pumpability and sprayability. It indicates that an appropriate
C$/CAC ratio of 0.5 increases the cohesion of the SUHPC paste, thereby enhancing pumpability and
sprayability. This effect was further validated by the field spray test described in Section 4.2.2, which
confirmed that the TR2 mix attained a maximum thickness of 41 mm among the ternary mixtures

without an accelerator.
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4.3.4 Early-stage hydration products
4.3.4.1 QXRD analysis at the early stage

4.3.4.1.1 Intrinsic mechanism of different C$/CAC ratios in early hydration

To investigate the effect of varying C$/CAC ratios (0.25, 0.5, 0.75, and 1.0) in the ternary system on
early hydration products, qualitative and quantitative XRD analyses were conducted. The XRD
patterns in Fig. 4.7 show the phases detected in the qualitative analysis, including clinker phases from
PC (CsS, C3S, C3A, C4AF, and calcite), CAC (CA, Ci2A7, and C2AS), and gypsum (C$).
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U mix

Ettringite is the only crystalline hydration product formed in the early-stage hydration of the ternary
system. The content is quantified by Rietveld refinement and presented in Table 4.4. As C$/CAC
ratio increased from 0.25 to 1.0, the ettringite (AFt) content in TR1, TR2, TR3, and TR4 mixes was
10.2, 12.9, 9.3, and 8.2 wt%, respectively, initially increasing and then decreasing. It was observed
that C$ was not detected in TR1 with alow C$/CAC ratio at 1 h. This indicates that the limited C$ had
completely reacted with CA to form AFt, as given by:

3CA+3CSH, +32H — C,AS,H., + 2 AH, (4.3)

Meanwhile, the excessive CA underwent hydration to form calcium aluminate hydrates (CAH), such

as CAHio and C2AHs, as given by:

3CA+21H — CAH,, + C,AH + AH, (4.4)

71



At a high C$/CAC ratio of 1.0 (TR4 mix), the paste contained an excess of sulfate ions and a limited
aluminum source, delaying the formation of ettringite. As a result, a low amount of ettringite (8.2
wt%) was detected at 1 h. This aligns with the findings in Section 4.3.1, which indicate an extended

setting time for TR4 mix.

Table 4.4. Solid phase compositions from Rietveld refinements of UHPC and SUHPC at 1h

(<d. L. = below detection limit).

Phases/Mix U TR1 TR2 TR3 TR4 U-Afa TR2-Afa
(wt %) (wt %) (wt %) (wt %) (wt %) (wt %) (wt %)

CsS 39.41+0.6 251104 249105 262104 26.5+0.6 29.6+0.5 21.5+04
CaS 13.7+0.2 10.1£0.3 9.9+0.1 10.0£0.1 10.0+£0.3 13.1£0.1 9.8+0.1
CA <d.L 2.1£0.3 2.1+04 23403 2.0+04 <d. L 24403
AFt 1.94+0.5 102+04 12.940.5 9.34+0.5 8.2+0.6 6.91+0.5 16.2+0.4
AFm <d.lL <d. L <d.l <d.l <d.l <d.l <d.l
Gypsum <d. L <d. L 1.84+0.2 3.240.2 5.1£0.7 2.440.2 3.7+0.2
Anhydrite <d. L 0.2+0.1 0.5+0.2 0.2+0.1 0.6+0.3 0.1£0.1 0.7£0.3

Amorphous 329t14 29712 40.4+1.6 31,615 30514 42.7+2.1 40.4+1.6

To investigate the effect of C$/CAC ratio on the hydration degree of primary clinker phases, Table
4.5 presents the hydration degree (o) of C3S (from PC) and CA (from CAC) in all ternary systems of
SUHPC, as given by:

a =100(w’“ —w )/w’0 4.5)

phase—n phase—n phase—n

Where Wphase-n® and wphase-n” represent the phase contents prior to hydration (¢9) and at a specific time

(1), respectively. Here, ¢ denotes 1 hour of hydration.

Table 4.5. Degrees of hydration of C3S and CA determined by QXRD analysis at 1lh (wt%).

Phases/Mix U TR1 TR2 TR3 TR4 U-Afa TR2-Afa
(&N 10.7 18.7 19.4 15.1 14.3 329 30.4
CA - 42.9 46.6 40.2 39.6 - 50.5

Compared to the U mix, the early hydration degree of C3S in ternary systems with different C$/CAC
ratios (0.25-1) increased significantly by 74.8%, 81.3%, 41.1%, and 33.6%, as shown in Table 4.5.
The early hydration degrees of C3S and CA exhibited a consistent trend, initially increasing and then
decreasing with the increase in CS/CAC ratio. Due to the rapid formation of AFt and heat release in
the early hydration stage of the ternary system, the early hydration degrees of C3S and CA were
potentially further enhanced by the elevated temperature [194, 195]. Among the ternary system
mixtures, TR2 mix exhibited the highest early hydration product, AFt, reaching 12.9 wt%, while the
hydration degree of C3S also peaked at 18.7 wt%. In summary, the early-stage hydration kinetics and
hydration degree in the ternary SUHPC system are significantly influenced by the C$/CAC ratio. The
optimal ratio (0.5, TR2 mix) leads to the highest formation of early hydration products (ettringite)
and maximizes the early hydration degree of clinker phases, demonstrating the importance of properly
balancing sulfate and aluminate sources to enhance early-stage performance.
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4.3.4.1.2. Synergistic mechanism of alkali-free accelerator and PC-CAC-CS$ system in early
hydration

In this chapter, TR2-Afa mix was developed by incorporating the 2 wt% alkali-free accelerator into
the TR2 mix to investigate the synergistic mechanism of the alkali-free accelerator and the PC-CAC-
C$ system on early-stage hydration kinetics of SUHPC. And U-Afa mix was designed by
incorporating the 2 wt% alkali-free accelerator into the U mix to investigate the effect of alkali-free
accelerator on Portland cement system of SUHPC. Based on the QXRD results in Table 4.4, the AFt
content in U-Afa mix and TR2-Afa mix at 1 hour increased by 263% and 25.6%, respectively,
compared to the U mix and TR2 mix. And the early hydration degree of C3S increased by 207.5%
and 56.7%, respectively, indicating that the accelerator can significantly promote silicate hydration
at the early stage. This is due to the addition of the alkali-free accelerator, which introduces a large
amount of AI(OH)s™ and SO4* ions. These ions rapidly react with Ca*"ions dissolved from gypsum

and Portland cement upon initial contact, forming a substantial amount of AFt, as given by:
2[AI(OH),T +6Ca’ +40H +3S0; +26H —> C(,AESH32 (4.6)

In the U-Afa mix, Ca' in the paste originates from the dissolution and hydration of C3S. Therefore,
the substantial consumption of Ca®" ions further enhances the early hydration degree of C3S in the
cement. In the ternary TR2 mix, Ca?* ions in the paste originates from the dissolution of gypsum, CA,
and CsS. Therefore, the alkali-free accelerator enhances the early hydration degree of both C3S (from
PC) and CA (from CAC) in the ternary PC-CAC-C$ system.

In addition, diffraction peaks of CaF. were observed, as shown in Fig. 4.7. This is attributed to the
presence of magnesium fluosilicate (MgSiFs) in the alkali-free accelerator [196]. Magnesium
fluosilicate dissolves and releases fluoride ions (F°), which react with Ca** ions to form CaF:

precipitate, as given by:

MgSiF, — Mg*> + SiF> (4.7)
SiF} +4H,0 — Si(OH), +6F +4H " (4.8)
Ca® (aq)+2F (aq) — CaF,(s) (4.9)

However, considering the low dosage (2 wt%) of the accelerator used in SUHPC and the limited
content of magnesium fluosilicate contained therein, the presence of CaF:, as observed in XRD
pattern, confirms its contribution to the dissolution and hydration of CsS (from PC), but this effect is
not dominant. Instead, the primary synergistic mechanism of the alkali-free accelerator in the PC-
CAC-CS$ system at early hydration is plausibly associated with accelerating the CA hydration (from
CAC) and rapidly consuming gypsum (C$), thereby significantly influencing the hydration kinetics

and early-age properties of the SUHPC.
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These findings suggest that the alkali-free accelerator significantly enhances the early-stage hydration
kinetics of SUHPC primarily by accelerating the hydration of CA (from CAC) and rapidly consuming
gypsum (C8$), thus facilitating the rapid formation of ettringite. The synergistic effect between the
accelerator and the PC-CAC-C$ system substantially improves the early hydration degree of CA,
indirectly influencing the hydration of CsS through enhanced aluminate reactions and rapid sulfate
consumption. Although CaF: precipitates formed due to magnesium fluosilicate theoretically could
contribute to CsS hydration, this mechanism plays only a minor role due to the low dosage and limited
fluosilicate content. Hence, the primary synergy arises from accelerated aluminate hydration and
gypsum consumption, providing a fundamental basis for optimizing the early strength development
of SUHPC.

4.3.4.2 TG analysis at the early stage
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Fig. 4.8. Differential thermogravimetric curves of SUHPC mixes at 1h.

Differential thermogravimetric (DTG) peaks corresponding to C-S-H, portlandite, gypsum, AHs,
AFm, and calcite were identified, as presented in Fig. 4.8. The first DTG peak (between 25 and 130 °C)
is mainly attributed to dehydration of C-S-H gel and ettringite crystal [197, 198]. Gypsum typically
dehydrates between 100 °C and 150 °C, as indicated by the second peak. The gypsum peak in TR4
mix is significantly pronounced, whereas there is almost no detectable gypsum peak in TR1 mix,
which aligns with the QXRD results. A small peak around 250 °C was observed in the DTG curves,
which is associated with the decomposition of AHs [199]. However, no corresponding diffraction
peak of AHs was detected in the QXRD analysis. This indicates that AH3 formed within the early
hydration stage (1 h) in a limited amount with low crystallinity. In addition, DTG peaks of CH and
calcite were observed at 400 °C and 600-750 °C, respectively. Overall, the DTG results are consistent
with the QXRD findings, confirming that increasing the C$/CAC ratio ensures a more sufficient
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sulfate source, while at lower ratios (e.g., TR1 mix), gypsum is rapidly consumed during early

hydration, accompanied by the formation of a small amount of poorly crystalline AHs.
4.3.5 Late-stage hydration products
4.3.5.1 QXRD analysis at the late stage

4.3.5.1.1 Intrinsic mechanism of different C$/CAC ratios in late hydration

The XRD patterns for SUHPC at 28d are shown in Fig. 4.9. As for the quantitative QXRD analysis,
the solid phase compositions and the hydration degrees from Rietveld refinement are presented in
Table 4.6 and Table 4.7, respectively.
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Table 4.6. Phase quantification by QXRD of SUHPC at 28d (<d. 1. = below detection limit) (wt%).

Phases/Mix U TR1 TR2 TR3 TR4 U-Afa TR2-Afa
CsS 73+03 89+03 56+03 6.7£02 85+03 6.7£02 63104
CS 39+02 4.0x0.1 32%0.1 3.7+0.1 3.8%+0.1 3.6+02 3.3%0.1
CA <d. L 0.8+0.1 09+£02 0.8+£02 0.8+£02 <d.l 0.9+0.2
AFt 1.7£0.3 42%+03 12.8+04 129+04 14.0+04 57x03 158%0.6
AFm 03+0.1 33+02 05+04 03+02 03%£03 1.0£0.1 2.1%0.1
Gypsum <d. L <d. L 04+02 06%0.1 1.0x02 09%0.1 1.1+0.2
Anhydrite <d. L <d. L 02+0.1 02%0.1 03%£0.1 03%£02 05104
Stritlingite  <d. L <d. L <d. L <d. L <d. L <d. L 0.5+0.1
Amorphous 59.2+1.1 48.7£09 569+12 551+15 51.8+13 59.8+1.0 563%1.1
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Table 4.7. Degrees of hydration of C3S and CA determined by Rietveld XRD analysis at 28d (wt%).

Phases/Mix U TR1 TR2 TR3 TR4 U-Afa TR2-Afa
(&N 81.3 71.1 80.9 78.2 72.6 82.5 79.7
CA - 79.9 87.2 93.1 95.0 - 82.9

As the C$/CAC ratio decreases to 0.25 (TR1 mix), the hydration degree of C3S remains low even at
28 days, reaching 71.1 wt%. This is attributed to the excessive CAC, which increases the aluminate
ion concentration in the pore solution and significantly retards the hydration of C3S [188, 189]. The
underlying reason is that the aluminate ions in the pore solution promote the formation of C-(A)-S-
H, which has a lower nucleation efficiency for C-S-H than pure C-S-H, thereby delaying the hydration
kinetics of C3S [199]. As shown in Fig. 4.9, it was also observed that diffraction peaks of calcium
aluminate hydrate (CAH), including CAHio, C2AHs, and CsAHe. This is because CA reacts with the
limited amount of C$ in the early stage and fully consumes it, leaving excessive CA in TR1 mix. The
remaining CA then hydrates to form CAHio and C2AHs. In the later stages of hydration, CAHio and

C2AHs transform into the more stable CsAHe, as follows:

3CAH,, — C,AH,+2AH, +18H (4.10)
3C,dH, — 2C,AH, + AH, +9H (4.11)

This phenomenon is known as the CAC conversion process, which is accompanied by a loss of pore
structure density and an increase in porosity at later stages [200]. Additionally, a high concentration
of AI’" ions promotes the gradual transformation of AFt into the more stable AFm or TAH, , as

follows:
C,AS,Hy, +4[AI(OH),T +6Ca* +80H —3C,ASH,, (4.12)

As the C$/CAC ratio increases to 0.75 or 1 (TR3 and TR4 mixes), there are still some gypsum and
anhydrite residues at 28 days, indicating the persistent supersaturation of sulfate ions (SO4>") in the
pore solution in the TR3 and TR4 mixes. As shown in Table 4.6, the AFt content in TR3 and TR4
mixes reached 12.9 wt% and 14.0 wt%, respectively, representing a significant increase of 38.7% and
50.5% compared to the early-stage AFt content. This is because the supersaturated sulfate ions (SO4%")
in the solution continuously react with aluminum (AI’") and calcium (Ca*") ions in the mid-to-late
stages, leading to the formation of ettringite (AFt). It is also known as Delayed Ettringite Formation
(DEF) [201].

At the later stage of hydration, the hydration degree of CA also significantly increases with the
formation of DEF. Specifically, in TR4 mix, the late-stage hydration degree of CA reaches 95.0 wt%.
This may be attributed to the fact that the formation of DEF requires calcium (Ca*") ions, which in
turn promotes the dissolution and further hydration of CA. In addition, the AFm content decreases

from an average of 3.3 wt% at the early stage to 0.3 wt% at the later stage of hydration as the C$/CAC
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ratio increases. This may be due to the high sulfate (SO4>) ion concentration, which induces the
transformation of AFm and TAH (C4AHi3) into AFt [35]. Among all mixtures in the PC-CAC-
CS$ system, TR2 mix with a C$/CAC ratio of 0.5 shows the highest AFt content and greatest extent
of C3S hydration at later stages, suggesting that this ratio effectively promotes hydration.

These results indicate that varying the C$/CAC ratio significantly influences the hydration kinetics
and phase evolution of the PC-CAC-C$ system of SUHPC. An intermediate ratio (0.5, TR2 mix)
achieves optimal hydration behavior by maximizing AFt formation and hydration of CsS, while
excessively low or high C$/CAC ratios lead to delayed hydration, phase instability, negatively
affecting the long-term performance of SUHPC.

Compared with the intrinsic hydration mechanism at the early stage (1 h) discussed in Section
4.3.4.1.1, the ternary system exhibited markedly different intrinsic hydration characteristics at the late
stage (28 d). During the early stage, an appropriate C$/CAC ratio (e.g., 0.5 in the TR2 mix) facilitated
rapid AFt formation, significantly enhancing the hydration degrees of CsS and CA. In contrast, an
excessively high ratio (e.g., 1.0 in the TR4 mix) delayed AFt formation due to limited aluminum
availability. At the later stage, however, a high C$/CAC ratio promoted continuous DEF formation,
causing late-age expansion, microcracking, and subsequent strength loss, whereas an excessively low
ratio (e.g., 0.25 in the TR1 mix) led to pronounced CAC conversion, further impairing the long-term
stability. These distinct intrinsic mechanisms highlight the importance of C$/CAC ratio control
throughout the hydration process. A moderate ratio of 0.5 (TR2 mix) is considered optimal, as it
promotes rapid AFt formation in the early stage and effectively mitigates DEF formation in the later

stage, thereby ensuring superior overall performance of SUHPC.

4.3.5.1.2 Synergistic mechanism of alkali-free accelerator and PC-CAC-C$ system in late

hydration

A diffraction peak at 8.15° was identified in TR2-Afa mix at 28 days as shown in Fig. 4.9. It indicates
the presence of stritlingite (C2ASHs), while no such peak was detected in any other mixtures.
According to the QXRD results (Table 4.7), strétlingite was detected at 0.5 wt% in the TR2-Afa mix.
Previous studies have suggested that the hydration of the silicate phase in PC may facilitate the
formation of strétlingite [202]. Strétlingite formation is related to the hydration of gehlenite in CAC

cement, as given by:

C,AS +8H — C,ASH, (4.13)

However, with the same PC and CAC content in TR2-Afa and TR2 mixes, the diffraction peak of
stréatlingite appears only in TR2-Afa mix. Therefore, in this study, the silicate phase is not the primary
factor for stratlingite formation. Some studies suggested that sulfate ions could accelerate stritlingite
formation [203-205]. As a result, this study infers that the incorporation of Al2(SOa); based alkali-
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free accelerator introduced a high concentration of sulfate ions, which promoted the formation and
crystallization of stritlingite in the TR2-Afa mix. The stable hydrate strétlingite (C2ASHg) has been
found to inhibit the conversion process of CAC [206], thereby mitigating the degradation of strength
and durability in ternary PC-CAC-C$ system of SUHPC.

In addition, the accelerator has a slight enhancing effect on the late-stage hydration degree of C3S in
the Portland cement system (U-Afa mix), increasing it by 1.5% compared to U mix. However, in
ternary PC-CAC-C$ system, the incorporation of accelerator decreased the late-stage hydration
degrees of C3S and CA by 1.5% and 4.9%, respectively, compared to TR2 mix without the accelerator.
This may be due to the dissolution of CAC in the ternary system, leading to a high concentration of

aluminum ions, which is known to delay and inhibit silicate hydration.

Compared to the early-stage synergistic mechanism discussed in Section 4.3.4.1.2, the alkali-free
accelerator exhibited notably different effects at the late stage. At the early hydration stage (1 h), the
accelerator substantially promoted AFt formation and accelerated hydration of silicate and aluminate
phases. However, at the late stage (28 d), although the accelerator continued to facilitate AFt
formation, it induced additional effects such as the formation of stritlingite (C:ASHs), which
effectively inhibited CAC conversion and improved the long-term stability of the ternary system. In
contrast to the early stage, the presence of a high concentration of aluminum ions due to CAC
dissolution in the late stage negatively affected the hydration of silicate phases, slightly reducing the
hydration degrees of CsS and CA. Thus, the influence of the alkali-free accelerator evolves from
primarily accelerating early hydration and strength development to playing a more complex role in

microstructure refinement and durability enhancement in the later stage.

In conclusion, the results demonstrate a distinct synergistic effect between the alkali-free accelerator
and the ternary PC-CAC-C$ system at different hydration stages. While the accelerator primarily
enhances early hydration through rapid AFt formation and accelerated silicate hydration, its role at
later hydration stages shifts toward promoting stable hydration products such as stritlingite. This, in

turn, mitigates CAC conversion and may enhance the long-term durability of SUHPC.

4.3.5.2 TG analysis at the late stage

Based on the DTG curves of SUHPC paste (Fig. 4.10), obvious peaks of ettringite in TR4 and TR2-
Afa mixes were observed, which aligns with the QXRD findings (Fig. 4.9). A weak peak was
observed in TR2-Afa mix between 160 and 200 °C, attributed to the decomposition of strétlingite and
a small amount of AFm [203], which is consistent with the QXRD results. Distinct peaks were found
at 160 °C in TR1 and TR2 mixes, corresponding to AFm decomposition. This is due to the lack of
sulfate source at late-stage hydration, promoting the transformation of AFt into AFm. A weak peak
was observed at 300-330 °C, which is associated with the decomposition of C3AHs [207].

Additionally, a distinct decomposition peak of CH at 430 °C was observed exclusively in the U mix,
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whereas it was nearly undetectable in all ternary systems and accelerator-containing mixes. This
phenomenon can be attributed to the continued consumption of CH by hydration products in the
ternary system (e.g., CAHio, C2AHs, and C3AHg) to form AFt and AFm. And the addition of the
accelerator introduces a a substantial amount of AI(OH)4", which directly reacts with CH and sulfate
ions to form AFt, resulting in substantial consumption of CH. In summary, TG results corroborates
the QXRD findings, highlighting the impact of the alkali-free accelerator and C$/CAC ratio on phase
evolution in late-stage SUHPC hydration.
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Fig. 4.10. Differential thermogravimetric curves of SUHPC mixes at 28d.

4.3.6 Microstructure by SEM analysis

The morphology of SUHPC pastes under the influence of the ternary system and the accelerator at
early and later stages is shown in Fig. 4.11. At the early hydration stage (1 h), the TR2 paste of the
ternary system had already developed a dense and solid microstructure, with a significant formation
of AFt observed in Fig. 4.11(a-b). Unhydrated C3S particles and spherical FAC particles were also
present. Compared to TR2, TR2-Afa with the incorporation of alkaline-free accelerator, showed a
higher amount of needle-shaped AFt forming a network structure, as shown in Fig. 4.11(c-d). This
may explain the higher early strength of TR2-Afa discussed in Section 4.3.8.

At the later hydration stage (28 d), the coexistence of C-S-H gel and AFt was observed in both the
TR2 paste and TR2-Afa paste, along with minor quantities of AH3 gel and CH, as shown in Fig. 4.11
(e-h). AFt acts as nucleation sites, filling the gaps and inducing the formation of C-S-H gel to further
fill voids and enhance the hardened structure of SUHPC. Additionally, as shown in Fig. 4.11(i-j),
denser AFt was observed in the microstructure of the TR4 paste with a high C$/CAC ratio of 1. This
phenomenon is known as delayed ettringite formation (DEF) because it forms continuously during

the later stages of hydration, leading to volume expansion and potential development of microcracks.
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Fig. 4.11. Typical microstructure of SUHPC pastes at various curing ages. (a and b) Micrographs of TR2 at 1d; (¢
and d) Micrographs of TR2-Afa at 1d; (e and f) Micrographs of TR2 at 28d; (g and h) Micrographs of TR4 at 28d;
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Fig. 4.11 (continued). (i and j) Micrographs of TR4 at 28d.

4.3.7 Dimensional change
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Fig. 4.12. Dimensional change of SUHPC and poured UHPC.

The ordinary UHPC (U mix) exhibited dimensional shrinkage, reaching -0.116% at 28 days as
illustrated in Fig. 4.12. The incorporation of C$ and CAC into the ternary system (PC-CAC-CS$) can
significantly reduce shrinkage and even induce micro expansion, which provided shrinkage
compensation for SUHPC. It was observed that the C$/CAC ratio influenced the dimensional change
of SUHPC. Compared to U mix, a low C$/CAC ratio of 0.25 reduced the length shrinkage rate from
0.116% to 0.025% in TR1 mix. As the C$/CAC ratio increased from 0.25 to 1, the ternary mixtures
in SUHPC gradually shifted from dimensional shrinkage to dimensional expansion. A higher
C$/CAC ratio greater than 0.5 (TR3 and TR4 mixes) resulted in more pronounced and sustained
expansion at later stages, with the maximum expansions at 28 days reaching 0.149% and 0.231%,
respectively, relative to the initial specimen length. This is due to the continuous formation of delayed

ettringite formation (DEF), which is consistent with the QXRD results. Notably, TR2 mix
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(C$/CAC=0.5) exhibited characteristics of micro expansion, making it a promising candidate for use

as a repair material.

Based on the results of Fig. 4.12, it is observed that the effects of alkaline-free accelerator vary
significantly across different cement systems. In neat PC system, alkaline-free accelerator intensified
the shrinkage of SUHPC. The dimensional shrinkage rate at 28d of U-Afa mix reached 0.141%, a
21.6% increase compared to U mix without accelerator. This may be due to the rapid setting it induced,
which increased the porosity and defect in the concrete matrix, making it more susceptible to drying
shrinkage [28]. However, in ternary system (PC/CAC/C$), alkaline-free accelerator promoted micro
expansion in the ternary system, reaching 0.019% at 3 d in TR2-Afa mix. This is attributed to the
rapid and substantial formation of AFt in the early hydration stages in the ternary system, which
induces micro expansion. This expansion neutralizes the shrinkage caused by the accelerator,

ensuring the volume stability of the TR2-Afa mix as a rapid-setting, micro-expanding SUHPC.

4.3.8 Strength development
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Fig. 4.13. Compressive strengths of SUHPC and poured UHPC.

Fig. 4.13 presents the compressive strength development of the ternary system (PC-CAC-C$) in
SUHPC under various C$/CAC ratios and with the addition of alkaline-free accelerator, measured at
3 h, 1d, and 28 d. At the early hydration stage (3 h), the early strength of the ternary mixtures
exhibited a trend of initially increasing and then decreasing with the increase in the C$/CAC ratio.
The maximum early strength at 3h was achieved at a C$/CAC ratio of 0.5 in TR2 mix, reaching 15.11
MPa. Some studies [208, 209] have suggested that early strength is highly correlated with the
formation of AFt. This further validates the QXRD results, indicating that the ternary system TR2
generated the highest amount of AFt during the early hydration stage.
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At 1 d, the strengths of TR3 and TR4 increased significantly, reaching 45.17 MPa and 48.14 MPa,
respectively, surpassing that of TR2. This is attributed to the higher C$/CAC ratio, which provided
an increased supply of sulfate ions, promoting the continuous formation of AFt. However, at 28 d,
the strengths of TR3 and TR4 were both lower than that of TR2, measuring 115.7 MPa and 106.7
MPa, respectively. Based on the result of dimensional change and QXRD, this can be attributed to
the excessive C$/CAC ratio, which promoted an increased formation of DEF. Therefore, maintaining
the C$/CAC ratio at 0.5 or lower is recommended to mitigate DEF formation, reduce late-age

expansion and cracking, and enhance the long-term strength stability of SUHPC.

The incorporation of alkaline-free accelerator significantly improves the early strength development
of both the ordinary UHPC (U mix) and the ternary mixtures (PC-CAC-C$) in SUHPC, while causing
a decrease in the 28d compressive strength. Specifically, the incorporation of accelerator increased
the 3h strength by 21.8% for TR2-Afa compared to the TR2 mix without the accelerator, reaching
20.37 MPa. This can be attributed to the higher availability of Ca?" in the ternary system, which

13* and SO4* provided by the accelerator to accelerate the formation of AFt.

readily react with the A
This observation is consistent with the QXRD results, which show that TR2-Afa mix had a
significantly higher AFt content in the early stage of hydration compared to other mixes. However,
the accelerator notably reduced the strength at 28d, with U-Afa and TR2-Afa mixes showing
reductions of 19.81% and 5.44%, respectively, compared to U and TR2 mixes. This can be explained
by the formation of macro pores induced by rapid setting promoted by the accelerator [196].
Additionally, the strength reduction could be attributed to the partial transformation of AFt into AFm

phases during the later stages of hydration.

4.4 Conclusions

This chapter systematically investigated the effects of a ternary binder system and an alkali-free
accelerator on the rheology, shrinkage, early-age strength, hydration kinetics of sprayed UHPC. The

main conclusions were summarized as follows:

e The optimized formulation of the PC-CAC-C$ ternary system of SUHPC can significantly
reduce the initial setting time to 25 min. And early strength at 3h reached 15.11 MPa ata C$/CAC
ratio of 0.5. Incorporating an alkali-free accelerator further shortened the initial setting time to
4.3 min and increased 3 h strength to 20.37 MPa, enabling rapid setting and high early-strength

repair.

e  Compared to conventional PC system, the PC-CAC-CS$ system enhances the rheology of SUHPC
rheology by increasing dynamic yield stress and thixotropy, thereby improving pumpability and
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sprayability. The C$/CAC ratio governs in the rheological properties of this ternary system. At
the optimal ratio of 0.5, a thixotropy reached four times that of poured UHPC.

e  The mechanism underlying the influence of different C$/CAC ratios on the hydration kinetics of
SUHPC has been elucidated at both early and late stages. At the early stage, the C$/CAC ratio
of 0.5 promotes optimal ettringite formation and maximizes the hydration of C3S and CA. At the
late stage, excessive CAC inhibits C-S-H formation, while high sulfate concentrations induce
delayed ettringite formation. The C$/CAC ratio of 0.5 achieves a balance between sulfate and

aluminate sources, optimizing hydration kinetics in SUHPC.

e The synergistic mechanism of the alkali-free accelerator and the PC-CAC-CS$ system on the
hydration kinetics of SUHPC has been systematically analyzed. At early ages, the accelerator
significantly enhances ettringite formation and accelerates the hydration of C3S and CA by
introducing AI(OH)s and SO4* ions. At later ages, the accelerator promotes stritlingite
formation, mitigating CAC conversion and enhancing durability of ternary system in SUHPC.
However, an excessive concentration of aluminum ions may hinder silicate hydration in the

ternary system.

e The incorporation of C$ and CAC effectively mitigates shrinkage and induces micro-expansion
in SUHPC. A C$/CAC ratio above 0.5 promotes sustained expansion due to delayed ettringite
formation, potentially causing induce microcracks and reduce long-term strength. While the
alkali-free accelerator intensifies the shrinkage, the micro-expansion in the ternary system offset
this effect. A C$/CAC ratio of 0.5 achieves the optimal balance between shrinkage compensation

and volume stability.

This chapter demonstrates that a PC-CAC—C$ ternary binder in SUHPC attains 15 MPa compressive
strength at 3 h while providing slight expansion to mitigate autogenous shrinkage.Further
incorporation of an alkali-free accelerator can raise the 3-hour strength to approximately 20 MPa, but
at the cost of a reduction in 28-day strength due to accelerator-induced pore defects. Therefore, the
application of the accelerator should be determined by project requirements. When a set time of under
10 minutes is required for emergency repairs, the “ternary system + accelerator” approach is preferred.
For applications prioritizing higher later-age strength and durability, the ternary system alone may be

more suitable.
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Chapter 5 Performance of SUHPC with different cementitious
materials and accelerators at later age

Abstract

The combination of various cementitious materials can effectively mitigate early-age cracking
and flowability issues in concrete that arise from the use of accelerators during the spraying
process of sprayed ultra-high-performance concrete (SUHPC). Flexural and compressive
strengths serve as critical indicators for evaluating the mechanical performance of SUHPC. This
study investigates the effects of various types of cementitious materials, including Portland
cement, calcium aluminate cement (CAC), and gypsum (CaSOa4-2H:0, abbreviated as C$), as
well as alkali-free accelerators, on the flexural and compressive properties of SUHPC. The
results show that partial replacement of Portland cement with CAC alone leads to a significant
reduction in flexural and compressive strength, with the greatest decrease observed at a CAC
dosage of 30%. In contrast, in a ternary binder system incorporating both CAC and CS$,
increasing the C$ content from 0 to 15 wt% enhances the flexural and compressive strengths,
reaching maximum values of 21.5 MPa and 123.7 MPa, respectively. The incorporation of CAC
negatively impacts the flexural and compressive properties of SUHPC. However, the
incorporation of C$ in the ternary binder system effectively offsets the adverse effects of CAC,
leading to improvements in toughness and energy absorption capacity. While alkali-free
accelerators enhance early-age strength, such admixtures tend to impair long-term mechanical
performance. This degradation can be mitigated through the strategic combination of multiple
cementitious components.

This chapter is partially published elsewhere:

J.He, Q.L. Yu, Z.Y. Tang, H.Y. Wang, Z.R. Chen, and B.Y. Wei. Effects of different cementitious materials and
accelerators on the flexural and compressive behaviors of SUHPC. Case Studies in Construction Materials, 23

(2025), e04913.
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5.1 Introduction

With the increasing demands in bridge, tunnel, underground engineering, and water
conservancy and hydropower projects, shotcrete has emerged as a crucial concrete material due
to its advantages such as rapid setting, fast construction, and excellent adhesion [210, 211].
However, the growing number of engineering projects requiring high strength or adaptability
to harsh environments has imposed higher requirements on the mechanical properties and
durability of shotcrete. Therefore, exploring the development of shotcrete towards higher
strength and durability is of significant importance.

Cui et al. [25] investigated the influence of three different viscosity-enhancing agents on the
rheological properties of SUHPC. Al Ameen et al. [212] explored the effects of high glass fiber
content on the mechanical, permeability, and durability performance of the developed SUHPC.
Additionally, Chen et al. [163] proposed molecular dynamics modeling to analyze the viscosity
regulation mechanism of Hydroxypropyl Methylcellulose (HPMC) in SUHPC. In practical
shotcrete applications, in addition to mixture design optimization, accelerators are typically
added at the nozzle during construction. These accelerators can significantly reduce the setting
time of SUHPC and effectively enhance its early-age strength [213]. However, it is important
to note that the use of accelerators also introduces certain drawbacks that require improvement:
(1) The incorporation of accelerators increases air entrainment in the concrete, leading to a
reduction in strength [35, 213]; (2) Accelerators can exacerbate the long-term shrinkage of
concrete [213]. These issues highlight the need for further research and optimization to address
the limitations associated with the use of accelerators in SUHPC. To address these limitations,
researchers have explored the incorporation of alternative cementitious materials, such as
calcium aluminate cement (CAC) and calcium sulfate (C$), to improve early hydration and
strength development in SUHPC. In addition, the hydration products formed in such systems
may increase matrix brittleness [146], highlighting the importance of fiber reinforcement.
Among various fiber types, steel fibers are widely used in SUHPC. Among various fiber types,
steel fibers are widely used in SUHPC [214-216], as they effectively enhance flexural strength
and toughness, thereby supporting the application of SUHPC in complex structural conditions.

In this chapter, combinations of cementitious materials (CEM I 52.5R, CAC, and CaSO4) with
different mixing ratios are attempted to achieve SUHPC with more excellent mechanical
properties, thereby avoiding the defects introduced by the accelerator. Calcium aluminate
cement (CAC) and calcium sulfate source (CaSO.) can be regarded as potential accelerators,
which have the functions of increasing early - strength and micro - expansion, and are expected
to partially or completely replace the alkali - free accelerator [193, 217]. Currently, some studies
have found that an appropriate amount of calcium aluminate cement (CAC) and gypsum
(CaSO0s) is helpful for shortening the setting time and improving the early - stage mechanical
properties of concrete [ 185]. However, at present, the research on CAC and CaSOs in the ternary
binder system of SUHPC as well as the long - term mechanical properties of the ternary binder
system affected by the accelerator is still blank. This chapter addresses various performance
evaluation criteria related to flexural and compressive properties, including flexural strength,
compressive strength, flexural toughness, compressive toughness, fracture energy, and
compressive energy absorption. Moreover, based on the test results of the mechanical properties
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of SUHPC, the influence mechanisms of various cementitious materials and their mixing ratios
on these mechanical properties are systematically analyzed from both macroscopic and
microscopic perspectives. Simultaneously, the influence of accelerators on the performance of
SUHPC was explored, providing a theoretical basis and research foundation for further studies
on SUHPC.

5.2. Materials and experiments

5.2.1 Raw materials and mix proportions

CEM 1 52.5R (PC), calcium aluminate cement (CAC), and gypsum (CaSO4.2H,0, abbreviated
as C$) were utilized as primary binder materials. Three grades of continuously graded sand
were selected as fine aggregates. Quartz sand grades 1, 2, and 3 correspond to particle size
ranges of 380-1200 pm (QS-1), 100-470 pm (QS-2), and 0-220 pum (QS-3), respectively. The
water-reducing agent utilized in this study is the polycarboxylate superplasticizer used at a
dosage of 0.19 wt% of the binder weight. Silica fume (microsilica, MS) and fly ash cenosphere
(FAC) were added as the supplementary cementitious materials (SCMs).
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Fig. 5.1. Particle size distribution curves of raw materials.

In this study, modified A&A (MAA) model was utilized to achieve the densest particle packing
in SUHPC [176, 177]. Target cumulative curve and mixture cumulative curve of developed
SUHPC are illustrated in Fig. 5.1. In addition, copper-plated steel fibers with the diameter of
0.22 mm and length of 6 mm, with the physical performance parameters provided in Table 5.1.
Chemical composition of the raw materials is shown in Table 5.2. The relevant performance
parameters of alkali free accelerators are shown in Table 5.3.

Table 5.1. Physical performance parameters of steel fibers.

Diameter Length Aspectratio Tensile strength Elastic modulus
(mm) (mm) (MPa) (GPa)
Steel fiber  0.2+0.02  6+0.2 30+6 2882 210
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Table 5.2. Chemical composition of the raw materials.

Oxide (Wt%) PC CAC C$ MS FAC
ALO; 4.98 53.31 0.20 0.23 17.89
CaO 64.61 34.28 433 0.41 8.20
Si0, 20.18 6.96 0.32 94.68 55.57
MgO 2.19 0.37 1.37 0.43 1.02
Fex0s 3.24 1.90 0.10 0.17 11.31
K0 0.53 0.41 0.01 0.83 2.74
P,0s 0.74 0.15 - 0.19 1.59
Na,O 0.27 0.12 - 0.15 0.48
TiO, 0.25 1.67 - - -
SO; 3.01 0.83 53.7 0.81 1.20
LOI 1.56 1.60 1.59 2.33 1.03

Table 5.3. Physical performance parameters of alkali free accelerator.

Specific gravity Solid content pH Alkali content Cr F Stability
(20/20 °C) (%) (25°C) (%) (%) (%) (mL)
1.43 50.2 22 0.05 0.01  0.04 2

Ten mix designs of SUHPC were developed based on the mix proportions listed in Table B1 of
Appendix B. To investigate the effect of multi-component cementitious materials on the
mechanical performance of SUHPC, a control group (P100) was established, along with a
binary system (P70-CAC30) and ternary systems (PC-CAC-CS$, e.g., P70-CAC24-C$6). In
addition, a 2 wt% dosage of an alkali-free accelerator was incorporated into the mixtures of the
control group, binary system, and ternary systems, respectively. This study aims to investigate
the effects of the interaction between the binders in the multi-component system and alkali-free
accelerator, as well as their combined influence on the mechanical properties of SUHPC.

5.2.2 Specimen preparation

AN

(b) Sprayed thickness 50mm (c) Post-curing cutting

Fig. 5.2. Specimen preparation process.

The detailed specimen preparation process of SUHPC is illustrated in Fig. 5.2. The process
involves several key steps, including material weighing, mixing, transportation, equipment
setup and loading, mold preparation, spraying, and cutting of specimens after curing. The
specimen size used in this study is 40 mm x 40 mm x 160 mm, with three parallel specimens
designed for each test group.

5.2.3 Experimental methods

Conduct flexural and compressive tests on specimens measuring 40 mm X 40 mm X 160 mm,
and obtain load-displacement curves and compressive stress-strain curves [218-220]. The
SUHPC specimens were tested using a universal testing machine with a maximum bearing
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capacity of 300 kN. The control method employed is displacement loading control, with a
loading rate of 0.3 mm/min maintained throughout each loading stage. Throughout the loading
process, the generation and propagation of cracks in the specimen were continuously observed.
When combined with real-time data displayed on the electro-hydraulic servo machine, the test
is terminated when the load-displacement curve approaches the x-axis, indicating that the
stiffness of the specimen is approximately zero. Uniaxial compressive testing is then performed
on the specimen using the electro-hydraulic servo machine, with a loading rate set at 0.6
mm/min. The flexural and compression test apparatus are illustrated in Fig. 5.3.

(a) Flexural test (b) Compression test

Computer: Control electro-
hydraulic servo machine
and visualization collection

of strain data table

Load Cell

Strain acquisition
160mm instrument

(c) Schematic diagram of collection for flexural test

Fig. 5.3. The testing device for test piece.

In the flexural test, the flexural toughness of various cementitious material specimens is
evaluated by comparing the fracture energy and flexural toughness index produced by each
specimen during the testing process. The calculation of the flexural fracture energy for each
specimen involves determining the energy required for fracture during the flexural process. This
energy is represented by the area enclosed by the curve and the coordinate axis on the load-
displacement curve [221]. When the flexural displacement in the flexural test reaches 4.2 mm,
the area enclosed by the load-displacement curve from 0 to 4.2 mm (Gy) and the x-axis
represents the required fracture energy during the flexural process. The calculation of the
flexural toughness index evaluates the flexural toughness of the specimen by determining Is,
Lo, and D29 as specified in ASTM C1018 [98]. The calculation diagram for the flexural
toughness index in the flexural test is illustrated in Fig. 5.4(a). The corresponding flexural
toughness indicators are calculated as follows:

[Szﬂ
A

5

(5.1)

89



I,= A;. (5.2)
Ass
L, :f (5.3)

)

In the formulas, 4s indicates the area of OAB enclosed by the curve and the X-axis in the load
displacement curve obtained from the flexural test; A3s indicates the area of OACD; As.ss
indicates the area of OAEF; A 055 indicates the area of OAGH.

In compressive testing, the compressive toughness of various cementitious material specimens
is evaluated by comparing their compressive toughness indicators throughout the compression
process. The compression toughness index of each specimen is determined by calculating the
area enclosed by the stress-strain curve and the coordinate axes during the compression process.
This area represents the compression energy of the specimen. In the context of the compression
test, when the compressive strain reaches 0.012, the required compression energy of the
specimen during the compression process is represented by the area from 0 to 0.012 (Gc). The
compression toughness index is defined following the criteria in [221] and is given by:

AZ(:

E = _Ag (5.4)
A’&e

E = o (5.5)

The diagram illustrating the calculation of the compression toughness index for the compression
test is presented in Fig. 5.4(b). In the formula, 4. represents the area of enclosed by the stress-
strain curve obtained from the compressive test and the X-axis; 42, indicates the area of OIKL;
Ajse indicates the area of OIMN.
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Fig. 5.4. Schematic diagram for calculating flexural and compression resistance indicators.

The microstructure of the SUHPC specimen was characterized using a scanning electron
microscope (SEM, TESCAN MIRA3) equipped with a backscattered electron (BSE) detector
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and an energy-dispersive spectrometer (EDS). The instrument provides a resolution of 1.2 nm,
a magnification range from 2x to 1,000,000, and an acceleration voltage adjustable between
0.5kV and 30 kV. Prior to observation, the SUHPC samples were crushed into fragments with
approximate dimensions of 0.5 mm?, oven-dried, and sputter-coated with a thin layer of gold to
improve conductivity.

5.3 Results and analysis

5.3.1 Flexural resistance of test specimens

The flexural test provides critical insights into the bending performance of SUHPC, which is
essential for evaluating its practical engineering applications. Furthermore, the observation of
failure modes, including crack initiation and propagation, contributes to understanding the
correlation between microstructural features and macroscopic mechanical behavior of SUHPC.

5.3.1.1 Flexural failure mode of the developed SUHPC specimens

Fig. 5.5 illustrates the flexural failure modes of the various specimens. Position the specimen
on the flexural test device of the electro-hydraulic servo machine, adjust the loading rate, and
commence the test immediately. In the initial stage of the experiment, the load-displacement
curve, which is formed by the downward displacement of the loading point of the electro-
hydraulic servo machine and the corresponding load value detected by the load sensor, exhibits
an approximately linear distribution. This behavior indicates that the specimen possesses good
flexural toughness and effectively resists flexural deformation under the initial load. As the load
increases, the slope of the load-displacement curve gradually decreases until it reaches the
ultimate load. When the load reaches the ultimate load of the specimen, the slope of the curve
approaches zero. At this point, the ultimate load corresponds to the cracking load of the
specimen, which is accompanied by a distinct sound indicative of the SUHPC cracking. After
reaching the ultimate load, as the displacement continues to increase, the cracking zone of the
flexural specimen initiates in the tensile region of the specimen. Thus, the phenomenon of steel
fibers within the SUHPC being pulled and deboned during flexural testing can be observed in
the original cracking zone of the specimen accompanied by a sharp sound, indicating the
separation between the steel fibers and the SUHPC. In the later stages of the experiment, the
specimen approaches its maximum attainable displacement, and the overall cracking zone
reaches its maximum extent. However, the contact area between the top of the specimen and
the loading point remains intact and has not completely separated into two parts, with the
observed load value at this time being less than 100 N.

The three typical distribution forms of steel fibers in SUHPC are fiber bridging, fiber fracture,
and fiber pull-out, as illustrated in Fig. 5.6. Before the specimen reaches the cracking load, the
tensile stress experienced by the steel fibers in the tensile zone is less than the sum of the tensile
stresses of the steel fiber material and the SUHPC matrix material in that zone. At this stage,
the steel fibers primarily exhibit tensile behavior as they bond with the matrix. Upon reaching
the cracking load, the mid-span tensile zone develops cracks, while the steel fibers serve a
bridging function that suppresses the propagation and extension of these cracks. The steel fibers
are embedded at both ends within the SUHPC matrix to enhance adhesive strength against
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tensile stress in the tensile zone. As the cracking area evolves, the bonding force between the
steel fibers and the matrix becomes insufficient to withstand the tensile stress in the tensile zone;
specifically, the tensile stress exceeds the material tensile strength of the steel fibers. At this

stage, local steel fibers may fracture or be extracted from the concrete matrix due to excessive
tension.

P70-CAC30

(a) Fiber bridge (b) Fiber breakage

Fig. 5.6. Three typical distributions of steel fibers in SUHPC specimens.
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5.3.1.2 Load-displacement curve of the developed SUHPC specimens

The load—displacement curve reflects the deformation and failure characteristics of SUHPC
during different loading stages, including the elastic, post-cracking, and failure phases. It
provides a basis for evaluating the cracking load, ultimate load, and overall flexural
performance of the SUHPC specimens.
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Fig. 5.7. Load-displacement curve of the developed SUHPC specimens: (a) SUHPC with different
cementitious materials; (b) SUHPC with and without accelerator.

Fig. 5.7(a) and (b) present the flexural load-displacement curves of SUHPC specimens
following the addition of cementitious materials and accelerators, respectively. The load-
displacement curve of the SUHPC specimens demonstrates an initial increase followed by a
decrease. Prior to reaching the cracking load, the SUHPC specimen exhibits nearly linear
stiffness. Upon reaching the cracking load, the curve indicates a sudden change, signaling a
modification in the stiffness of the SUHPC specimen. However, the presence of steel fibers
introduces local reinforcement after the cracking load is achieved, which contributes to a
gradual increase or stabilization of the load-bearing capacity during the post-cracking stage.
Beyond the cracking load, the tensile region of the specimen is primarily supported by the
internal steel fibers and the SUHPC material above the crack tip, with the steel fibers serving
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as the predominant load-bearing component. Owing to the toughening effect of the steel fibers,
the bearing capacity of the SUHPC after cracking is slightly enhanced. After reaching the
ultimate load, the descending segment of the curve exhibits a fluctuating pattern. Throughout
the later stages of the experiment, the bearing capacity of the SUHPC specimens gradually
decreases, as the bond between the steel fibers and the cement matrix progressively weakens.
As the height of the crack extends further upward, the bond strength between the steel fibers
and the cement matrix at the fracture zone becomes inadequate to withstand the tensile stress.
Consequently, the steel fibers are pulled out, resulting in a new stress distribution at the fracture
zone. Specifically, after reaching the ultimate load, the steel fibers at the fracture section display
an approximate periodic cycle of loading, debonding, and pulling out, leading to the observed
fluctuations in the load-displacement curve. As the experiment advances, the crack
progressively develops into a through-crack, further diminishing the bearing capacity. The
descending segment of the load-displacement curve gradually flattens until the conclusion of
the experiment. Furthermore, the load-displacement curves of SUHPC with varying
cementitious materials exhibit distinct cracking nodes in the rising section of the displacement,
specifically between 0.1 and 0.2 mm. For the load-displacement curve of SUHPC containing
added accelerators, a significant cracking stage is observed in the rising section of the
displacement, specifically between 0.1 and 0.21 mm.

Fig. 5.7(a) displays the load-displacement curves of SUHPC specimens with various added
cementitious materials. Among the specimens, P-100 exhibited slightly higher cracking and
ultimate loads compared to the other groups, with its primary cementitious material consisting
solely of CEM I 52.5R Portland cement. The cracking load and ultimate load of P70-CAC30
are the worst among all specimens, and its internal cementitious material is 70% CEM I 52.5R
Portland cement and 30% CAC. It can be attributed to the fact that CAC undergoes flash setting,
followed by rapid hydration to form CAH (Calcium Aluminate Hydrates), specifically CAHio
and C2AHz, as illustrated by Eq (4.4).

However, the hydrates CAH1o and C2AHg are metastable at temperatures below 30°C and are
highly sensitive to hydration duration, temperature, and humidity; they gradually transform into
the stable phase CsAHs, as detailed in Chapter 4 (see Eq.(4.10) and Eq.(4.11)); this process is
referred to as the conversion of CAC [222].

The conversion process results in increased porosity within the matrix, ultimately reducing
strength and durability over the long term [223]. Consequently, in the binary system (PC-CAC),
the incorporation of 30% CAC leads to the most significant reduction in both the load-bearing
capacity and ultimate load of the SUHPC specimens.

Compared to the binary binder system (PC-CAC), the reductions in both the cracking load and
the ultimate load of SUHPC are less pronounced in ternary binder system (PC-CAC-C$), as
shown in Fig. 5.7(a). This improvement is attributed to the reaction between calcium sulfate
(C$) and CA (from CAC), forming ettringite (AFt), as illustrated by Eq .(4.3).

This reaction promotes strength development. In addition, the incorporation of C$ mitigates the
flash setting of CAC and suppresses the conversion process of CAC [224]. Therefore, the
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combination of CAC-CS$ can serve as a potential accelerator, not only regulating the setting
time but also enhancing strength development of SUHPC.

Fig. 5.7(b) illustrates the load-displacement curve of SUHPC specimens incorporating various
cementitious materials and accelerators. The cracking load and ultimate load of the four groups
of SUHPC specimens containing accelerators exhibited varying degrees of reduction. Upon
contact with the SUHPC paste, A" reacts rapidly to form the hydroxy complex AI(OH)4 , as
follows:

AP +30H < AI(OH), + OH <> [AI(OH),] (5.6)

As the reaction progresses, AI(OH)4™ reacts with SO4%" in the accelerator, as well as compound
Ca?" in the cementitious material, to produce a substantial amount of AFt or AFm, as described
in Eq. (4.6) in Chapter 4.

The incorporation of the accelerator significantly accelerates the hydration, generating a large
amount of hydration products such as AFt/AFm and C-S-H, which ensure the spray thickness
and early strength of SUHPC [35, 225, 226]. However, according to Fig. 5.7(b), the addition of
the accelerator significantly reduces the strength of both binary and ternary system SUHPC.
This reduction is primarily attributed to the rapid setting induced by the accelerator, which
causes SUHPC to solidify within 5-10 minutes. Such an instantaneous reaction introduces some
air bubbles into the structure of SUHPC, leading to an increase in macro pores and, in turn, a
decrease in the mechanical properties of SUHPC [35, 227]. Therefore, alkali-free accelerators
can accelerate the early hydration process and increase the spraying thickness, but they have a
negative effect on the long-term strength.

5.3.1.3 Flexural strength of the developed SUHPC specimens

Fig. 5.8(a) and (b) illustrate the flexural strength of SUHPC specimens incorporating various
cementitious materials and accelerators. The P100 specimen exhibits the highest flexural
bearing capacity, whereas the P70-CAC30 specimen, which includes a 30% substitution of
Portland cement with CAC, demonstrates the lowest flexural bearing capacity. The differing
hydration products of CAC and Portland cement result in changes to the pore structure within
the cement matrix. The hydration products of Portland cement primarily consist of C-S-H and
Ca(OH),. Additionally, the incorporation of silica fume and fly ash promotes further reactions
with ettringite, leading to the formation of more C-S-H. However, when CAC partially replaces
Portland cement at a 30% substitution rate in binary binder system (PC-CAC), the hydration
reaction of the cementitious materials alters, resulting in hydration products that primarily
consist of metastable phase hydration (CAHio and C2AHs). The stability of the products is
influenced by the internal temperature, humidity, and hydration duration of the concrete, which
can lead to negatively impact long-term performance [228].

In the ternary binder system (PC-CAC-C$). As the C$ content increases from 0 wt% to 15 wt%.
The flexural strength of SUHPC specimens increases from 18.5 MPa to 21.5 MPa, which
represents an increase of 16.22%. The addition of C$ functions as a retarder of the ternary
binder system in SUHPC, effectively inhibiting the phase transitions of hydration products in
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CAC. Therefore, it improves the stability of the internal pore structure and enhances the strength
development.

30 —28.7 30 [-28;

~
23
N
N

N
S
D
S
T

—
n
—_
”n

[
S

—

5
T

Flexural strength (MPa)
Flexural strength (MPa)

u
n
T

3

e

(a) SUHPC with different cementitious materials (b) SUHPC with alkali-free accelerator
Fig. 5.8. Flexural strength of the developed SUHPC specimens.

Following the addition of alkali-free accelerator, the flexural strength of each group of
specimens exhibited varying degrees of decrease. As is known, the flexural strength is closely
related to the content of C-S-H gel. Therefore, it is also possible that the alkali - free accelerator
introduces a large amount of AI**. Aluminum ions delay and inhibit the hydration of CsS in
Portland cement, thereby reducing the content of C-S-H gel and flexural strength. In addition,
it has also been observed that the deteriorating effect of the accelerator on ordinary SUHPC is
greater than that on other systems. For example, the flexural strength of ordinary SUHPC is
reduced by 10.1% by the accelerator, while that of binary - system SUHPC is reduced by 4.9%.

5.3.1.4 Flexural fracture energy and toughness index of the developed SUHPC specimens

Fig. 5.9 and Fig. 5.10 illustrate the flexural fracture energy (Gy) and the flexural toughness index
(15, 110, and I29) of SUHPC specimens. The P100 mixture, which contains only Portland cement,
shows the highest fracture energy and toughness. In binary binder system (PC-CAC), the
introduction of 30 wt% CAC significantly reduced performance. Compared with P100, the
flexural fracture energy and toughness indices of P70-CAC30 decreased by 53.8%, 21.91%,
26.98%, and 35.03%, respectively. In contrast, the ternary PC-CAC-C$ system exhibited clear
improvements. As C$ content increased and CAC content decreased, both fracture energy and
toughness were gradually restored. Relative to P70-CAC30, the fracture energy of
P70-CAC24-C$6, P70-CAC20-C$10, P70-CAC17-C$13, and P70-CAC15-C$15 increased by
3.74%, 4.21%, 30.67%, and 35.63%, respectively. A similar trend was observed for flexural
toughness. The flexural toughness indicators (Is5, 110, and I29) of ternary binder system have
increased by the following percentages: /s by 1.85%, 10.23%, 20.67%, and 22.38%; I;0 by
9.58%, 21.93%, 29.57%, and 33.45%; and I»o by 17.23%, 33.90%, 38.55%, and 40.19%,
respectively. These results demonstrate that the ternary PC—-CAC-CS$ system effectively
compensates for the strength and toughness reductions caused by the sole use of CAC, and that
an appropriate balance between CAC and C8$ is critical for optimizing the flexural performance
of SUHPC.
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Fig. 5.9. The flexural fracture energy Gy of the SUHPC specimen.
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Fig. 5.10. Flexural toughness index of the developed SUHPC specimens.

Following the addition of accelerators, the flexural fracture energy absorption capacity and the
flexural toughness index (s, 10, and I29) of each SUHPC specimen exhibited varying degrees
of reduction. Compared to SUHPC specimens without accelerators, the flexural fracture energy
absorption capacities of P100-A, P70-CAC30-A, P70-CAC24-C$6-A, and P70-CAC20-C$10-
A decreased by 14.12%, 3.61%, 0.78%, and 1.09%, respectively. In the specimens without
accelerators exhibited the following decreases in the flexural toughness indices: for P100-A,
the 75, 119, and 129 decreased by 9.12%, 10.28%, and 14.72%, respectively; for P70-CAC30-A,
the decreases were 1.45%, 3.26%, and 12.68%; for P70-CAC24-C$6-A, they decreased by
2.33%, 17.55%, and 12.61%; and for P70-CAC20-C$10-A, the reductions were 1.74%, 6.02%,
and 6%, respectively. This result indicates that the addition of the accelerator has a negative
impact on the flexural fracture energy absorption capacity of SUHPC in the ternary binder
system (PC-CAC-C$). However, it has been observed that when the C$ content is higher than
6 wt%, the negative impact of the accelerator on the fracture energy absorption capacity of the
ternary system is significantly reduced.
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5.3.2 Compressive performance of developed SUHPC specimens

Compressive strength is a critical performance indicator for SUHPC. Compressive testing
enables the accurate assessment of the capacity of SUHPC to withstand damage under axial
loading, thereby providing essential data for evaluating material performance. The compressive
test generates the stress-strain curve of SUHPC specimens throughout the loading process,
illustrating the deformation characteristics of the materials during the elastic, elastoplastic, and
failure stages.

5.3.2.1 Compressive stress-strain characteristics

Fig. 5.11(a) and (b) present the stress-strain curves of SUHPC specimens subjected to
compressive tests, incorporating various cementitious materials and the accelerator. For
SUHPC specimens that incorporated additional cementitious materials and accelerators, the
stress-strain curves exhibited a consistent trend of initially increasing and then subsequently
decreasing during compression. The variations in the types and dosages of cementitious
materials used in the specimens result in changes to the hydration products of SUHPC, which
ultimately compromise its performance. In line with the differential analysis of the flexural
performance of SUHPC specimens across various groups in the flexural performance test, the
addition of CAC reduces the strength of SUHPC, while C$ effectively mitigates the degree of
strength degradation. In contrast to the flexural test, the stress-strain curve of SUHPC exhibits
a stable slope in the descending section, showing no significant fluctuations in stress. The stress
fluctuations observed in the specimen are attributed to the relative slip between the steel fibers
and the cement matrix during compression, resulting in their pull-out. In the compressed state,
the steel fibers also share the compressive stress with the matrix; however, the bonding slip
between the steel fibers and the cement matrix is minimal. Consequently, the stress fluctuations
observed in the descending section of the stress-strain curve are minimal.
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Fig. 5.11. Stress-strain curve of compressive SUHPC specimens.
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5.3.2.2 Compressive strength
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Fig. 5.12. Compressive strength of the developed SUHPC specimens.
Fig. 5.12(a) and (b) present the compressive strength of SUHPC specimens incorporating
different cementitious materials and the accelerator. Among the specimens, the P100 exhibits
the highest compressive strength, reaching 144.9 MPa. The compressive strength of two
mixtures in ternary systems exceeds 120 MPa at 28d, with P70-CAC17-C$13 reaching 121.4
MPa and P70-CAC15-C$15 achieving 123.7 MPa. In the binary binder system, replacing 30%
of PC with component CAC results in a 26.36% reduction in compressive strength of the P70-
CAC30 compared to P100. And in ternary binder system, the increase in C$ (and/or the
decrease in CAC) results in a consistent trend between the changes in compressive strength and
flexural strength. This may be due to the influence of the CAC to C$ ratio on the balance
between the aluminum source (from CAC) and SO+*~ (from C$) in the ternary system, which
further affects the hydration process. When the ratio of CAC/CS$ is very high, such as in P70-
CAC24-C$6, the limited C$ is completely consumed by CAC in the early stage of the reaction
and a limited amount of AFt is generated as shown in Eq. (5.4). Meanwhile, most of the
remaining CAC will be hydrated to generate a large amount of metastable CAH (CAHio and
C:AHs), which will be converted into the stable hydrate CsAHs in the later stage, that is, the
conversion process. Both the limited AFt and the conversion process will affect the
development of strength [229, 230].

The addition of the accelerator will have an obvious deteriorating effect on the compressive
strength of all SUHPC. However, the degree of strength deterioration of SUHPCs with different
cementitious systems caused by the accelerator is different. For example, the accelerator
reduces the compressive strength of ordinary SUHPC (P100) by 19.8%, while it reduces that of
binary-system SUHPC by 2.7%. Therefore, the combined use of multi-component cementitious
materials can effectively reduce the deteriorating effect of the accelerator on the strength of
SUHPC.
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5.3.2.3 Compressive energy absorption and toughness index

[8Y
[

o -
% >
T T
= -
& >

T

g
2N
e
S

S
'S

e
o

Compressive energy absorption (MPa)
Compressive energy absorption (MPa)

e
>

(a) SUHPC with different cementitious materials (b) SUHPC with alkali-free accelerator

Fig. 5.13. The compressive energy absorption G. of the developed SUHPC.
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Fig. 5.14. The toughness index of the developed SUHPC specimens.

Fig. 5.13 and Fig. 5.14 show the compressive energy absorption and compressive toughness
indices (E2, E3) of the SUHPC specimens, respectively. The results indicate that the P100
exhibits the highest compressive energy absorption capacity and the compressive toughness. In
binary binder system (PC-CAC), the compressive energy absorption capacity and the
compressive toughness of the P70-CAC30 decreased by 26.59%, 8.89% and 6.41%,
respectively, compared to that of the P100 specimen. In ternary binder system (PC-CAC-CS$),
it is observed that the compressive energy absorption and the compressive toughness of SUHPC
increases with C$ content. In comparison to binary binder system (P70-CAC30), the
compressive energy absorption capacity of the P70-CAC24-C$6, P70-CAC20-C$10, P70-
CAC17-C$13, and P70-CACI15-C$15 in ternary binder system increased by 5.33%, 9.82%,
19.64%, and 17.15%, respectively. The indices E> and E; significantly increased with the
increase in C$ content. In comparison to P70-CAC30, the toughness index £ of ternary binder
system (PC-CAC-C$) increased by 1.06%, 5.33%, 6.24%, and 9.51%, while the toughness
index Ej3 of those increased by 0.43%, 1.21%, 2.22%, and 6.14%, respectively. Compared to
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the conventional system with 100% Portland cement (P100), the incorporation of CAC
significantly reduced the compressive energy absorption capacity and the compression
toughness index in the binary system. However, the further addition of C$ in the ternary system
mitigated the detrimental effects caused by the sole introduction of CAC.

The addition of accelerator led to a reduction in the compressive energy absorption capacity
and the compressive toughness of each SUHPC to varying extents. Compared to the SUHPC
specimens without accelerators, the compressive energy absorption capacities of the P100-A,
P70-CAC30-A, P70-CAC24-C$6-A, and P70-CAC20-C$10-A decreased by 19.03%, 4.14%,
4.32%, and 3.51%, respectively. And the toughness indices E> and E3 of the P100-A decreased
by 0.87% and 6.51%, respectively. The E2 and E3 values of the P70-CAC30-A decreased by
10.9% and 6.73%, respectively, compared to P70-CAC30. Similarly, the E> and E3 values of
the P70-CAC24-C$6-A decreased by 4.58% and 4.13%, respectively, while those for the P70-
CAC20-C$10-A specimen decreased by 4.78% and 1.9%, respectively.

5.3.3 Morphology

The hydration products of SUHPC were identified using SEM. Different hydration products
exert distinct influences on the performance of SUHPC. Analyzing these hydration products
facilitates a deeper understanding of the hydration process and the mechanisms underlying the
formation of SUHPC’s performance characteristics.
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Fig. 5.15. SEM images of SUHPC samples at 28 days: surface morphology and EDS analysis of steel fibers
in P70-CAC30 (a); surface morphology and EDS analysis of steel fibers in P70-CAC15-C$15 (b).
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Aggregate)

Fig. 5.15 (continued). Microstructure of P70-CAC30 (c, d), P70-CAC15-CS$15 (e, f) and P70-CAC20-
C$10-A (g, h).

Fig. 5.15 presents SEM images illustrating the effects of the binary and ternary binder systems,
as well as the incorporation of an alkali-free accelerator, on the microstructure of SUHPC. Fig.
5.15(a) and (b) show the surface morphology of steel fibers in the binary system (P70-CAC30)
and ternary system (P70-CAC15-C$15), respectively. In comparison with the binary system,
more hydration products are observed on the steel fiber surface in the ternary system. Further
EDS point analysis of the deposits on the steel fiber surface indicated that Cu and Fe were the
dominant elements, originating from the copper coating on the fibers. However, the steel fiber
surface in the ternary system exhibited higher contents of Ca and Si, with a Ca/Si atomic ratio
of approximately 1.5. A relatively high Ca/Si value may indicate the formation of calcium-rich
C-S-H gel and is associated with a finer pore structure [231]. These results suggest that,
compared to the binary system, the steel fiber surface in the ternary system is covered with
more abundant hydration products, indicating a stronger fiber-matrix interfacial bond. It also
helps explain the higher flexural strength, cracking load, and ultimate load observed in the
ternary system.
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Fig. 5.15 (c) and (d) reveal microstructural deterioration in the matrix of binary system, such as
microcracks and voids. Such defects may be related to the conversion process of CAC, during
which the early-formed hydrates (e.g., CAHio and C2AHs) transform into the more stable but
less dense CsAHs phase. This process increases porosity and leads to microstructural
degradation, which also explains the low compressive strength observed in the binary system.
In comparison with the binary system, Fig. 5.15(e) and (f) demonstrate the formation of
abundant AFt and C-S-H gel within the ternary system, accompanied by a notably denser matrix
structure. These observations suggest that the synergistic effect of the multi-component
hydration reactions in the ternary system enhances the microstructural compactness, thereby
accounting for its superior compressive strength. Furthermore, Fig. 5.15(g) and (h) depict the
microstructure of the P70-CAC20-C$10-A sample incorporating an accelerator. A denser
formation of needle-like AFt crystals is evident; however, the rapid setting induced by the
accelerator may entrap air, resulting in the development of macro pores [196]. The formation
of macro pores is considered one of the major factors responsible for the deterioration of the
mechanical properties of SUHPC upon the addition of an accelerator.

5.4. Conclusions

This chapter investigates the effects of various binder systems (with CEM I 52.5R, CAC and
C$) and alkaline-free accelerator on the mechanical properties of SUHPC. The main findings
are as follows:

e The regulatory effect of cementitious material composition on strength. When partially
replacing PC with CAC alone, the flexural and compressive strengths of SUHPC are
significantly reduced. Notably, when CAC is incorporated at a rate of 30%, the reductions
in both flexural and compressive strengths are most pronounced compared to all other
binder systems. However, the ternary binder systems composed of CAC and C$ exhibit a
significant synergistic enhancement effect. As the C$ content increases from 0 to 15 wt%,
the flexural strength of SUHPC rises from 18.5 MPa to 21.5 MPa (representing an increase
of 16.21%), while the compressive strength increases from 106.7 MPa to 123.7 MPa (an
increase of 15.93%). This observation underscores the crucial role of the multiple
cementitious system in optimizing strength development.

e Mechanism of toughness improvement through multiple cementitious system. The
introduction of CAC into the binary binder system significantly reduces the flexural and
compressive energy absorption capacities and overall toughness of SUHPC. However, the
ternary system effectively mitigates this degradation through the addition of C$. As the
CS$ content increases, the compressive toughness index (E>) of the ternary system improves
by 1.06%, 5.33%, 6.24%, and 9.51%, while the flexural toughness index (£3) increases by
0.43%, 1.21%, 2.22%, and 6.14%, respectively. This phenomenon suggests that the
interaction between C$ and the hydration products of CAC enhances the internal
microstructure of SUHPC, thereby improving the material’s ductility and deformation
capacity.
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Interaction between accelerators and multiple cementitious systems. Although alkali-free
accelerators can significantly enhance the early strength of SUHPC, they adversely affect
its long-term mechanical properties. Notably, the response of various binder systems to
accelerators varies significantly. The accelerators reduced the compressive strength of
ordinary SUHPC by 19.8%, while the binary system exhibited only a 2.7% decrease. This
observation confirms that multiple cementitious materials can effectively mitigate the
strength degradation associated with the use of accelerators.
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Chapter 6 Spalling resistance of SUHPC under elevated temperatures

Abstract:

Conventional sprayed ultra-high-performance concrete (SUHPC) based on Portland cement is
prone to explosive spalling at elevated temperatures, posing a serious threat to structural
integrity and safety. To address this issue, the present study develops a novel spalling-resistant
SUHPC incorporating a Portland cement—calcium aluminate cement—gypsum (PC-CAC-C$)
ternary system and reinforced with calcium sulfate whiskers (CSW) and steel fibers. The results
reveal that the ternary system still retains thermally stable crystalline phases, such as Al2Os,
Ci2A7, and wollastonite, even after exposure to 1000 °C. The ternary system increases the
capillary porosity of SUHPC within the 20 nm to 10 um range, accompanied by an increase in
total porosity from 9.70% to 12.18% compared to PC-based system. The incorporation of CSW
into the ternary system enhances the formation of hydration products and pore filling, which
strengthens the CSW-matrix bond and increases flexural strength by 27.81%. In the PC-CAC-
C$ system, the synergistic effect of CSW and steel fibers establishes a homogeneous network
for vapor pressure relief, which significantly enhances the spalling resistance and residual
mechanical performance of SUHPC at elevated temperatures. Conventional PC-based SUHPC
undergoes severe explosive spalling under high-temperature exposure. In contrast, the PC—
CAC-C$-based SUHPC maintains its structural integrity even after exposure to 1000 °C,
retaining a high residual compressive strength of 45.78 MPa and a flexural strength of 7.35
MPa.

This chapter is partially published elsewhere:

J. He, Y.S. Liu, X. Ling, H.Y. Wang, Z.Y. Tang, Z.R. Chen, and Q.L. Yu, Spalling resistance of SUHPC based
on PC-CAC-CS at elevated temperature: Role of whiskers and steel fibers. Construction and Building Materials,
507 (2026), 145100.
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6.1 Introduction

Sprayed ultra-high-performance concrete (SUHPC), with its excellent durability and
adaptability to rapid construction of geometrically complex sections, demonstrates strong
potential for application in the field of rapid repair materials [25, 232]. Due to its low porosity
and dense microstructure comparable to UHPC, SUHPC tends to retain vapor under elevated
temperatures [35, 87]. This results in high internal pressure buildup and makes it more
susceptible to explosive spalling compared to ordinary shotcrete. Accordingly, exploring
mitigation strategies and mechanisms for high-temperature spalling is crucial for extending the
applicability of SUHPC in fire-related conditions.

Recent studies have explored multiple approaches to enhance the high-temperature resistance
of UHPC. Among existing mitigation strategies, incorporating polypropylene (PP) fibers has
proven effective in alleviating explosive spalling by creating vapor escape channels upon
melting of PP fibers at 150-200 °C [88]. Nevertheless, the associated formation of macro-voids
can adversely affect the residual strength and long-term durability of UHPC [38, 233, 234]. The
high thermal conductivity of steel fibers may intensify internal temperature gradients within
concrete, thereby increasing localized thermal stresses [22]. However, steel fibers can retain
their crack-bridging capability at elevated temperatures [40], contributing to improved residual
strength and toughness of UHPC [235]. The hybrid incorporation of steel fibers and PP fibers
can partially mitigate strength reduction, particularly when using optimized dosages such as 2%
steel and 0.15% PP fibers [236]. However, the adverse structural effects caused by PP fiber
melting remain unresolved. Accordingly, tailoring the binder composition to develop a refined
matrix with uniformly distributed fine pores emerges as a promising alternative for improving
the high-temperature spalling resistance of SUHPC.

Calcium aluminate cement (CAC) is widely used in high-temperature-resistant concrete
structures due to its excellent thermal stability, as it can withstand temperatures exceeding
1580 °C [237]. The high-temperature spalling resistance of CAC-based concrete is primarily
associated with the presence of alumina phases, which generate additional porosity upon
heating, thereby facilitating the release of internal vapor pressure during exposure to elevated
temperatures [136]. Specifically, the hydration products of CAC, such as CAHio and C:AHs,
are metastable and tend to convert into the stable phase CsAHs at elevated temperatures. This
transformation is commonly referred to as the conversion process of CAC [200]. Nevertheless,
an excessive dosage of CAC can intensify the detrimental effects of the conversion process,
such as strength loss and elevated cost. To minimize these drawbacks, previous studies have
recommended limiting the CAC content to no more than 400 kg/m* and maintaining a water-
to-binder ratio below 0.40 [238]. Previous studies have demonstrated that a critical dosage of
CAC can delay not only the silicate reaction but also the renewed dissolution of CsA in PC
[217]. However, it has also been reported that the addition of calcium sulfate (C$) to a PC—
CAC mixture can effectively counteract the CAC-induced delay in the silicate reaction [239].
In PC-CAC-CS$ ternary system, the dissolution of C$ provides SO+*~ ions, which, at a very early
stage, rapidly react with Ca?* and AlO: released from CAC to form a substantial amount of
ettringite (AFt). This process not only enhances early-age strength but also rapidly consumes
aluminate ions in the pore solution, thereby mitigating their inhibitory effect on C3S dissolution,
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ultimately restoring or even accelerating the main hydration process of the silicate phase [240].
In this context, a ternary binder system comprising Portland cement (PC), calcium aluminate
cement (CAC), and gypsum (CS$), with a limited CAC content, may offer a promising pathway
for improving SUHPC performance under low water-to-binder conditions and elevated
temperatures. Our previous research has demonstrated that the ternary binder system (PC-CAC-
C$) exhibits excellent mechanical performance when the C$/CAC ratio is 0.5 [44]. However,
investigations into the effect of such a system on the high-temperature spalling resistance of
concrete remain limited, particularly in the case of SUHPC.

To enhance the residual strength of concrete after high-temperature exposure, reinforcing
materials such as steel fibers, carbon fibers, calcium carbonate whiskers, and calcium sulfate
whiskers are commonly used. However, calcium carbonate whiskers decompose at
approximately 750 °C, releasing CO>, which increases internal pore pressure and consequently
elevates the risk of explosive spalling in concrete at elevated temperatures [241]. Carbon fibers,
although effective, are prohibitively expensive, limiting their large-scale application in
engineering practice [242]. In contrast, calcium sulfate whiskers (CSW), produced from
recycled gypsum waste, are abundant, cost-effective, and exhibit excellent high-temperature
resistance [243, 244]. CSW begin to dehydrate at approximately 100-200 °C, eventually
transforming into anhydrous gypsum crystals that remain thermally stable until decomposition
occurs at 1300-1450 °C [245]. Furthermore, the surface of CSW can react with CAC to form
ettringite (AFt), which is expected to enhance CSW—matrix interfacial bonding and thereby
improve residual strength after high-temperature exposure. Steel fibers effectively bridge
cracks and improve toughness at temperatures up to their critical threshold of approximately
600 °C. Beyond this threshold, however, their yield strength decreases rapidly and their
toughening capacity is markedly reduced [246]. Therefore, steel fibers play a dominant role at
low to moderate temperatures, whereas CSW can compensate for their performance loss at
higher temperatures. The multi-scale synergistic toughening mechanism of CSW and steel
fibers holds significant research value for enhancing the residual strength of SUHPC under
high-temperature conditions. However, relevant studies remain scarce.

This chapter introduces a PC-CAC—C$ ternary system into SUHPC with the aim of modifying
its pore structure under high-temperature conditions to promote vapor pressure release and
enhance resistance to explosive spalling. To enhance the residual mechanical performance of
SUHPC at elevated temperatures, this study further examines the effect of CSW and steel fibers
on the spalling behavior of SUHPC incorporating the PC-CAC-C$ ternary system, in
comparison with conventional PC-based SUHPC. QXRD, SEM, TGA, mechanical tests, MIP,
and micro-XCT are employed for characterization. The underlying mechanisms by which the
ternary binder system, CSW, and steel fibers enhance the spalling resistance and residual
strength of SUHPC after high-temperature exposure are systematically investigated and
clarified in this study.
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6.2. Materials and experiments

6.2.1 Raw materials and mix proportions

In this chapter, P-SUHPC refers to conventional SUHPC mixture with portland cement as the
primary binder. According to our previous study [44], the optimal mix proportion of the ternary
binder system (PC—CAC—CS$) resulted in the highest measured early-age (3 h) and later-age
strengths, reaching 15.11 MPa and 121.4 MPa, respectively. Therefore, this optimal proportion
was adopted for the preparation of T-SUHPC in the present study. T-SUHPC refers to the
ternary system (PC-CAC-C$), in which 20 % of the portland cement (PC) was replaced by
calcium aluminate cement (CAC), and 10 wt% of the PC was substituted with gypsum (C$).
CEM 1 52.5R (PC, supplied by Heidelberg Materials), commercial calcium aluminate cement
(CACQ), and gypsum (CaSOa-2H-0, abbreviated as C$) as the primary cementitious components
to prepare the ternary binder system. Silica fume (microsilica, MS) and fly ash cenosphere
(FAC) were added as supplementary cementitious materials to enhance the composite
performance.

'WD: 10.98 mm MIRA3 TESCAN|

SEM MAG: 2.00 kx Det: SE
View field: 138 ym Performance in nanospace

Fig. 6.1. The morphology of the CSW.

Table 6.1. Chemical composition of raw materials.

Oxide (Wt%)  PC CAC [ MS FAC CSW
ALO; 498 5331 0.20 023 17.89 1.68
Ca0 64.61 34.28 433 041 8.20 38.34
Si0, 20.18 6.96 0.32 94.68 55.57 423
MgO 2.19 0.37 1.37 0.43 1.02 2.10
Fe:0; 3.24 1.90 0.10 0.17 11.31 0.40
K20 0.53 0.41 0.01 0.83 2.74 027
P,0s 0.74 0.15 - 0.19 1.59 -
Na,0 027 0.12 - 0.15 0.48 0.12
TiO, 0.25 1.67 - - - -
SOs 3.01 0.83 53.7 0.81 1.20 52.85
LOI 1.56 1.60 1.59 233 1.03 3.10

Table 6.2. Physical properties of CSW.

Parameters Specific density Moisture content  Dry bulk density =~ Length (mean)
CSW 2710 kg/m® 4.86% 1090 kg/m® 80 um
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Commercial calcium sulfate dihydrate whiskers (CaSO4.2H>O whisker, abbreviated as CSW)
with lengths ranging from 60 to 120 um were incorporated at a dosage of 4 wt% relative to the
total binder mass. The microstructural features of the plate-shaped CSW are presented in Fig.
6.1. Copper-coated steel fibers with a diameter of 0.22 mm and a length of 6 mm were
incorporated. The chemical compositions and physical properties of powder materials are
illustrated in Table 6.1 and Table 6.2.

Table 6.3. Mix proportion of SUHPC mixtures (kg/m?).

P-SUHPC T-SUHPC

Materials PO P-CSW  P-SF P-CSWSF TO0 T-CSW  T-SF T-CSWSF
PC 791 791 791 791 553.7 553.7 553.7 553.7
CAC - - - - 158.2 158.2 158.2 158.2
C$ - - - - 79.1 79.1 79.1 79.1
MS 179 179 179 179 179 179 179 179
FAC 144 144 144 144 144 144 144 144
QS-1 192 192 192 192 192 192 192 192
QS-2 510 510 510 510 510 510 510 510
QS-3 412 412 412 412 412 412 412 412
Water 188.3 188.3 188.3 188.3 195 195 195 195
SP 47 47 47 47 49.5 49.5 49.5 49.5
CSW - 44.6 - 44.6 - 44.6 - 44.6
Steel fiber - - 156 156 - - 156 156

Three types of quartz sand with continuous gradation were employed as fine aggregates,
categorized by particle size ranges: 0.38-1.2 mm (QS-1), 0.2-0.47 mm (QS-2), and 0-0.22 mm
(QS-3). To achieve workability of the SUHPC mixture, a polycarboxylate superplasticizer
(PCE) with a solid content of 40% was incorporated at 1.9 wt% of the total binder.

To achieve the maximum particle packing of the raw materials in the SUHPC mix design [176,
177], SUHPC reference was formulated based on the target curve illustrated in Fig. 4.1 of
Section 4. The corresponding mix proportions are detailed in Table 6.3. Specifically, TO refers
to the control group of T-SUHPC without CSW or steel fibers. T-CSW denotes T-SUHPC
incorporating 4 wt% CSW. T-SF represents T-SUHPC with 2 vol% steel fibers. T-CSWSF-
1000 corresponds to T-SUHPC containing both 4 wt% CSW and 2 vol% steel fibers, after
exposure to 1000 °C. And T-CSWSF-20 refers to the T-CSWSF mixture tested at room
temperature (RT, approximately 20 °C), without thermal exposure.

6.2.2 Field spray test and heating regimes

Considering that the spraying process can influence both the porosity and mechanical strength
of SUHPC, all specimens in this study were fabricated via field spraying to ensure experimental
reliability. The field spraying procedure (see Fig. 4.2) was conducted in accordance with EN
934-5:2007 [181]. At the nozzle, a liquid alkali-free accelerator primarily composed of
aluminum sulfate was added at a dosage of 2 wt% relative to the binder content. The full
procedure included material weighing, mixing, transport, equipment assembly and loading,
mold setup, and final spraying. After demolding, the concrete slabs were cut into SUHPC
specimens with dimensions of 150 mm X 150 mm % 150 mm and cured to the designated age.
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After reaching the specified curing age, the SUHPC specimens were oven-dried at 80 °C for 24
hours. Subsequently, they were subjected to heat treatment in a muffle furnace at four target
temperatures: 250 °C, 500°C, 750°C, and 1000 °C. According to the heating regimes
illustrated in Fig. 6.2(a), the specimens were continuously heated from room temperature to the
target temperature at a rate of 3 °C/min [136, 232], and then allowed to cool naturally to room
temperature inside the furnace. As shown in Fig. 6.2(b), steel cages were employed to prevent
explosive spalling of SUHPC from damaging the internal components of the muftle furnace.
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Fig. 6.2. (a) Heating profile for SUHPC specimens; (b) Muffle furnace setup.
6.2.3 Experimental methods

6.2.3.1 QXRD

Quantitative X-ray diffraction (QXRD) analysis was performed using a Bruker D2 PHASER
equipped with the XE-T detector and a cobalt radiation source (A\=1.79 A). The diffraction
patterns were collected over a 20 range of 5-90°, with an increment of 0.013°. To enable
accurate phase quantification, 10 wt% of crystalline silicon was added to each sample as an
internal reference material. Rietveld refinement was conducted using the Topas software
(version 5.0).

6.2.3.2 TG

Thermogravimetric analysis (TGA) was conducted using a TA Instrument (TA 209 F3 Tarsus).
The slurry samples were prepared based on the specified mix proportions and cured for 28 days
under standard conditions. Hydration was terminated using isopropanol, followed by drying to
obtain powdered samples. Approximately 20 mg of each SUHPC paste sample was subjected
to thermogravimetric analysis over a temperature range of 25 to 1000 °C, using a constant
heating rate of 10 °C/min.

6.2.3.3 Morphology

The morphologies of bulk SUHPC concrete specimens after high-temperature exposure after
high-temperature exposure was observed by a TESCAN MIRA3 equipment. Cubic samples
with approximate dimensions of 0.5 mm® were coated with a thin layer of gold to enhance
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conductivity. The instrument offers a resolution of 1.2 nm, a magnification range of 2 to
1,000,000 times, and an adjustable accelerating voltage from 0.5 to 30 kV.

6.2.3.4 Spalling and crack observation

After the heat treatment, the spalling phenomenon of SUHPC was observed. A crack
observation instrument was utilized to investigate the distribution of surface cracks on SUHPC
specimens following high-temperature exposure.

6.2.3.5 Strength

Mechanical testing of the residual flexural and compressive strengths of P-SUHPC and T-
SUHPC specimens was carried out according to EN 196-1 [50]. Following each high-
temperature exposure, six replicate prism specimens (40 x 40 x 160 mm?) were prepared for
each mix design. Flexural strength was first measured using a three-point bending test, and the
the fractured halves (40 x 40 x 40 mm?) were collected and utilized for compressive strength
testing.

6.2.3.6 MIP

Mercury intrusion porosimeter (MIP) was conducted to examine the pore characteristics of P-
SUHPC and T-SUHPC specimens under ambient conditions. This analysis aimed to further
investigate the effects of CSW whiskers and the ternary system on the pore structure of T-
SUHPC. The pore structure of the hardened SUHPC specimens was characterized by mercury
intrusion porosimetry (MIP) using an AutoPore IV 9510 (Micromeritics, USA). The
measurable pore diameter ranged from 3 nm to 400 pum.

6.2.3.7 Micro-XCT

Micro X-ray Computed Tomography (Micro-XCT) analysis was performed using a system
provided by SCANCO Medical AG (Switzerland) to investigate the internal structure of
SUHPC specimens after high-temperature exposure. SUHPC specimens (25 x 25 x 25 mm®)
were scanned using micro-computed tomography, yielding 1800 sequential 2D slices. The
images were reconstructed into a 3D model, and pore characteristics were analyzed with IPL
software for visualization and quantitative assessment.

6.3 Results and analysis

6.3.1 Effect of CSW in hydration products of P-SUHPC under elevated temperatures

Fig. 6.3(a) and (b) present the XRD patterns of pure PC pastes (P-SUHPC) specimens without
and with CSW, respectively, after exposure to elevated temperatures. At room temperature (RT,
approximately 20 °C), unhydrated clinker phases (CsS, C.S, CsAF) and hydration products such
as CH and ettringite were identified, as shown in Fig. 6.3(a). Gypsum crystals were detected in
the P-SUHPC sample incorporating CSW. Compared to P0-20, P-CSW-20 exhibited a more
pronounced AFt peak, indicating that CSW incorporation enhanced ettringite formation. This
is attributed to the surface dissolution of the CSW whiskers, which locally increased the
concentration of sulfate ions in the surrounding pore solution. These sulfate ions rapidly reacted
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with the aluminum source from the Alx(SO4); based alkali-free accelerator, resulting in
localized and accelerated formation of AFt at the whisker surfaces.

dti P0-750

T T
10 20 30 40 50 60 70 80 90
26 (degrees)
(a)
®-CS A -AFt
4 0 -CS X - AFm

% - C,AF + - Calcite
A-CH 0 - Wollastonite
- Gypsum _# - Anhydrite

P-CSW-1000

I P-CSW-750

P-CSW-500

P-CSW-250

0 20 30 40 0 6 7 80 %
20 (degrees)
(b)
Fig. 6.3. XRD patterns after exposure to elevated temperatures: (a) PO paste; (b) P-CSW paste.

At 250 °C, the AFt phase was no longer detected, which can be attributed to its decomposition
occurring between 80 °C and 170 °C [247]. Additionally, the disappearance of the dihydrate
gypsum peak accompanied by an increase in the anhydrite peak was observed. As reported in
[248], CSW undergoes a phase transition to hemihydrate (CaSOa4-0.5H20) at approximately
120-130 °C. Further heating leads to complete dehydration and the formation of anhydrite at
around 190 °C, as given by:

_ 120~130C  _
CSH, — CSH,,+15H (6.1)

— 190C  _
CSH,, — CS +0.5H (6.2)
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At 500 °C, the CH phase was no longer detected due to its decomposition within the range of
400-500°C. At 750°C, calcite disappeared, which can be attributed to its thermal
decomposition occurring between 600 °C and 750 °C. At 1000 °C, the C—S—H gel decomposed
and crystallized into wollastonite [134]. Although gypsum crystals possess a relatively high
melting point (approximately 1460 °C) [249], no crystalline peaks corresponding to anhydrite
were detected at this temperature. This lack of anhydrite peaks may be associated with a phase
transformation or the formation of an amorphous phase.

Table 6.4. Phase quantification by QXRD of P-SUHPC at 20 °C (wt%).

Mix/Phases AFt AFm Gypsum Anhydrite Amorphous
P0-20 5.740.3 1.0£0.1 0.940.1 0.3+0.2 59.8+1.0
P-CSW-20 6.510.1 0.7+0.3 42%0.2 0.71+0.1 553+1.6
100 0.2
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Fig. 6.4. TG/DTG curves of P-SUHPC.

Quantitative XRD analyses further provided the phase contents of AFt, AFm, gypsum, and
anhydrite in PO and P-CSW at elevated temperatures, as summarized in Table 6.4. By
comparing the specific phase contents of P-CSW-20 and P0-20, the effect of CSW on the
hydration products of PC-SUHPC under elevated temperatures can be analyzed. The contents
of gypsum and anhydrite in P-CSW-20 were significantly higher than those in P0-20, indicating
that most of the CSW remained intact, with minor surface dissolution and partial consumption
through reaction. Compared to P0-20, the AFt content in P-CSW-20 increased from 5.7 wt% to
6.5 wt%. These differences may be linked to the partial surface dissolution of CSW, which
released sulfate and calcium ions. These ions rapidly reacted with the abundant AI(OH)+
provided by the alkali-free accelerator, leading to the localized formation of a large amount of
AFt at the whisker surfaces, as described in Eq. (4.6) in Chapter 4.

Fig. 6.4 presents the TG/DTG curves of P-SUHPC samples without CSW (P0) and with CSW
(P-CSW). The DTG curve can be divided into four stages, with four characteristic peaks
corresponding to the thermal decomposition processes in each stage. The first stage (ranging
from RT to 350 °C) is primarily attributed to the loss of physically bound water, along with the
dehydration of ettringite (AFt) and C—S—H gel [250]. In addition, a minor peak observed
between 100 °C and 150 °C may be related to the dehydration of calcium sulfate whiskers [199].
The second stage (ranging from 350 °C to 450 °C) corresponds to the decomposition of calcium
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hydroxide (CH) [103, 104]. The third stage (from 450 °C to 700 °C) is associated with the
decarbonation of calcite (CaCOs) [251]. The fourth stage (ranging from 800 °C to 1000 °C)
corresponds to the formation of wollastonite. Overall, the TG/DTG curves of both samples were
largely consistent, supporting the XRD findings that CSW underwent only limited surface
dissolution and partial consumption during hydration, with minimal impact on the overall
content of hydration products in the matrix.

6.3.2 Effect of CSW in the hydration products of ternary system-based SUHPC under
elevated temperatures
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Fig. 6.5. XRD patterns after exposure to elevated temperatures of TO paste.
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Fig. 6.6. XRD patterns after exposure to elevated temperatures of T-CSW paste.
Fig. 6.5 and Fig. 6.6 display the XRD patterns of PC-CAC-C$ ternary pastes (T-SUHPC)
without CSW (T0) and with CSW incorporation (T-CSW), respectively, after exposure to
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elevated temperatures. The phase evolution at different temperatures is discussed as follows: (i)
20 °C, (i) 250 °C, (iii) 500 °C, (iv) 750 °C, and (v) 1000 °C.

(i) At 20 °C, unhydrated clinkers from both CAC (CA, CAz) and PC (CsS, C:S, C:AF) were
identified. The main hydration products included CAHiwo, C2AHs, C2ASHs, AHs, CH, and
ettringite. In addition, the presence of gypsum was detected due to the incorporation of CSW.
Stratlingite (C2ASHs) was also identified, which is considered to form through further reactions
among CAC, silica fume, and FAC [252].

(ii) At 250 °C, the disappearance of CAHio and C2AHs phases was observed, accompanied by
the emergence of diffraction peaks corresponding to CsAHs. This transformation is attributed
to the dehydration of CAHio and C2AHs within the temperature range of 120-200 °C, resulting
in the formation of CsAHs, as described in Eq. (4.10) and Eq. (4.11) in Chapter 4 [253]. The
AFt phase was no longer detected, which can be attributed to its decomposition within the
temperature range of 80—170 °C [247].

(iii) At 500 °C, the formation of Ci2A- was identified, along with the disappearance of C:AHs
and AHs phases. This transformation is attributed to the dehydration of C;AHs and AHs at
approximately 450 °C, resulting in the generation of Ci2A~, as given by [254]:

4C,AH, +3AH, — C, 4, + 33H (6.3)

A noticeable increase in the intensity of anhydrite peaks was also observed, which is associated
with the complete dehydration of CSW (gypsum crystals) into anhydrite crystals. Additionally,
C:ASHs was converted to C:AS through dehydration [255]. The CH phase was no longer
detected, as it decomposes between 400 °C and 500 °C.

(iv) At 750°C, the disappearance of calcite was observed, which is attributed to its
decomposition within the temperature range of 600-750 °C.

(v) At 1000 °C, an increase in the peak intensities of CA and CA: was detected, suggesting that
part of the Ci2A7 phase reconverted to CA and CA: at elevated temperatures. The C—S—H gel
decomposed and subsequently crystallized into wollastonite [134]. High-temperature-resistant
AlOs was also identified. However, no crystalline peaks corresponding to anhydrite were
observed at 1000 °C, possibly due to phase transformation into an amorphous phase. Al.Os
crystals remained stable across all temperature conditions. Even at 1000 °C, thermally stable
hydration products such as Ci2A7 and wollastonite, along with cement clinkers like CA and CA.,
were still present in the ternary system.

To further investigate the effect of CSW on the hydration products of PC-CAC-C$ ternary
pastes (T-SUHPC) under elevated temperatures, a quantitative XRD analysis was performed to
determine the contents of AFt, AFm, gypsum, and anhydrite, as summarized in Table 6.5. The
contents of gypsum and anhydrite in T-CSW-20 were significantly higher than those in T0-20,
indicating that most of the CSW remained intact, with only limited surface dissolution.
Therefore, the accumulation of hydration products at the CSW surfaces may enhance the
interfacial bonding between the whiskers and the matrix at various temperatures. This aspect
will be further discussed in Section 6.3.5. Compared to T0-20, the AFt content in T-CSW-20
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increased from 15.8 wt% to 17.5 wt%, which can be attributed to the surface reaction between
CA (from CAC) and CSW, leading to the formation of AFt and AHs, as described in Eq. (4.3)
in Chapter 4.

Table 6.5. Phase quantification by QXRD of T-SUHPC at 20°C (wt%).

Mix/Phases AFt AFm Gypsum Anhydrite Amorphous
T0-20 15.8+0.6 2.1£0.1 1.1£0.2 0.5+0.4 56.3+1.1
T-CSW-20 17.5%0.1 1.9+0.4 4.1%0.1 0.6+0.1 547104
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Fig. 6.7. TG/DTG curves of PC-CAC-C$ based SUHPC.

As shown in Fig. 6.7, the DTG curves of the ternary pastes exhibit a pronounced peak around
100 °C, within the range of 25—130 °C. This peak is attributed to the release of free water and
physically adsorbed water from Aft and C(A)SH. The second peak appeared between 100 °C
and 150 °C, which is typically associated with the dehydration of gypsum [33, 199]. Previous
study has indicated that the peak at 125 °C may be related to the dehydration of CAHio [254].
A broad peak observed within the range of 160-200 °C indicates the presence of stritlingite
(C2ASHs) and a small amount of AFm [203], which is consistent with the XRD results. A small
peak appeared around 250 °C on the DTG curve, corresponding to the decomposition of
aluminum hydroxide (AHs) [40].

In addition, DTG analysis revealed a peak near 400 °C attributed to calcium hydroxide (CH),
and another in the range of 600—750 °C associated with the decomposition of calcite. Peaks
were also detected between 800 and 1000 °C, corresponding to the thermal decomposition of
wollastonite and Ci2A7, which is consistent with the XRD results.

6.3.3 Spalling

Fig. 6.8 presents the spalling behavior of P-SUHPC and T-SUHPC following exposure to
elevated temperatures. Supplementary images showing specimens after exposure to other
temperatures are presented in Fig. A2 and A3 of Appendix A. In the P-SUHPC, the reference
specimen (P0) underwent severe explosive spalling at 500 °C, producing small debris fragments
all less than 3 cm in length. P-CSW exhibited no spalling until 1000 °C, indicating that the
incorporation of CSW raised the spalling onset temperature compared to PO. Compared with
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PO, the incorporation of steel fibers increased the spalling onset temperature of P-SF from
500 °C to 750 °C. In contrast, the P-CSWSF specimen, incorporating both whiskers and steel
fibers, remained intact even after exposure to 1000 °C. Numerous brownish marks were
observed on the surface, attributed to chemical reactions between the steel fibers and oxidizing
gases at 1000 °C. These reactions led to the formation of oxide layers, including wiistite (FeO),
hematite (Fe20s), and magnetite (FesOa), resulting in the appearance of visible oxide scales [40].
As the temperature approaches 1000 °C, internal oxidation of the steel fibers may also occur,
forming complex oxides such as Fe:SiOs [256]. The rapid growth of these oxide layers can
induce volumetric expansion, which may further promote intrusion into the surrounding
cementitious matrix [40]. In the T-SUHPC, the spalling onset temperature of the ternary mix
(TO) increased from 500 °C to 750 °C compared with the PO. The T-CSWSF specimen, which
incorporated both CSW and steel fibers, also remained visually intact after exposure to 1000 °C.
These results demonstrate that both the individual and combined effects of the ternary binder
system, CSW, and steel fibers contributed to enhanced spalling resistance in SUHPC.

1000 °C
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1000°C

(a) PO (b) P-CSW
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Fig. 6.8. Spalling observation of SUHPC samples at elevated temperatures.

Surface cracking patterns of P-SUHPC and T-SUHPC specimens after exposure to elevated
temperatures are shown in Fig. 6.9. PO exhibited microcracks at 250 °C, while visible surface
cracks in TO appeared only at 500 °C, indicating that the ternary binder system raised the
cracking threshold temperature. In the specimens incorporating CSW, P-CSW and T-CSW
exhibited no significant surface cracking at 250 °C and 500 °C, respectively. Pronounced radial
cracks were first observed at 500 °C for P-CSW and 750 °C for T-CSW. This indicates that the
use of CSW can further elevate the surface cracking initiation temperature in both PC-based
and ternary systems. Network-like cracks were observed in T-SF at 500 °C, but the crack width
was reduced compared to that of TO at the same temperature. This suggests that the
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incorporation of steel fibers contributed to mitigating surface cracking. Both P-CSWSF and T-
CSWSF exhibited dense networks of fine surface cracks at 1000 °C, as shown in the Fig. 6.9
(g) and (h). This indicates that the synergistic effect of CSW and steel fibers provided effective
crack control in both PC-based and ternary binder systems under high-temperature exposure.
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750 °C

Fig. 6.9. Representative magnified images of surface cracks in SUHPC.
6.3.4 Morphology

The micro-morphologies of the SUHPC samples after high-temperature exposure are presented
in Fig. 6.10. After exposure to 500 °C, interfacial gaps were observed between the steel fibers
and the matrix in P-CSWSEF, along with microcracks in the surrounding matrix (Fig. 6.10(a)).
In contrast, a dense ITZ between the fiber and the matrix was observed in T-CSWSF (Fig.
6.10(b)). The influence of fiber-matrix bond on flexural performance will be further discussed
in Section 6.3.5.

After exposure to 1000 °C, SEM observations revealed that the CSW in T-CSWSF remained
and appeared to deflect the propagation path of microcracks (Fig. 6.10(d)). This suggests that
CSW played a bridging role in crack development even at 1000 °C. Previous studies have
shown that deflected cracks require more energy to propagate than straight ones [255]. CSW
enhances the toughness of SUHPC through mechanisms such as whisker pull-out, crack
deflection, and bridging, which dissipates fracture energy and slows down crack growth.
Compared with T-CSWSF, CSW in P-CSWSF did not exhibit a pronounced effect on altering
the propagation path of microcracks, and the bonding with the surrounding matrix appeared to
be weaker (Fig. 6.10(c)). Therefore, the crack deflection mechanism and the bridging action of
CSW across cracks at 1000 °C in the ternary system remains effective, providing notable
toughening and crack resistance compared with the PC-based system (P-CSWSF). This also
explains the relatively high residual strength observed in T-CSW and T-CSWSF, as discussed
in Section 6.3.5.
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Fig. 6.10. Morphology of SUHPC samples at elevated temperatures.

At 1000 °C, numerous cracks were observed in the matrix surrounding the steel fibers in T-
CSWSF (Fig. 6.10(e)). This phenomenon is attributed to the thermal expansion mismatch
between the steel fibers and the matrix at elevated temperatures [257]. In addition, noticeable
darkening of the matrix surrounding the steel fibers was observed. This discoloration is
attributed to excessive oxidation of the steel fibers at elevated temperatures (600—1000 °C). The
resulting oxidation products may infiltrate nearby pores in the cementitious matrix, leading to
localized color changes [40], which were also evident at the macroscopic level (Fig. 6.8).

Fig. 6.10(f) further illustrates that a distinct network of microcracks formed in the matrix of T-
CSWSF at 1000 °C. These interconnected microcracks, along with the steel fiber—matrix
interface and surrounding tangential cracks, created a continuous pathway for vapor release. In
addition to cracking, numerous pores were observed in the microstructure, particularly at the
aggregate—matrix interface. Cracking at the aggregate—matrix interface is attributed to the
thermal deformation mismatch between the aggregates and the matrix, as well as to the
decomposition of phases at elevated temperatures, as discussed in Section 6.3.2. The combined
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effect of extensive cracking and pore formation significantly contributed to the reduction in
residual strength at elevated temperatures.

6.3.5 Residual strength
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Fig. 6.11. Residual compressive strength (a, b) and residual flexural strength (c, d) of P-SUHPC and T-
SUHPC specimens after exposure to high temperatures.

Fig. 6.11 presents the residual compressive and flexural strengths of T-SUHPC and P-SUHPC
after exposure to elevated temperatures. At RT, P0-20 and T0-20 exhibited comparable
compressive strengths of 123.7 MPa and 121.3 MPa, respectively. At 250 °C, the compressive
strength of P0-250 increased by 10.71% compared to P0-20. This improvement is primarily
attributed to the continued hydration of cement particles and secondary pozzolanic reactions of
fly ash and silica fume, which contributed to a denser matrix microstructure [109]. For T0-250,
a more pronounced strength gain of 23.13% was observed relative to T0-20. The observed
strength gain is mainly driven by the high reactivity of CAC clinker, which actively reacts with
silica fume and fly ash to form additional C—A—S—H gel, thereby enhancing the microstructural
densification at elevated temperatures [109]. Explosive spalling occurred in PO at 500 °C,
whereas T0O exhibited comparable spalling behavior at an elevated temperature of 750 °C. As a
result, strength data at and beyond these temperatures are partially unavailable.
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The incorporation of CSW led to flexural strength increases of 8.78% and 27.81% in P-CSW-
20 and T-CSW-20, respectively, compared to P0-20 and T0-20. And the flexural strength
enhancement provided by CSW was more pronounced in the ternary T-SUHPC. At 1000 °C,
P-CSW experienced explosive spalling, whereas T-CSW maintained a flexural strength of
3.56 MPa. This suggests that CSW formed a stronger and more stable bond with the ternary
matrix at high temperatures, thereby enhancing spalling resistance and residual strength
compared to the P-SUHPC.

The incorporation of steel fibers significantly enhanced the flexural strength of P-SF and T-SF
at room temperature (RT) by 162.20% and 155.33%, respectively, compared with PO and TO.
Increasing the temperature from RT to 250 °C resulted in a 12.71% and 12.64% increase in the
flexural strength of P-SF and T-SF, respectively. This indicates that moderate heating can
effectively enhance the steel fiber—matrix interfacial bond strength [258]. This improvement is
primarily attributed to the continued hydration of partially hydrated cement clinker, which
generates additional hydration products that fill the ITZ and pores [259]. However, the steel
fiber—reinforced specimens (P-SF, P-CSWSF, T-SF, and T-CSWSF) exhibited significantly
reductions in flexural strength at 500 °C compared to 250 °C, by 47.64%, 33.67%, 40.06%, and
24.42%, respectively. This phenomenon is attributed to the thermal incompatibility between
steel fibers and the SUHPC matrix, which weakens the bonding at the steel fiber—matrix
interface zone (ITZ) [260]. Moreover, steel fibers begin to lose their mechanical performance
as the temperature approaches the critical threshold (approximately 600 °C) [40]. This
degradation is often accompanied by oxidation, softening, and structural changes [258]. P-
CSWSF and T-CSWSF showed markedly less reduction in flexural strength at 500 °C than P-
SF and T-SF, respectively, suggesting a synergistic effect between CSW and steel fibers. At
1000 °C, T-CSWSF-1000 retained a high residual compressive strength of 45.78 MPa and a
flexural strength of 7.35 MPa, both substantially exceeding those of P-CSWSF-1000. This
suggests that the ternary system forms stronger interfacial bonds with both CSW and steel fibers
at elevated temperatures, compared to PC-based system.

In summary, the residual mechanical performance of SUHPC was significantly improved by
three factors: the ternary binder system, CSW, and steel fibers. Specifically, (i) each factor
individually contributed to raising the spalling onset under elevated temperatures; (ii) compared
to the PC-based system, the ternary system exhibited stronger interfacial bonding with CSW,
which continued to enhance the residual strength even after exposure to 1000 °C; and (iii) the
synergistic interaction between CSW and steel fibers within the ternary matrix further mitigated
the degradation of residual strength following high-temperature exposure.

6.3.6 Pore structure

High-temperature exposure can induce spatially heterogeneous alterations in the pore structure
of concrete, leading to deviations between MIP measurements and the actual pore network of
heated specimens [254]. Consequently, in this study, MIP was restricted to characterizing the
pore structure of SUHPC at room temperature (RT). Micro-XCT analysis was further used to
quantify porosity and pore size characteristics of P-SUHPC and T-SUHPC after 1000 °C
exposure.
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6.3.6.1. Pore structure at room temperature
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Fig. 6.12. Pore size distribution of SUHPC pastes.
Table 6.6. Pore characteristics of SUHPC as measured by MIP.

Sample Median pore diameter (nm) Porosity (%) Total intrusion volume (ml/g)
P0-20 56 9.70 0.0412
P-CSW-20 77 10.37 0.0229
T0-20 106 12.18 0.0274
T-CSW-20 94 11.83 0.0391

Fig. 6.12 illustrates the effect of CSW on the pore structure of T-SUHPC and P-SUHPC, with
the corresponding pore structure parameters summarized in Table 6.6. Compared to PO, the
ternary system significantly increased the capillary porosity of TO in the range of 20 nm to
10 um, with the total porosity rising from 9.70% to 12.18%. This is attributed to CAC phase
conversion, where CAHio and C2:AHs transform into the stable CsAHs, leading to an increase in
porosity. It has been suggested that an increase in capillary porosity facilitates the release of
internal water vapor, thereby enhancing the resistance of concrete to explosive spalling under
high temperature exposure [50]. Therefore, the improved spalling resistance of SUHPC in the
ternary system can be attributed to the optimization of its pore structure, which helps to reduce
the vapor pressure within the concrete matrix.

In P-SUHPC, the incorporation of CSW increased the total porosity from 9.70% to 10.37%,
accompanied by a notable rise in pore volume within the 1-10 pm range. Previous research
[260] has indicated that pores within this size range are largely associated with residual voids
left by the localized dissolution of CSW. The formation of hydration products around the CSW
was insufficient to fully fill these voids, leading to an increase in the porosity. This indicates
that the interfacial bonding between CSW and the matrix in P-SUHPC remained weak. This is
confirmed by the results in Section 6.3.5, where the flexural strength of P-CSW increased by
only 14.35% compared to PO, which is significantly lower than the 27.79% improvement
observed for T-CSW relative to TO.
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In T-SUHPC, the incorporation of CSW reduced the total porosity of T-CSW from 12.18% (T0)
to 11.83% and slightly decreased the pore volume in the 400 nm to 4 um range. This indicates
that the surface of CSW reacted with the ternary matrix to form abundant hydration products,
which effectively filled the interface between the whiskers and the matrix as well as the adjacent
capillary pores. This process led to a reduction in porosity and a marked improvement in
interfacial bonding. This is confirmed by the results in Section 6.3.5, where the flexural strength
of T-CSW-20 significantly increased by 27.79% compared to T0-20.

6.3.6.2. Pore structure after high-temperature exposure
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Fig. 6.13. Micro-XCT image of SUHPC after exposure to 1000 °C.

Micro-XCT analysis was further conducted to quantitatively evaluate the pore structures of P-
SUHPC and T-SUHPC containing CSW and steel fibers after exposure to 1000 °C, as shown
in Fig. 6.13. The results show that the total porosity of T-CSWSF-1000 was 33.80%,
significantly lower than that of P-CSWSF-1000 at 45.92%. The maximum and average pore
diameters of T-CSWSF-1000 were 0.70 mm and 0.32 mm, respectively, whereas those of P-
CSWSF-1000 reached as high as 1.58 mm and 0.88 mm. These findings indicate that the ternary
system demonstrates a more refined and uniform pore structure compared to the PC-based
system after high-temperature exposure.

As shown in Fig. 6.13(a), the Micro-XCT image of P-CSWSF-1000 revealed the presence of
large pores with diameters up to 1.58 mm, along with several dispersed and isolated pores of
relatively large size. Given that their sizes are much larger than the original pore size range at
room temperature, these large pores are presumed to result from explosive spalling induced by
high-temperature exposure. This suggests that no systematic vapor escape channels were
established within the P-CSWSF matrix, making it difficult for steam to be released in a timely
manner. As a result, localized vapor pressure buildup may have triggered explosive spalling.

The formation of these large pores also explains the relatively low residual mechanical
performance of P-CSWSF-1000 observed in Section 6.3.5, with residual compressive and
flexural strengths of 31.30 MPa and 4.14 MPa, respectively.
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As shown in Fig. 6.13(b), T-CSWSF-1000 exhibited lower porosity, smaller maximum and
average pore sizes, and a more uniform pore distribution compared to P-CSWSF-1000.
According to the results in Section 6.3.6, T-SUHPC exhibited a high capillary porosity and a
fine, uniform microstructure at 20 °C. With increasing temperature, these fine pores gradually
coarsened and, together with the ITZ, formed continuous and uniformly distributed pathways
for steam release, effectively reducing the risk of explosive spalling at high temperatures. This
also accounts for the highest residual mechanical performance observed in T-CSWSF-1000,
with residual compressive and flexural strengths reaching 45.78 MPa and 7.35 MPa,
respectively.

Compared to PC-based system, a PC—-CAC—CS$ ternary binder system with CSW and steel fibers
effectively suppresses the formation of large pores under extreme high temperatures. It also
reduces overall porosity and promotes the development of a continuous and uniform vapor
release network. These effects collectively contribute to the superior spalling resistance and
higher residual mechanical strength of SUHPC.

6.4 Discussion

Fig. 6.14 compares the evolution of hydration products, spalling behavior, crack propagation,
and residual strength in T-SUHPC and P-SUHPC reinforced with whiskers and steel fibers
under elevated temperatures.
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Fig. 6.14. Mechanism of SUHPC at elevated temperatures.
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e The high-temperature resistance mechanisms of the ternary binder system in SUHPC
These mechanisms can be categorized into three main aspects: (i) compositional changes, (ii)
evolution of the pore structure, and (iii) residual strength and the onset temperature of spalling.

(i) Compositional changes: The PC-CAC-C$ ternary binder system retains a diverse
assemblage of high-temperature-resistant crystalline phases after exposure to 1000 °C, in
contrast to the PC-based system in which wollastonite is the predominant phase. This complex
phase assemblage indicates a superior recrystallization capacity of the ternary system at
elevated temperatures, leading to the formation of a denser and more thermally stable matrix.
Therefore, the superior recrystallization capability of the ternary system at elevated
temperatures leads to the formation of denser and more stable mineral phases that markedly
enhance the residual strength of the matrix. Moreover, these high-temperature phases are also
present within the ITZs, thereby strengthening the CSW-matrix or steel fiber-matrix bonding
in ternary system. This is evidenced by the fact that the residual flexural strength of T-CSWSF-
1000 increased by 77.53% compared to P-CSWSF-1000, reaching 7.35 MPa. As shown in Fig.
6.14, between 750 °C and 1000 °C, the percentage reduction in residual flexural strength of T-
SUHPC (28.61%) was lower than that of P-SUHPC (41.07%).

(ii) Pore structure evolution: The ternary binder system exhibited an almost opposite response
in pore structure at ambient and elevated temperatures. At room temperature, the ternary system
developed a uniform pore structure with a relatively high capillary pore content. The increase
in capillary pores provided continuous pathways for vapor release, thereby mitigating vapor
pressure buildup and minimizing the potential for explosive spalling under high-temperature
exposure. MIP results revealed that, compared with the PC-based matrix, the ternary system
(TO) showed a marked increase in capillary pore volume within the range of 20 nm to 10 pm.
Micro-CT analysis further demonstrated that, after exposure to 1000 °C, the maximum pore
size, average pore size, and total porosity of the ternary system were all substantially smaller
than those of the PC-based system. During heating, the initially fine capillary pore network in
the ternary system gradually coarsened but maintained a uniform distribution and relatively
small mean pore diameter. This evolution facilitated the formation of continuous and evenly
distributed vapor escape channels throughout the matrix, thereby enhancing its resistance to
explosive spalling at elevated temperatures.

(iii) Residual strength and the onset temperature of spalling: The high-temperature-resistant
crystalline phases generated through recrystallization in the ternary system significantly
enhanced the matrix strength. T0-250 exhibited a residual compressive strength of 149.36 MPa,
representing a 9.1% increase over P0-250. It was primarily attributed to the high reactivity of
CAC clinker, which reacted with silica fume and fly ash to generate additional C—A—S—H gel,
thereby further improving the microstructural densification under elevated temperatures.
Moreover, explosive spalling occurred in the PC-based system (P0) at 500 °C. In contrast, the
ternary mix (TO) experienced explosive spalling at 750 °C, effectively increasing the spalling
onset temperature. This improvement can be ascribed to the enhanced thermal stability and
microstructural robustness provided by the ternary binder composition, which collectively
mitigated vapor pressure buildup and delayed the onset of explosive spalling.
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e Strengthening mechanism of CSW in the ternary system

The strengthening role of CSW differs between the ternary and PC-based systems and can be
analyzed through: (i) its surface chemistry, (ii) its influence on pore structure, and (iii) its effect
on spalling resistance and residual strength.

(i) Surface chemistry: In both the ternary and PC-based matrices, CSW underwent limited
surface dissolution while largely retaining its structural integrity. In the ternary system, however,
the CSW surface actively reacted with CAC constituents, leading to the precipitation of
abundant AFt and AHs at the whisker—matrix interfaces, thereby markedly enhancing the ITZ
bonding. QXRD results confirmed that the AFt content in T-CSW-20 was 1.7 wt% higher than
that in T0-20, whereas the corresponding increase in P-CSW-20 over P0-20 was only 0.3 wt%.

(ii) Pore structure: CSW exerts opposite effects on pore structure in the PC-based and the
ternary matrices. In the PC-based system, the incorporation of CSW increased total porosity
from 9.70% to 10.37% and enlarged the 1-10 um pore fraction. These changes are consistent
with residual voids from localized CSW dissolution and inadequate interfacial infilling,
indicating a weaker ITZ. In contrast, in the ternary matrix, the addition of CSW slightly reduced
the total porosity from 12.18% to 11.83% and the pore volume in the 400 nm—4 pum range. This
response is consistent with the precipitation of AFt and AHs at the CSW-matrix interface,
which filled interfacial gaps and adjacent capillaries and densified the ITZ.

(iii) Spalling behavior and residual strength: The incorporation of CSW effectively
improved the high-temperature performance of both PC-based and ternary SUHPC, with the
enhancement being substantially more pronounced in the ternary system. In the PC-based
matrix, the incorporation of CSW delayed the onset temperature of explosive spalling from
500 °C to 1000 °C. In contrast, in the ternary system, spalling was completely suppressed, with
specimens retaining their structural integrity even after exposure to 1000 °C. The incorporation
of CSW resulted in residual flexural strengths of T-CSW that were 22.01% and 50.71% higher
than those of P-CSW after exposure to 500 °C and 750 °C, respectively. This superior
performance is closely associated with the presence of multiple high-temperature-resistant
crystalline phases in the ternary system, which enhance not only the matrix strength but also
the bonding between the matrix and CSW.

The synergistic effect between CSW and steel fibers in the ternary system manifests in CSW
dominating above 500 °C and steel fibers below 500 °C, thereby effectively mitigating the
degradation of residual strength across the temperature range. Below the critical temperature of
steel fibers (approximately 500 °C), their contribution to enhancing the residual flexural
strength is more pronounced. Above 500 °C, the reinforcing effect of steel fibers exhibits a
marked decline relative to that observed at lower temperatures, primarily due to thermal
incompatibility with the surrounding matrix, although a residual contribution remains. The
bridging action of CSW remains effective even at 1000 °C, compensating for the reduced
reinforcement from steel fibers and highlighting their synergistic contribution to residual
mechanical performance in ternary system.

In summary, the ternary system exhibits superior resistance to high-temperature-induced
spalling compared to conventional PC-based systems. The underlying mechanisms can be
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summarized in two aspects: (1) On one hand, the ternary system demonstrates excellent
recrystallization capacity under elevated temperatures, resulting in the formation of multiple
high-temperature-resistant crystalline phases. These phases significantly enhance the strength
of the matrix itself as well as the interfacial bonding with both CSW and steel fibers. (2) On the
other hand, the ternary system initially presents a fine and uniform capillary pore structure at
room temperature. As the temperature increases, these pores gradually coarsen, while remaining
uniformly distributed. Together with the interconnected microcracks in the matrix and the ITZ,
they form continuous and well-connected pathways for vapor release. Moreover, the ternary
binder system with CSW and steel fibers effectively suppresses the formation of large pores
and reduces overall porosity under extreme temperatures compared to the PC-based system.
This optimized pore network alleviates internal vapor pressure buildup, thereby significantly
lowering the risk of explosive spalling during high-temperature exposure. It is noteworthy that
the reinforcing effect of CSW in the ternary system originates not only from its physical
bridging ability but also from its chemical interaction with CAC. This interaction promotes the
formation of abundant AFt and AHs on the CSW surface, significantly enhancing the interfacial
bonding compared to that in PC-based matrix. Benefiting from the dual optimization of
microstructure and phase assemblage, the CSW and steel fiber—reinforced ternary SUHPC (T-
SUHPC) retains high residual mechanical performance and structural integrity even after
exposure to extreme temperatures up to 1000 °C. Particularly, the synergistic action between
CSW and steel fibers leads to simultaneous improvements in both compressive and flexural
strengths. This integrated high-temperature resistance mechanism provides a robust
performance foundation and theoretical basis for the application of steel fiber and CSW-
reinforced ternary SUHPC in fire-prone or high-temperature engineering environments.

6.5 Conclusions

In this chapter, the role of CSW and steel fibers on the explosive spalling resistance of ternary
system-based SUHPC (T-SUHPC) at elevated temperatures were investigated, with the PC-
based SUHPC (P-SUHPC) used as a reference. The key findings are summarized as follows:

o High-temperature phase assemblage and thermal stability

The ternary binder system (PC—CAC-CS$) retained multiple high-temperature-stable crystalline
phases at 1000 °C (AL:Os, Ci2As, wollastonite, CA, CAz), whereas the PC-based system
preserved only wollastonite. This phase stability confers superior recrystallization capacity and
thermal stability to the ternary matrix under extreme temperatures.

e Evolution of pore structure at elevated temperatures

At room temperature, the ternary matrix featured a higher fraction of fine capillary pores that
facilitated vapor release; with CSW, total porosity slightly decreased and ITZ bonding was
strengthened by hydration product accumulation at the CSW—matrix interface. After exposure
to 1000 °C, Micro-XCT showed markedly smaller and more uniformly distributed pores in the
ternary system reinforced with CSW and steel fibers (porosity 33.8 %, average pore size 0.32
mm) than in the PC-based system (45.92 %, 0.88 mm), suppressing large-pore formation and
establishing a continuous vapor-escape network.
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e Spalling resistance and residual mechanical performance

Incorporating the ternary binder system raised the spalling onset temperature of SUHPC
from 500 °C to 750 °C, while the subsequent addition of steel fibers further increased it
to 1000 °C. SEM analysis revealed that CSW continued to deflect microcrack propagation and
bridge cracks effectively, even at 1000 °C. The synergistic effect of CSW and steel fibers within
the ternary matrix mitigated residual strength loss at elevated temperatures. Consequently, T-
CSWSF retained high residual mechanical performance after exposure to 1000 °C, with
compressive and flexural strengths reaching 45.78 MPa and 7.35 MPa, respectively.
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Chapter 7 Conclusions and recommendations

7.1 Conclusions

In this PhD thesis, novel SUHPCs have been developed through binder optimization,
demonstrating significantly improved spalling resistance at elevated temperatures. As a two-
part investigation, this study builds upon UHPC research to develop a novel SUHPC. In the
first part, binder optimization of UHPC is investigated by examining the effects of SCM
incorporation on its spalling behavior after high-temperature exposure, with the aim of gaining
a deeper understanding of post-heating failure mechanisms. In the second part, a ternary binder
system is introduced as a strategy for binder optimization to improve the early- and later-age
strength of SUHPC, with the ultimate objective of enhancing its explosive spalling resistance
at elevated temperatures.

The research encompasses the following five interrelated topics:

e Understanding the effects of SCMs on the explosive spalling resistance and durability on
UHPC.

e  Understanding the flexural fracture behavior of UHPC after high-temperature exposure.

e Developing a novel SUHPC based on PC-CAC-C$ with excellent early-age performance.

e Understanding the effects of various cementitious materials and alkali-free accelerator on
the later-age performance of SUHPC based on PC-CAC-CS.

e Enhancing the spalling resistance of SUHPC based on PC-CAC-C$ reinforced with

calcium sulfate whiskers and steel fibers under elevated temperatures.
7.1.1 Understanding the effects of SCMs on the explosive spalling resistance of SUHPC

e  The incorporation of SCMs modifies the hydration products and pore structure of SUHPC,
thereby influencing its resistance to both chloride penetration and explosive spalling at
elevated temperatures.

e  Chloride ion transport primarily occurs through the capillary pore network, and capillary
porosity is widely regarded as the parameter most closely associated with chloride
diffusivity. In UHPC incorporating GGBS, the correlation between Dussm and total porosity
is stronger than that with capillary porosity.

e The incorporation of GGBS reduces the connectivity of capillary pores in the 10-100 nm
range and leads to higher tortuosity in the pore structure. The increased tortuosity reflects
a more discontinuous and less connected pore network, which effectively lowers chloride
ion permeability.

e For UHPC containing LP, although a low replacement level of LP (<15 wt%) improves
the matrix pore structure and enhances compressive strength in UHPC, the fiber—matrix

interfacial bonding is adversely affected across all replacement levels. The weakened
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interface may act as a potential structural defect, providing pathways for chloride ingress
and thereby reducing chloride resistance compared to the control specimen.

Both GGBS and LP exhibit a detrimental effect on the spalling resistance of UHPC at
elevated temperatures. Replacing 15 wt% of cement with LP reduces the spalling onset
temperature from 750 °C to 500 °C compared to the reference mix. And incorporating
GGBS in the range of 0—45 wt% results in a comparable reduction.

Higher LP replacement levels (15-45 wt%) also lead to a pronounced decrease in residual
compressive strength at elevated temperatures. These results demonstrate that neither LP
nor GGBS is effective in improving the spalling resistance of UHPC under high-

temperature conditions.

7.1.2 Understanding the flexural fracture behavior of SUHPC after high temperature
exposure

After high-temperature exposure, both the compressive strength and flexural strength of
UHPC exhibit a trend of first increasing and then decreasing with increasing temperature.
The load—displacement and stress—strain responses indicate that elevated temperatures
significantly alter the typical mechanical evolution behavior of UHPC.

At 200 °C, the saw-tooth fluctuations in the load—displacement curves, which are
associated with stress redistribution during steel fiber pull-out, are significantly reduced
compared to those observed at room temperature.

When the temperature exceeds 600 °C, the sawtooth-shaped fluctuation amplitude caused
by stress redistribution due to fiber drawing disappears completely, indicating severe
deterioration of the steel fiber-matrix interfacial bond.

As a result of interfacial degradation, the strengthening stage is significantly shortened,
and the material transitions prematurely into the failure stage, exhibiting a more brittle
fracture behavior.

Correspondingly, bending toughness, fracture toughness, and fracture energy decrease
markedly after high-temperature exposure. Nevertheless, a higher steel fiber volume ratio
helps to retain greater residual fracture capacity.

A predictive model for post-fire compressive strength, flexural strength, and fracture
energy of UHPC is developed based on steel fiber volume ratio and exposure temperature.
In addition, conversion relationships among compressive strength, flexural strength,
fracture energy, and fracture toughness are established and validated, with temperature-
induced degradation effects taken into consideration. This model provides a practical
reference for the structural assessment and design of UHPC elements subjected to high-

temperature service conditions.
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7.1.3 Developing a novel SUHPC based on PC-CAC-C$ with superior early-age
performance

To enhance the early-age performance of SUHPC, including early strength, rheology, and
early-age shrinkage, a PC-CAC-C$ ternary binder system is incorporated into SUHPC.
The optimized PC-CAC—C$ ternary binder formulation significantly improves the early-
age strength of SUHPC, reaching 15.11 MPa at 3 hours with a C$/CAC ratio of 0.5.
Compared to the conventional PC-based system, the PC-CAC-CS$ ternary system improves
the rheological performance of SUHPC by increasing dynamic yield stress and thixotropy,
thereby enhancing its pumpability and sprayability.

The C$/CAC ratio plays a critical role in regulating rheological behavior. An optimal
C$/CAC ratio of 0.5 results in a thixotropy value approximately four times higher than that
of cast UHPC.

The effects of varying C$/CAC ratios on the hydration kinetics of SUHPC are clarified for
both early and later stages. At early ages, a C$/CAC ratio of 0.5 promotes sufficient
ettringite formation and accelerates the hydration of both CsS and CA.

At later stages, excessive CAC suppresses C—S—H development, while elevated sulfate
content increases the potential risk of delayed ettringite formation (DEF).

In addition, the synergistic mechanism of the alkali-free accelerator and the PC-CAC-
CS system on the hydration kinetics of SUHPC has been systematically analyzed at both

early and late stages.

7.1.4 Understanding the effects of various cementitious materials and alkali-free
accelerator on the later-age performance of SUHPC based on PC-CAC-C$

For engineering applications, the later-age mechanical performance of SUHPC depends
not only on early-age strength development but also on the combined design of binder
systems and alkali-free accelerators.

The binary binder system, in which CAC partially replaces PC, leads to a significant
reduction in both flexural and compressive strengths. The most pronounced strength loss
occurs when the CAC content reaches 30%.

In contrast, the ternary binder system (PC-CAC-CS$) improves mechanical performance.
As the C$ content increases from 0 to 15 wt%, the flexural strength of SUHPC increases
from 18.5 MPa to 21.5 MPa. The compressive strength increases from 106.7 MPa to 123.7
MPa.

Although the alkali-free accelerator enhances early-age strength, it has a negative impact
on later-age mechanical performance. This reduction is partially mitigated by an
appropriate combination of different cementitious components.

In terms of toughness improvement, the ternary binder system exhibits enhanced toughness
and energy absorption capacity compared to the binary system. As the C$ content increased

from 6% to 15%, the compressive toughness index (£>) of the ternary system increased by
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1.06% and 9.51%, respectively, while the flexural toughness index (£3) increased by 0.43%
and 6.14%.

The incorporation of the ternary binder system results in enhanced ductility and toughness
of SUHPC, accompanied by observable improvements in microstructural characteristics.
The synergistic effects between the alkali-free accelerator and multi-component binder
systems are further clarified. While the accelerator causes a 19.8% reduction in
compressive strength in conventional PC-based SUHPC, the corresponding reduction is
limited to only 2.7% in the binary system, demonstrating that multi-component binder

systems can effectively mitigate accelerator-induced strength degradation.

7.1.5 Enhancing the spalling resistance of SUHPC based on PC-CAC-CS$ reinforced with
calcium sulfate whiskers and steel fibers under elevated temperatures

The spalling resistance of SUHPC incorporating a PC-CAC—C$ ternary binder system is
significantly influenced by the combined effects of calcium sulfate whiskers (CSW) and
steel fibers under elevated temperatures.

A systematic evaluation was conducted on the evolution of hydration products, spalling
behavior, microstructural characteristics, residual mechanical strength, and pore structure
of SUHPC after exposure to temperatures ranging from 20 °C to 1000 °C.

Three primary factors govern the residual mechanical performance and spalling resistance
of SUHPC after high-temperature exposure, namely the PC—CAC—C$ binder system, CSW,
and steel fibers, whose respective roles are summarized as follows:

(1) Each factor, when acting individually, increased the spalling-onset temperature of
SUHPC.

(2) Compared with the PC-based system, the strength-enhancing effect of CSW was more
pronounced in the ternary system. Specifically, CSW incorporation improved the flexural
strength of PC-based SUHPC and ternary-based SUHPC by 8.78% and 27.81%,
respectively.

(3) The synergistic effect of CSW and steel fibers within the ternary matrix further
mitigated residual strength loss at elevated temperatures.

Relative to PC-based SUHPC, the incorporation of the ternary binder system significantly
increases the capillary pore volume in the size range of 20 nm to 10 um. Consequently, the
total porosity increases from 9.70% to 12.18%, which facilitates water vapor release at
elevated temperatures and enhances spalling resistance.

In contrast, the addition of CSW effectively reduces the overall porosity of SUHPC. Micro-
XCT analysis confirms that the porosity of T-CSWSF after exposure to 1000 °C reaches
33.8%, which is markedly lower than the 45.92% observed in the PC-based system.
Moreover, the maximum pore diameter in the CSW- and steel fiber-reinforced ternary

system is reduced to approximately 0.32 mm.
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These results collectively indicate that the synergistic effect of CSW and steel fibers within
the PC-CAC—C$ ternary matrix promotes the formation of more uniform and continuous
vapor-release channels, thereby effectively enhancing the spalling resistance of SUHPC

under elevated temperature conditions.

7.2 Recommendations

Recommendations for further investigation based on the current findings are proposed:

Future studies on ternary or quaternary SCM combinations are recommended to further
clarify their synergistic effects on hydration behavior, pore structure, fiber matrix bonding,
chloride resistance and fire resistance. Given that both GGBS and LP reduce the spalling
resistance of UHPC at elevated temperatures, alternative binder systems could be explored
in future studies to optimize pore structure and enhance fire resistance.

A prediction model is established and validated in this study to estimate the residual
compressive strength, flexural strength, and fracture energy of UHPC after thermal
exposure, using steel fibre volume fraction and temperature as the primary governing
variables. Future research may build upon this model by incorporating hybrid and
alternative fibres in combination with steel fibres. Developing such extended models
would facilitate more accurate predictions of the post-fire mechanical and fracture
performance of UHPC across a broader range of fibre reinforcement configurations.

A novel SUHPC incorporating a PC-CAC-C$ system has been proposed to enhance early-
age properties, including rheology, shrinkage control, and early strength development. The
synergistic effects between the alkali-free accelerator and the PC-CAC-C$ system on the
hydration kinetics of SUHPC at both early and later stages have been systematically
investigated. Although this ternary binder system demonstrates significant potential in
improving the early-age performance of SUHPC, its adaptability under complex
environmental conditions (such as high humidity, saline exposure, or sub-zero
temperatures) still requires further consideration. Future research is recommended to focus
on the durability performance of this system, particularly regarding resistance to chloride
ingress, carbonation, freeze—thaw cycles, and self-healing capacity.

The effects of various binder systems and alkali-free accelerator on the later-age
mechanical properties of SUHPC are investigated in this study. Future research could
explore alternative binder formulations, including slag, fly ash and metakaolin in different
proportions to assess their influence on SUHPC performance. In addition, the interactions
between different accelerator chemistries (such as alkali activated accelerators) and
cementitious blends could also be examined. Future studies are encouraged to incorporate
durability evaluation protocols, including impermeability, carbonation resistance, sulfate

attack resistance, and freeze—thaw durability, in addition to mechanical properties.
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This thesis systematically investigates the spalling behaviour of SUHPC based on PC-
CAC-CS$ system over the temperature range of 20°C to 1000 °C. The evolution of
hydration products, spalling behaviour, microstructural characteristics, residual
mechanical properties, and pore structure is comprehensively analysed. In addition, the
post-fire performance enhancement mechanisms associated with calcium sulfate whiskers
and steel fibres are elucidated. Future research may extend this approach by exploring
multiscale fibre hybridization within the ternary binder matrix. Combinations of calcium
sulfate whiskers with other thermally resistant fibres, such as polypropylene, carbon, basalt,
or additional steel fibres, merit further investigation due to their potential to improve the
mechanical performance of SUHPC after high-temperature exposure. Moreover, the
influence of such hybrid reinforcement systems on pumpability and sprayability is an
important aspect for further investigation, considering the practical demands of field
application.

Future research could incorporate Al-assisted methods for mix design and fire performance
evaluation of SUHPC. By integrating surrogate or machine learning models, mix
proportions of SUHPC (PC-CAC-CS$ system, various SCMs, and different fibre types and
volume fractions) could be intelligently optimized under multiple constraints, including
pumpability/sprayability, early-age rheology and shrinkage, pore structure, cost, and
sustainability. Moreover, Al approaches could be applied to predict and optimize the
performance evolution of SUHPC under fire exposure, such as moisture and vapor pressure
build-up, explosive spalling risk, residual mechanical properties, and microstructural
changes, thereby accelerating materials development and improving the reliability and
safety of SUHPC in practical applications.
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Appendix A. Images of UHPC/SUHPC after high-temperature
exposure.

High temperature
exposure

Fig. Al. UHPC production and high-temperature treatment.

(c) P-CSWSF

Fig. A2. Images of P-SUHPC specimens after exposure to elevated temperatures.
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(g) T-CSW
750 °C

(i) T-CSWSF

Fig. A3. Images of T-SUHPC specimens after exposure to elevated temperatures.
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Appendix B. Mix proportions of SUHPC.

Table B1. Mix proportions of SUHPC (kg/m?).

Mixture PC CAC Cs MS FAC QS-3 QS-2 QS-1 Steel fiber SP Water Accelerator
P100 791 - - 179 144 412 510 192 156 47 1883 -
P70-CAC30 553.7 237.3 (30%) - 179 144 412 510 192 156 49.5 195 -
P70-CAC24-C$6 553.7 189.8 (24%) 47.5(6%) 179 144 412 510 192 156 495 195 -
P70-CAC20-C$10  553.7 158.2 (20%) 79.1(10%) 179 144 412 510 192 156 495 195 -
P70-CAC17-C$13  553.7 135.6 (17%) 101.7(13%) 179 144 412 510 192 156 49.5 195 -
P70-CAC15-C$15  553.7 118.7 (15%) 118.7(15%) 179 144 412 510 192 156 495 195 -
P100-A 791 - - 179 144 412 510 192 156 47 1883 22.28
P70-CAC30-A 553.7 237.3 (30%) - 179 144 412 510 192 156 49.5 195 22.28
P70-CAC24-C$6-A  553.7 189.8 (24%) 47.5(6%) 179 144 412 510 192 156 495 195 22.28
P70-CAC20-C$10-A 553.7 158.2 (20%) 79.1(10%) 179 144 412 510 192 156 495 195 22.28

Note: P indicates the Portland cement CEM I 52.5 R (PC); CAC indicates the calcium aluminate cement; C$ indicates the gypsum; A indicates the accelerator;
P100 indicates the cementitious material consists of 100 wt.% PC; P70-CAC30 indicates that 70 wt.% of the cementitious material is PC and 30 wt.% is CAC;
P70-CAC24-C$6 indicates that 70 wt.% of the cementitious material is PC, with 24 wt.% CAC and 6 wt.% CS$.
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List of notations

Abbreviations

AFm Alumina-ferric oxide-mono Phase
AFt Alumina-ferric oxide-tri Phase
C-(A)-S-H Calcium (aluminum) silicate hydrate
C3S Tricalcium silicate

C2S Dicalcium silicate

CAC Calcium aluminate cement

CS$, cs Gypsum

CH Calcium hydroxide

CSW Calcium sulfate whiskers

CMOD Crack mouth opening displacement
CAH Calcium Aluminate Hydrates

DTG Differential thermogravimetry

DEF Delayed ettringite formation

EDS Energy-dispersive spectrometer

FA Fly ash

FAC Fly ash cenosphere

FT-IR Fourier transform infrared spectroscopy
GGBS Ground granulated blast furnace slag
Hc Hemicarboaluminates

HPMC Hydroxypropyl Methylcellulose

ITZ Interfacial transition zone

LOI Loss on ignition

LP Limestone powder

LDHs Layered double hydroxides

MIP Mercury intrusion porosimetry

MK Metakaolin

MAA Modified Andreasen and Andersen model
MS Microsilica (Silica fume)
Micro-XCT Micro X-ray Computed Tomography
Mc Monocarboaluminates

NSC Normal Strength Concrete

OPC Ordinary Portland cement

PC Portland cement

PCE Polycarboxylate superplasticizer
PC-CAC-C$ Portland cement—calcium aluminate cement—gypsum
PP Polypropylene

PVA Polyvinyl alcohol

PET Polyethylene terephthalate

Q-XRD Quantitative X-ray diffraction

RT Room temperature
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SEM
SF
SUHPC
SRA
SCMs
TG
UHPC
UHPFRC
VEAs
w/b
XRD
XRF

Scanning Electron Microscope

Steel fiber

Sprayed ultra-high-performance concrete
Shrinkage-reducing admixtures
Supplementary cementitious materials
Thermogravimetry
Ultra-High-Performance Concrete
Ultra-high-performance fiber-reinforced concrete
Viscosity-enhancing admixtures

Water to binder ratio

X-ray diffraction

X-ray fluorescence
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Nomenclature

r

U

X4d
Dnssm
T

L

fer

fi

d

E
Dumin
DmaX
Piix
h
Ptarget
q
P-CMOD
min
Vs
L;

G

Greek letters

Relative slump

Applied voltage

Penetration depths

Chloride migration coefficient

Average value of the initial and final temperatures
Thickness of the concrete specimen

Pre-cracking strength

Peak strength

Day

Immobilization efficiency of the element in each mix

Minimum particle size of aggregate

Maximum particle size of aggregate

Gradation of the mixture

Hour

Target mixture gradation

Distribution modulus

Load crack mouth opening displacement curve
Minute

Volume content of steel fibers

Initial comparator reading of the specimen minus
Nominal gauge length of the apparatus

Deflection corresponding to the first crack load
Deflection corresponding to the maximum load
Crack length of the test beam

Compressive strength influence factor

Fracture energy influencing factor
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Summary

Fire exposure remains a critical challenge in civil engineering disaster prevention, posing a
significant and unavoidable threat to modern structural systems. Repair materials should be
capable of delivering high-strength structural support within hours following fire exposure,
while exhibiting adequate thermal resistance to ensure the safety of both occupants and the
structural system. Sprayed ultra-high-performance concrete (SUHPC) exhibits high strength
and excellent durability, along with the advantage of rapid placement on complex geometries.
These characteristics make it a promising candidate for use in rapid repair applications.
However, the development of SUHPC still faces several critical challenges that require urgent
improvement, including early-age performance (such as rheological behavior and early
strength), later-age mechanical properties, and spalling resistance after high-temperature
exposure.

Building upon previous investigations into binder optimization and high-temperature
performance of UHPC, this thesis develops a novel SUHPC incorporating a PC-CAC—
CS$ ternary binder system. The proposed SUHPC simultaneously achieves excellent early-age
properties, improved later-age mechanical performance, and enhanced resistance to explosive
spalling under elevated temperatures. The research framework of this thesis consists of two
main parts: Part I focuses on binder optimization and high-temperature performance of UHPC,
while Part II extends these findings to the design and development of a spalling-resistant
SUHPC.

Part I (Chapters 2 and 3) addresses binder optimization and durability of UHPC, with a
particular emphasis on its spalling resistance under elevated temperatures.

Chapter 2 systematically investigates the effects of SCMs, GGBS and LP, on the hydration
process, pore structure, chloride penetration resistance, and spalling resistance of UHPC under
elevated temperatures. Pore structure analysis identifies 30 wt% and 15 wt% as the optimal
replacement levels for GGBS and LP, respectively. At these replacement levels, the pore
structure of UHPC is significantly refined, as evidenced by a reduction in critical pore diameter
and total porosity, an increase in gel porosity, and improved mechanical performance. Within
the range of 0-45 wt%, GGBS effectively enhances the chloride penetration resistance of
UHPC, with the optimal performance observed at 30 wt%. In contrast, the incorporation of LP
tends to weaken chloride resistance, particularly at replacement levels exceeding 15 wt%,
primarily due to increased pore connectivity and reduced fiber—matrix interfacial bonding.
Despite the improvements in durability, the high-temperature spalling behavior of UHPC
incorporating GGBS or LP remains a concern. Both GGBS and LP exhibit detrimental effects
on the explosive spalling resistance of UHPC at elevated temperatures. At a replacement level
of 15 wt%, LP significantly lowers the spalling onset temperature from 750 °C to 500 °C
relative to the reference specimen. A comparable trend is noted with the inclusion of GGBS at
0-45 wt%.

Chapter 3 investigates the fracture mechanisms of UHPC incorporating different steel fiber
volume contents after exposure to elevated temperatures of 200 °C, 400 °C, 600 °C, and 800 °C.
Elevated temperatures lead to a pronounced degradation in the bending toughness, double-K
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fracture toughness, and fracture energy of UHPC. This deterioration eliminates the
characteristic strengthening stage, inducing a direct transition to failure and resulting in a more
brittle fracture response. A predictive model is developed using steel fiber volume fraction and
exposure temperature as variables, enabling the estimation of residual compressive strength,
flexural strength, and fracture energy. The model shows strong predictive capability, as
confirmed by experimental validation.

Part II (Chapters 4 to 6) extends these investigations to SUHPC, addressing its binder
design and explosive spalling resistance under elevated temperatures.

Chapter 4 builds upon the findings from Part I on UHPC and extends the research toward the
development of a sprayed UHPC. Rapid setting and early load-bearing capacity are essential
requirements, making early-age performance a critical design focus. Chapter 4 presents the
development of a novel SUHPC incorporating a PC—-CAC—CS$ ternary binder system, which
improves early-age strength, rheological behavior, and shrinkage resistance. An optimal
C$/CAC ratio of 0.5 results in SUHPC with elevated thixotropy and dynamic yield stress,
thereby improving its rheological performance and facilitating better pumpability and
sprayability. The optimized PC-CAC—CS$ ternary system significantly improves the early-age
strength of SUHPC, achieving a 3-hour compressive strength of 15.11 MPa. With the further
incorporation of an alkali-free accelerator, the initial setting time is reduced to 4.3 minutes, and
the 3-hour strength increases to 20.37 MPa. The results meet the performance requirements for
rapid setting and high early strength in structural repair applications.

Chapter 5 builds upon the early-age performance improvements presented in Chapter 4 by
focusing on the later-age mechanical properties of SUHPC, thereby ensuring its structural
applicability in engineering practice. Chapter 5 investigates the effects of various binder
systems (with PC, CAC and C$) and alkali-free accelerator on the later-age mechanical
properties of SUHPC. Compared to PC-based system, the binary system (PC—CAC) leads to a
significant reduction in both the flexural and compressive strengths. The ternary binder system
(PC-CAC-CS$) enhances both flexural and compressive strength at later ages, with progressive
improvements observed as the C$ content increases up to 15 wt%. Although the alkali-free
accelerator enhances early-age strength, it adversely affects later-age mechanical performance.
This adverse effect can be partially mitigated by incorporating the PC—CAC—C$ ternary binder
system.

Chapter 6 further develops a spalling-resistant SUHPC incorporating a PC—-CAC—C$ binder
system, reinforced with CSW and steel fibers, and evaluates its performance at elevated
temperatures. The role of CSW and steel fibers in enhancing the explosive spalling resistance
of SUHPC based on a ternary binder system is systematically examined at elevated
temperatures. Even after exposure to 1000 °C, the ternary binder system exhibits the presence
of thermally stable crystalline phases, including Al:Os, Ci2A7, and wollastonite. The ternary
binder system significantly increases the capillary pore volume of SUHPC within the 20 nm to
10 um range, while the total porosity rises from 9.70% to 12.18%. This promotes vapor release
at elevated temperatures and thereby enhances resistance to explosive spalling. Even after
exposure to 1000°C, the SUHPC maintains high residual mechanical strength, with
compressive and flexural strengths reaching 45.78 MPa and 7.35 MPa, respectively. The
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incorporation of CSW and steel fibers into the ternary binder system effectively enhances the
spalling resistance of SUHPC at elevated temperatures.
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