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Abstract

Dry concrete is defined as the fresh mixture having no flowability with a very small
slump value. Dry concrete technology has been widely used in many engineering
fields by virtue of its remarkable advantages. Dry ultra-high performance concrete
(DUHPC), developed and studied in this thesis, is a promising building material
with better mechanical performance and excellent eco-friendly benefit.

Chapter 1 introduces the background, application and advantages of dry concrete,
and presents the motivation and outline of this study.

Chapter 2 provides a detailed literature review of the representative dry concrete
mixtures named roller-compacted concrete (RCC) and dry-cast concrete (DCC).
It was shown that the preparation method and raw material played the dominant
role in the performance of dry concrete. Dynamic material tests revealed that dry
concrete was a strain rate sensitive material.

In Chapter 3, the mechanical performance of steel fibre-reinforced DUHPC (FR-
DUHPC) was experimentally investigated. It was concluded that the inclusion of
steel fibres contributed more positive impact to the flexural performance, and 50 °C
moist/steam curing was suggested considering the early/long-term strength.

The influences of multiscale mono/hybrid steel fibre reinforcements on the static
mechanical performance were studied in Chapter 4. The results showed that the
mixtures with hybrid 10-/13-mm fibres as well as hybrid 6-/10-/13-mm ones were
suggested to be used for DUHPC structures/units that were mainly subjected to

static loads. The proposed multivariate regression models could well predict both

XXVii



the flexural and split-tensile properties.

Chapter 5 explores the feasibility of introducing the recycled wastes into DUHPC.
The findings illustrated that the contribution of fly ash to the strength was evidently
increased owing to the moist/steam curing. For rubberized FR-DUHPC, the use
of finer rubber particles caused the most evident decrease in concrete properties
at all ages, whereas the adverse effect was less serious on flexural strength. The
developed lightweight dry concrete can be used in eco-friendly constructions.
Chapter 6 evaluates the impact resistance of FR-DUHPC by conducting the low-
velocity drop-weight test. The results revealed that the impact performance was
markedly improved with fibre length, but significantly deteriorated with fly ash and
rubber addition. Moreover, the use of 6-mm fibres to substitute partial longer ones
could not restrain the microcracks rapid development. The two-parameter Weibull
distribution could well predict the failure hit number of FR-DUHPC under repeated
impact.

Chapter 7 summarizes the findings of this study and proposes some suggestions

and ideas for the future research of DUHPC.
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Chapter 1

Introduction

1.1 Background

Concrete is the widely used building material owing to its several advantages of
broad source of raw materials, low cost and energy consumption, simple process
and good fire resistance. Based on the difference in the mixture’s flowability and
appearance, concrete can be simply divided into two types, namely dry concrete
and self-compacting concrete. Generally speaking, dry concrete is defined as its
fresh mixture having no flowability when the mixing is completed and the slump
value is very small of no more than 25 mm [1]. Compared with self-compacting
concrete, dry concrete has a lower moisture and cementitious material content in
which part of the cement is commonly substituted by alternative supplementary
cementitious materials (ASCMs). These characteristics hence contribute to fast
hardening speed and high early strength, and the low workability allows the rapid
demoulding after compaction, or even without any formwork operation during the
preparation [2-4]. Roller-compacted concrete (RCC) and dry-cast concrete (DCC)
are two types of dry concrete with different casting and fabrication methods [5].
The moulding of RCC is commonly achieved by repeated steel and rubber-tired
rolling compaction, and it is generally applied to the engineering areas of dams
and pavements [5-8]. As for DCC, mechanical consolidation and vibration are
greatly required to cast the pre-fabricated components like segmental retaining

wall, masonry units and pipes [5, 9, 10]. Additionally, when concrete mixes are
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utilized in the engineering aspects of normal pavements and concrete masonry
products where strength is not the primary concern, many industrial by-products
that do not meet the requirements of raw materials of conventional concrete are
still feasible to substitute a large amount of ingredients in dry concrete mixtures
[11, 12].

For RCC, the most important engineering applications are RCC dams (RCCD)
and RCC pavements (RCCP) as indicated in Fig. 1.1. Fresh mixtures with zero
slump used in roller-compacted method of RCCD/RCCP are favourable to obtain
the sufficient compaction during the laying. The construction process of RCCD is
simpler and faster than conventional concrete dams [13], and the laying process
as well as machines and equipment used for RCCP are essentially the same as
those of asphalt pavements with no formwork [3]. It is reported that for RCCD,
the layered roller-compacted placement of dry concrete mixtures may cause poor
adhesion between the layers, which in turn significantly attenuate the horizontal
strength and increase the permeability at the construction interfaces and joints of
the dam body [7, 14]. In addition, thermal stress and temperature cracking due to
cement hydration and poor thermal conductivity of the super-volume structures
are another primary unfavourable factors affecting the durability and long-term
serviceability of RCCD [15, 16]. Data from several experiments have indicated
that the early-age strength of the mixture whose cement or aggregate is partially
substituted by ASCMs or recycled aggregates is significantly reduced, causing a

decline in the early-age abrasion and fatigue resistance of concrete [17-19]. It is
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therefore, for RCCP, important to choose appropriate materials and dosage when
RCC is laid as the outermost layer which needs to withstand the repeated vehicle
loads, especially in the heavy-duty pavements. It is noteworthy that the rough and
uneven surface of RCC without grinding renders it unsuitable for paving the rapid
transit pavements, and the loose state of the dry mixture makes the transportation
volume of the ready-mix truck much smaller [20]. Finally, due to the large surface
area and low moisture content of either RCCD or RCCP, improper curing regime
considerably accelerates the evaporation of water within the mixture, making

strengths and durability of the structure unable to be guaranteed [21-23].

Fig. 1.1. RCC engineering applications of (a) dams [24] and (b) pavements [25].

In terms of DCC, its widespread use in the precast concrete industry is profited
from its time efficiency and effectiveness [26]. Some published literatures pointed
out that the lean or very low-slump mixtures utilized to manufacture DCC sewer
pipes were not particularly suitable to the fibre dispersion as well as the interfacial
interactions between the mixture and steel cages or fibres [27, 28]. During the
casting, fresh mixture needs to be poured into the mould with steel cages fixing

on the bottom ring to prevent the brittle failure and help the early demoulding of
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pipes. Moreover, appropriate consistency is positively beneficial to disperse fibres
and improve the vibration efficiency when preparing fibre-reinforced DCC pipes
[28-30]. Unlike RCC, DCC is more used to fabricate smaller concrete units like
concrete bricks, blocks, sewer pipes and paving stones (Fig. 1.2). The casting
moulds can be removed immediately once the mixture is formed, and therefore
prominently increase the turnaround speed of moulds [27, 31, 32]. Steam curing
is generally adopted following the rapid demoulding to accelerate the hardening
rate and improve the early mechanical properties of mixtures. In addition, it was
illustrated by Willis [33] that the application of DCC in the construction of the site-
cast precast panels, supported slabs and concrete brick set made it possible to
save approximately 35%, 10% and 25% of the cost, even without considering the

multiple advantages such as reduced working time and higher early strength.

Press and
vibration on
the PCIB

i~ v — — el
PCIB: Pre-fabricated concrete interlocking block

Fig. 1.2. DCC prefabricated units of (a) sewer pipes [28] and (b) paving blocks [34].

1.2 Objectives
Dry concrete technology has been extensively utilized in many engineering fields
thanks to its remarkable high early strength, fast hardening and low production

cost. However, its strength and durability are undesirable owing to the addition of
4



coarse aggregate and a large amount of recycled materials, which constrain the
adaptation and popularization in the widespread range of applications. Dry ultra-
high performance concrete (DUHPC) is a great promising concrete material that
effectively addresses the defects of traditional dry concrete, offering exceptional
characteristics such as extremely high strength, outstanding crack resistance and
superior durability. Furthermore, the addition of steel fibres and rubber aggregate
into DUHPC can significantly enhance its resistance to brittle failure induced by
bending and impact loads, which are frequently encountered during the service
life of its structures and units. To this end, this study investigates the development,
mechanical behaviour and impact resistance of sustainable steel fibre-reinforced

DUHPC (FR-DUHPC) containing varying proportions of steel fibres and recycled

materials. The primary objectives are presented as follows:

1) Determine the benchmark mix proportion of DUHPC; study the effect of curing
regime and fibre dosage on the mechanical performance, microstructure and
damage of FR-DUHPC; select an appropriate curing regime/temperature and
fibre dosage considering the cost, preparation and mechanical properties for
practical applications.

2)Investigate the effect of multiscale mono/hybrid steel fibre reinforcements on
the static mechanical properties of DUHPC; explore the impact of the adopted
layered fabrication on the reinforcement effect of different fibre combinations;
suggest the optimal steel fibre hybridization in view of the main application field

along with the effect of fibre distribution, dosage and length on static behaviour;



propose the multivariate regression model to estimate the strength of DUHPC
with mono steel fibre reinforcement.

3)Evaluate the influence of high-volume fly ash and waste crumb rubber on the
mechanical performance and environmental benefit of steel FR-DUHPC; study
the contribution of fly ash pozzolanic effect on strength behaviour; investigate
the microstructure morphology of rubberized FR-DUHPC; suggest the optimal
fly ash and rubber content in view of the sustainable development in resources
as well as their impacts at various ages; compare the mixture’s carbon footprint
with other self-compacting UHPC and conventional dry concrete.

4)Study the impact of steel fibre length, mixing method, fly ash content and the
addition of rubber aggregate on the impact resistance of FR-DUHPC; analyse
the impact force time history and failure patterns of FR-DUHPC samples under
impact loads; evaluate the residual flexural performance of FR-DUHPC after
the multiple drop-weight impacts; explore the correlation between the ultimate
failure blow number and the empirical survival function of FR-DUHPC samples
utilizing Weibull distribution.

1.3 Outline

Chapter 1 presents the research background, objectives and outline of this study.

Chapter 2 presents the literature review on the current study of two representative

dry concrete mixtures, roller-compacted concrete (RCC) and dry-cast concrete

(DCC), in terms of the raw material, preparation technology, mixture performance,

static and dynamic mechanical behaviour, and application.



In Chapter 3, a promising material named dry ultra-high performance concrete
(DUHPC) was developed utilizing a high-efficiency orthogonal test method. Then,
the mechanical properties including compressive and indirect tensile behaviour
of steel fibre-reinforced DUHPC (FR-DUHPC) were experimentally investigated
based on the determined benchmark mix proportion. Different steel fibre dosages
(0.5-2.0%) and curing regimes (normal-temperature water curing, moist/steam
curing and hot-water bath curing) were used to explore their impacts on DUHPC
performance. Finally, the environmental impact was evaluated considering the
total amount of cement and CO2 emissions.

In Chapter 4, the impacts of multiscale mono and hybrid steel fibre reinforcements
on the static mechanical property of DUHPC were further studied based on the
mixing ratio and optimal curing regime obtained from Chapter 3. The optimal steel
fibre hybridization was suggested after comprehensively considering the primary
application fields as well as the influence of fibre distribution, dosage, length and
mixing method on the performance of DUHPC. Finally, the multivariate regression
models were proposed to estimate the strength values of mono FR-DUHPC at a
given range of steel fibre length, volume dosage and curing age.

In Chapter 5, the mechanical behaviour and environmental benefit of steel FR-
DUHPC containing high-volume recycled waste materials were evaluated still on
the basis of the sustainable FR-DUHPC developed in Chapter 3. To this end, two
categories of wastes, namely fly ash and crumb rubber, were selected as the

renewable materials to partially replace the cement and natural sand in concrete
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mixes, respectively. Mixtures were assessed based on the results of compressive
and flexural property, as well as the cost and environmental impact. Finally, the
comparisons of embodied CO> emission between the high-volume fly ash-mixed
FR-DUHPC and other self-compacting FR-UHPC as well as conventional FR-dry
concrete were performed.

In Chapter 6, the impact resistance of steel FR-DUHPC was evaluated in detail
via using the modified low-speed drop-weight impact test, drawing on the test
methods used by other researchers for fibre-reinforced self-compacting concrete.
The effects of steel fibre length, mixing method, fly ash content (used to replace
partial cement) and the inclusion of crumb rubber (used to replace partial silica
sand) on the cracking/failure impact number, residual bending performance, peak
impact force and failure pattern were studied. Finally, the correlation between the
damage impact number and the empirical survival function of tested concrete
samples was explored via the Weibull distribution analysis.

Chapter 7 summarizes the overall findings of this study and presents some issues

and suggestions for future research.



Chapter 2

Literature Review

2.1 Raw material and preparation method

2.1.1 Cementitious material

It is well known that cement is a major and important powdery cementing material
applied to civil engineering national defence and other engineering applications.
The slurry formed by mixing with water can bond various aggregates and fibres
together. At present, Portland cement complying with ASTM C150-05 (TYPE I)
[8, 32, 35], ASTM C150 (TYPE II) [12, 30, 36, 37], IS4031 [38-40] and CEM II
42.5N [41, 42] is the most commonly used cement type in the mix design of dry
concrete. Additionally, Portland cement of type GU [9, 43] and type HE [31] are
also employed as cementing materials for preparing dry concrete. The specific
gravity and Blaine surface area of the above cement are around 3.15 g/cm?® and
300-450 m?/kg, respectively, and the initial and final setting time is approximately
155 and 225 min, respectively. The primary chemical composition of the reported
cement includes CaO, SOz, Al203, Fe203, MgO and SOs. It should be noted that
compared with self-compacting concrete, TYPE Ill Portland cement is impractical
for the preparation of the most dry concrete structures and units due to its faster
early hardening and higher thermal evolution rate, which evidently shortens the
available cast/fabrication time and increase the possibility of thermal cracking of
dry concrete mixtures [3].

Fly ash (FA) is a kind of industrial by-product produced by pulverized coal
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combustion during the thermal power generation. Considering the perspectives
of the environmental sustainability along with the filling, lubricating, reactivating
and dispersing functions, a certain amount of FA is usually introduced into dry
concrete mixtures substituting partial cement (commonly up to approximately 50%
by weight) or aggregate to achieve the purpose of saving cost, improving fresh
concrete workability and enhancing long-term performance [43-45]. Additionally,
the effect of introducing FA to reduce temperature rising and initial cracking, and
further improve the structural durability illustrates particularly important when dry
concrete is used to construct RCCD or RCCP [46-49].

Silica fume is an ultrafine siliceous powder material produced in the smelting of
the ferroalloy and industrial silicon. Its main constituent is SiO2 and it possesses
a specific surface area of 20000 m?/kg and an average particle size of 0.1-1 um.
These features render silica fume possess excellent pozzolanic activity and a
desired effect on increasing the low early-age strength of the hardened mixture
caused by the partial replacement utilizing ASCMs [23, 36, 50, 51]. Generally, the
improvement of silica fume to concrete cementing system is mainly achieved via
the filling, pozzolanic activity, rheological and solution chemical effects [52].

In addition to FA and silica fume introduced above, some other waste materials
and by-products like industrial coal waste, ground granulated blast furnace slag
(GGBS), rice husk ash (RHA), municipal solid waste incineration (MSWI) bottom
ash, white cement by pass dust (WCBPD), trass and glass powder [9, 12, 19, 22,

31, 53-59] are also added to dry concrete mixtures to partially substitute cement,
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in considerations of raw material cost and severe environmental issues. These
materials are therefore called ASCMs. It is noteworthy that a promising ASCM
called sludge ash has been utilized to prepare self-compacting concrete blocks
relying on its higher pozzolanic reactivity and the ability to accelerate the early
hydration reaction [60, 61]. The proper incorporation of sludge ash is therefore
very beneficial to dry concrete since most of ASCMs mentioned above will reduce
the early-age performance which is very important for dry concrete structures and
components. In addition, nanoscale material, such as nano-silica, has been used
as a supplementary cementitious material (SCM) in dry concrete mix to densify
the internal micro-structure and improve the physical-mechanical properties of

hardened mixtures [62-64].

2.1.2 Aggregate

Aggregate, which accounts for more than half of the mass fraction of the mix
proportion, is the main component of the concrete mixture, and its characteristics
have a vital impact on concrete technical properties and economic benefit [65].
The aggregate utilized to cast dry concrete is basically the same as conventional
concrete composing of fine and coarse aggregate and sand. The particle size
gradation is particularly important since the total dosage of cement paste utilized
to fill the aggregate voids is reduced, owing to the lower moisture content of dry
concrete by nature. Moreover, the size and category of aggregate are related to
the practical applications, such as crushed limestones with larger dimensions are

generally utilized to improve the abrasion resistance of RCCP [66, 67], and the
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mixture with fine sand is utilized to cast the surface layer of paving blocks [2].
Additionally, in order to reduce the raw material cost and in line with the aim of
protecting environment and saving resources, a variety of recyclable aggregate
like manufactured sand (M-sand) [38, 39, 68], reclaimed asphalt pavement (RAP)
aggregate [19, 69, 70], recycled concrete aggregate (RCA) [41, 71, 72], electric
arc furnace (EAF) slag [73], circulating fluidized bed combustion (CFBC) ash [35],
polyethylene polymer pellets [31] and recycled cathode ray tube (CRT) glass [74]
are used to replace partial natural sand or aggregate in dry concrete mix without
high strength requirement. In addition, rubber particles shredded by waste rubber
products like tyres and slippers is another kind of reclaimed material substituting
the partial fine and coarse aggregate, and the prepared concrete is usually called

rubberized concrete [4, 30, 36, 75-77].

2.1.3 Chemical additive and fibre

High-performance polycarboxylates water-reducing agent (superplasticizer) and
air-entraining agent are two commonly-used chemical additives in the preparation
of dry concrete structures and components. Superplasticizer has a considerable
effect on increasing the mixture consistency and various strengths, especially for
fibre-reinforced dry concrete with poor workability [28, 78, 79]. Incorporating air-
entraining agent can be beneficial for concrete against freeze-thaw damages [44,
55, 57, 80]. Furthermore, the addition of steel, polypropylene (PP) and polyvinyl
alcohol (PVA) fibres is another effective method frequently utilized to improve the

bending and ductility performance of dry concrete [27, 28, 81-83]. Additionally,
12



some treated “ecological green” fibres (recycled glass, plastic, steel and PP fibre)
recovered from waste materials are also used as the reinforcement considering

both mechanical performance and cost [84-87].

2.1.4 Preparation method

Although the raw materials of dry concrete are roughly the same as conventional
concrete and the properties/performance are closely related to the mix proportion,
the different appearance of fresh concrete renders the preparation likewise have
a great impact on dry concrete performance. At present, the commonly utilized
fabrication method for DCC precast units is the mechanical consolidation with
plant compaction or hand ramming, and vibration is also considered in some
cases to disperse the mixture evenly [2, 26]. For RCC samples, vibrating table
[42, 46, 88] and vibrating hammer [48, 54, 89] compaction, respectively in
accordance with ASTM standards C1176/C1176M [90] and C1435/C1435M [91],
are widely used laboratory preparation techniques. The former method utilizes a
certain mass of surcharge compacting the fresh concrete to achieve the final form
on the vibrating table, and the latter employs a steel tamping plate to uniformly
distribute the vibrated compaction energy generated by hammer on each layer of
the mixture. In addition, roller compaction using vibratory roller drum and rubber-
tired roller is employed in the engineering constructions of RCCD and RCCP, and
this method is also used in RCC behaviour studies to simulate real construction
conditions [89, 92-94]. Fig. 2.1 exhibits the typical preparation methods reported

above, and all of which aim to compact the mixture to reduce the void content
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and obtain the dense concrete structure.

Fig. 2.1. Preparation methods for fresh dry concrete: (a) mechanical consolidation and

vibration [30]; (b) vibrating table compaction [6] and (c) roller compaction [94].

2.2 Mixture basic performance

2.2.1 Adiabatic temperature rising

The adiabatic temperature rising of concrete mainly relies on the amount and rate
of the cement hydration heat. When cement is mixed with water, unbalanced
compounds in the high-energy state react with water and the hydration products
are formed with stable low-energy state, that is, cement hydration is a continuous
energy-released (exothermic) process [95]. RCCD, as a typical structure of the
large-volume concrete application reported above, its quick construction process
and poor thermal conductivity cause the internal temperature to rise rapidly and
the volume expansion occurs due to the cement hydration. Consequently, the
thermal stress and resulting surface cracks appear on account of the lower initial
strength of the matrix, along with the combined action of the large temperature
gradient and surface tensile stresses [16]. The cracks will further develop into the

penetration cracks once the following curing is inappropriate, leading to serious
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damage as well as unguaranteed serviceability and durability of RCCD structure.
To control and reduce the temperature cracking caused by the thermal stress, it
is usually realized by adjusting the cement ratio in concrete mix [47] and adopting
some new technical approaches such as superficial thermal insulation [15, 96].
In terms of adjusting the cement ratio within concrete mixes, RCCD is advantaged
with better temperature cracking resistance compared with conventional concrete
dams, by virtue of the natural characteristics of dry concrete with low cement
addition as well as a large amount of ASCMs added to substitute partial cement,
as elaborated in Section 2.1.1. This, therefore, provides potential and advantages
for the wide use of RCCD in practical engineering. In addition, it is noteworthy
that the finite-element simulation is an effective analysis technique for assessing
the adiabatic temperature rising and thermal stress of RCCD. For instance,
Zhang et al. [96] studied the impact of superficial thermal insulation on the RCCD
superficial temperature in cold regions by performing simulation and analysis. It
was indicated that the existence of the superficial insulation notably raised the
surface temperature and effectively reduced the surface temperature difference
and maximum tensile stress, and therefore limited the formation of temperature
cracking of RCCD. For another instance, Jaafar et al. [97] numerically evaluated
the effect of placing season on temperature responses of RCCD by introducing
the technology of element’s birth and death, which could effectively decrease the
volume of the input data. It was demonstrated that the location of the maximum

temperature zone could be optimized by changing the placing schedule, and the
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seasons with lower temperatures were more favourable to reduce the tensile

stresses within the critical zone.

2.2.2 Consistency and unit weight

In order to achieve a sufficient compaction of dry concrete mixture and provide a
good appearance as it is compacted, good workability is particularly important.
Further, it is conductive to minimize the compaction energy during preparation.
Generally, the performance of fresh dry concrete is indicated by the consistency
and unit weight, and Vebe time (VBT) is utilized to characterize the consistency
since the slump of fresh dry concrete is closed to zero [8, 45, 85]. VBT is the time
interval expressed in seconds from when Vebe apparatus starts to vibrate to a
complete mortar ring appears between the surcharge and the container wall [98].
However, the proper consistency obtained through the laboratory test may not be
fully applicable to engineering practice. Chhorn et al. [92] noted that the range of
VBT should be expanded to 30-75 s to improve the practicality. Additionally, the
proper consistency of the mixture, that is, whether the paste is cohesive enough,
should also be determined by specific concrete applications applied in the actual
projects. The universality of much published research has drawn conclusions that
several factors like moisture content, aggregate type and gradation, cementitious
material dosage and additives have a considerable impact on the unit weight and
consistency of RCC mixtures. For instance, Karadelis et al. [79] and Kolase et al.
[82] pointed out that the addition of steel and PP fibres in RCC mixtures resulted

in bad workability, whereas using superplasticizer with a dosage of 2.5% and 1.0%
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could effectively improve the workability and mechanical properties of FR-RCC.
Fig. 2.2 depicts the relationships between the rubber content and the density or
VBT of fresh RCC concluded by Meddah et al. [42] who used shredded rubber
tire to partially replace the natural crushed aggregate. As can be observed that
the unit weight lightens as the rubber addition increased within the mix, but the
consistency tends to increase as the replacement ratio changes from 0 to 30%,
which was attributed to the low water absorption of rubber particles, and the free
water within the mixture is hence increased. Similar increase in VBT was also
observed in the fabrication of pedestrian DCC blocks by Sukontasukkul et al. [4].
Lessard et al. [43] concluded that an evident workability loss can be observed
when the biomass FA and bottom ash were respectively used to replace cement
and sand in DCC mixtures, and the compacted energy required to achieve the
prescribed consolidation indices was therefore increased. In addition, the partial
substitution of cement by glass powder [57] and aggregate by electric arc furnace

(EAF) slag [73] both increase the unit weight of fresh RCC.
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Fig. 2.2. Relationships between rubber content and (a) density decrease as well as (b)

Vebe time of RCC [42].
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2.3 Static mechanical property

2.3.1 Strength behaviour

It is well known that the compressive and tensile strengths are the most critical
and frequently-used indicators for the static performance assessment of various
concrete, especially for dry concrete which is characterized by fast hardening
speed and high early strength. Even though the ingredients of dry concrete are
similar as those of conventional concrete as introduced above, its static strength
behaviour and research focus are quite different due to the evident distinctions in
composition ratio, moulding method and application field, as well as more ASCMs
and less moisture content. Tables 2.1 and 2.2 respectively show the influences
of various alternative materials (AM) and fibres on the strength behaviour of dry
concrete obtained by organizing the relevant literature. Then, the mechanical
performance is elaborated in detail from above two aspects.

In the research team of Rao et al. [38-40, 68], they conducted experimental study
on mechanical properties of RCC with cement (295 kg/m?) and river sand (801
kg/m3) being partially substituted by FA, GGBS and M-sand, respectively. Test
results indicated that when cement was substituted by FA (0-60%), the strengths
were deteriorated with increasing FA substitution, especially at early ages. As an
illustration, the compressive and flexural strengths of RCC (60% FA substitution),
respectively, reduced by 67.9% and 65.8% at 3-day age as compared to those of
the control case without FA addition, and, respectively, diminished by 49.9% and

36.1% at 90 days. For RCC with cement partially substituted by GGBS (10-60%),
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Table 2.1

Effects of alternative materials (AM) on strength behaviour of dry concrete from literature (Increase: 1, Decrease: |).

Researchers

AM (substituted content)

Replaced material

Compressive strength  Flexural strength

Split-tensile strength

Aghabaglou et al. [99]

Adamu et al. [18]
Atis [100]

Rao et al. [40]
Madhkhan et al. [78]
Ashteyat et al. [54]
Ghahari et al. [55, 56]

Modarres et al. [19]

Omran et al. [57]

Lessard et al. [43, 45]

Rao et al. [39]

FA (20-60%)

FA (50-70%)
FA (50%, 70%)
GGBS (10-60%)

GGBS, FA (15%, 30%)

WCBPD (10-40%)
Trass (15-25%)

RHA (3%, 5%)

RAP (100%)

Glass powder (20%)
BFA (10-30%)

BBA (50%, 100%)
M-sand (50%, 100%)

Cement (wt. R)
Agg. (vol. R)

Cement (vol. R)
Cement (wt. R)
Cement (wt. R)
Cement (wt. R)
Cement (wt. R)
Cement (wt. R)

Cement (wt. R)

Coarse/Fine Agg. (wt. R)

Cement (wt. R)
Cement (wt. R)
Sand (vol. R)

River sand (wt. R)

20-60%

20-60%1

3-28d|, 90d-365d1
50% 28-365d1, 70%
3d|, 7-90d1t

15%/, 30%)
0-10%7, 10-40%
15-25%|
3%120d1, 5%
Coarse|, Fine|
7d|], 28-91d?1
10-30%)

50%], 100%)]
50%1, 100%)

20-60%
20-60%1
7-90d|
50%1, 70%.
3d}, 7-90d1
15%, 30%

3%120d1, 5%
Coarse|, Fine|

7d|, 28-91d?1
10-30%)

50%], 100%)]

50%1, 100%Variable

20-60%
20-60%1

3-90d

50%1, 70%.

3d}, 7-90d1
0-10%1, 10-40%
15-25%)

1.18 Years?
10-30%
50%], 100%
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Researchers AM (substituted content) Replaced material Compressive strength  Flexural strength Split-tensile strength

Settari et al. [101] RAP (50%, 100%) Coarse/Fine Agg. (wt. R) Coarse|, Fine| - 50%Coarse+Fine?
Debbarma et al. [17] RAP (50%, 100%) Coarse/Fine Agg. (wt. R)  Variable Coarse|, Fine| Coarse|, Fine|
Rooholamini et al. [102]  EAF slag (25%, 50%) Coarse/Fine Agg. (vol. R)  Coarse|, Fine| Coarse|, Fine| Coarset, Fine|
Lopez et al. [41] RCA (50%, 100%) Coarse Agg. (vol. R) 50%], 100%)] 50%], 100%)] 50%], 100%)]
Poon et al. [72] CCB (25%, 50%, 75%) RCA (wt. R) 25-75% 25-75% 25-75%

Ling [2] Crumb rubber (10-30%) Sand (vol. R) 0-10%1, 10-30% 0-10%1, 10-30%

Sukontasukkul et al. [4]  Crumb rubber (10%, 20%) Coarse/Fine Agg. (wt. R) 10-20%) 10-20%) -

Fakhri et al. [36] Waste rubber (5-35%) Sand (vol. R) 0-10%71, 10-35% 0-5%1, 5-35%| -

Meddah et al. [42] Shredded rubber (5-30%) Coarse Agg. (vol. R) 5-30%) 5-30%) 5-30%)
Mohammed et al. [103]  Crumb rubber (10-30%) Fine Agg. (vol. R) 0-10%1, 10-30% 0-20%1, 20-30% 0-10%1, 10-30%

Notes: “FA” denotes fly ash; “M-sand” denotes manufactured sand; “GGBS” denotes ground granulated blast furnace slag; “WCBPD” denotes white
cement by pass dust; “RHA” denotes rice husk ash; “RAP” denotes recycled asphalt pavement; “BFA” denotes biomass fly ash; “BBA” denotes biomass
bottom ash; “EAF” denotes electric arc furnace; “RCA” denotes recycled concrete aggregate; “CCB” denotes crushed clay brick; “d” denotes curing age;

“Agg.” denotes aggregate; “wt. R” denotes weight replacement; “vol. R” denotes volume replacement and “---" denotes unstudied.
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Table 2.2

Effects of various fibres on strength behaviour of dry concrete from literature (Increase: 1, Decrease: |).

Researchers Fibre type (volume fraction) Compressive strength Flexural strength Split-tensile strength

Rooholamini et al. [8]
Algin et al. [83]
Kolase et al. [82]
Yazici et al. [104]
Ashteyat et al. [54]

LaHucik et al. [105]

Madhkhan et al. [78]
Karadelis et al. [79]
Mohamed et al. [29]
Peyvandi et al. [27]
Yildizel et al. [84]

Sobhan et al. [86]

Twisted PP (0.25%, 0.5%)
Twisted/Mesh PP (0.2%, 0.4%, 0.6%)
Triangular PP (0.25%, 0.5%, 0.75%)
Mesh PP (0.25%, 0.5%, 0.75%)
Virgin PP (0.25%, 0.5%)
Embossed/Smooth PP (0.2%, 0.4%)
Hooked end steel (0.2%, 0.4%)
Hooked end steel (0.4%, 0.6%, 0.8%)
Straight steel (1.0%, 1.5%, 2.0%)
Hooked end steel (0.25%, 0.5%, 0.75%)
Polyvinyl alcohol (0.8%)

Glass (1.0%, 1.5%, 2.0%)

Plastic (0.25%, 0.5%)

Not significant
0.2-0.6%1
0.25-0.75%)
0.25-0.75%)
0.25%1, 0.5%1
0.2%71, 0.4%1
0.2%71, 0.4%)
0.4-0.8%1

Not significant
0.25-0.75%1
0.8%|
1.0-2.0%|
0.25%|, 0.5%|

0.25-0.5%1
0.2-0.6%1
0.25-0.75%1
0.25-0.75%)
0.2%/, 0.4%)
0.2%1, 0.4%)
Variable
1.0-2.0%1
0.25-0.75%1
0.8%1

1.0-1.5%, 2.0%1

Variable

Variable
0.25-0.5%1, 0.75%|
0.25%1, 0.5%1
0.2%1, 0.4%1
0.2%1, 0.4%1

0.25-0.75%1

0.25%Variable, 0.5%1%

Notes: “PP” denotes polypropylene and “---" denotes unstudied.
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the strengths also reduced with GGBS content at 3 days but improved to varying
degrees at 7-90 days. Moreover, the use of M-sand at 50% replacement yielded
higher strengths, but the complete replacement caused a decrease in strengths,
ultrasonic pulse velocity and dynamic elastic modulus. It is noteworthy that for
normal-strength self-compacting concrete with higher cement (340 kg/m?®) and
lower sand (737 kg/m?®) addition, its strengths under the same FA substitutions
(10-60%) showed significantly less decline, and the long-term strengths even
increased to some extents [106]. For instance, the compressive strength of the
foregoing concrete (60% FA substitution) decreased by 34.8% at 3-day age in
comparison with the control case, while increased by 4.3% and 18.6% at 56 and
91 days, respectively. The reason might be that at a higher FA substitution, the
hydration degree of dry concrete mixture with low cement addition was reduced,
causing an evident decrease in its mechanical properties at early ages. Then, a
small amount of continuously generated hydration products like Ca(OH). could
not fully react with FA and hence affected the later strength development. Above
views regarding the negative impact of FA replacing cement were supported by
other researchers [43, 45, 99], but meanwhile the positive influence on improving
strength performance was also observed when FA content was appropriate and
the curing age was extended [18, 100, 107]. The activation effect of FAand GGBS
is realized via the formation of the cementing products during the crystallization
as well as the pozzolanic reaction between cement hydration products and active

components of FA and GGBS, in the middle and later stages of concrete curing
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period [40, 68, 108]. Interestingly, the strength showed a significant enhancement
when compared with control cases as the material replaced by FA was changed
from cement to aggregate (Fig. 2.3), which was attributed to more cementitious
material content and higher compatibility [99]. In addition to FA and GGBS, a
certain amount of literature has been published on mechanical properties of dry
concrete using some other ASCMs to replace partial cement participating in the
hydration and secondary hydration reaction. As an illustration, Hesami et al. [12]
and Modarres et al. [53] jointly carried out the experimental research on strength,
toughness and microstructure of RCCP containing limestone powder (LSP), coal
waste powder (CWP) and its ash (CWA). It was illustrated that the utilization of
5% CWP and up to 10% CWA as the cement substitution into mixtures expressed
comparable strength values as compared to control case. The hybrid of CWA with
7% LS outperformed the mechanical behaviour of RCCP attributed to denser and
homogenous microstructure which observed in SEM images. Again for instance,
Zhang et al. [9] explored the feasibility of mixing MSWI bottom ash (MSWI-BS)
as an ASCM in DCC. The common expansion cracking appeared in high-slump
concrete was not observed in DCC containing MSWI-BS. The use of MSWI-BS
replacing Portland cement enhanced the early cement hydration and pozzolanic
reactivity, and 20% addition exhibited up to 18% higher strength at 90 days as
compared to the control ones. In some cases, even if a high amount of cement
substitution causes a notable decrease in strength values, the minimum strength

requirements of standards and practical engineering are still met [19, 45, 74].
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Fig. 2.3 Relationships between mechanical strength behaviour and FA content of RCC in

which FA substitutes partial (a, ¢ and e) cement and (b, d and f) aggregate [99].

Aggregate plays an important role in affecting the strength behaviour of hardened

concrete, and several researches examining the relationship between aggregate

replacement and mechanical characteristics of dry concrete have been carried

out with pertinence. At present, recycled aggregate including RAP [17, 19, 69,
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101] and RCA [41, 72] is one of the major AMs for natural sand and aggregate
appeared in research papers to investigate the replacement effect. The strength
properties of hardened RCC with coarse and fine RAP materials (without bitumen
extraction) substituting 50% and 100% coarse and fine natural aggregate were
evaluated by Settari et al. [101]. It was indicated that all the substitution ratios
caused a regularly strength reduction in compression and tension, except that 50%
RAP replacement contributed to higher tensile strength. The reason might be that
RAP materials were at the virgin state and thus their surfaces were covered with
untreated bitumen, resulted in poor adhesion between RAP particles and slurries
[70]. Similar conclusions had also been drawn from other studies conducted by
Modarres et al. [19] and Debbarma et al. [17], but they also obtained a useful
achievement that the mixture incorporating RAP aggregate reached the minimum
requirements of compressive (27.6 MPa) and bending strengths (3.7 MPa) at 28
days for RCCP constructions. Poon et al. [72] studied the density, compressive
and indirect tensile strengths of DCC paving blocks containing RCA and crushed
clay brick (CCB). It was concluded that the above properties gradually reduced
as CCB substitution level increased, but the incorporation of 25% and 50% still
respectively conformed the paving block requirements for traffic and pedestrian
areas. Moreover, Debieb et al. [71] found that although the chloride ion content
seemed to have less impact on RCC properties, the contaminated RCA could be
reused in reinforced concrete without any corrosion concern since their surface

chloride content could be leached into the water. Apart from recycled aggregate,
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EAF slag [73, 102] and crumb rubber particles [2, 4, 42, 75, 76] are another two
commonly utilized AMs of natural aggregate for preparing dry concrete. Lam et
al. [73] conducted mix design and mechanical property studies of RCCP made of
EAF slag pre-treated with spraying water to ensure the volume stability of slag
aggregate. It was pointed out that the replacement of crushed stone aggregates
utilizing EAF slag slightly weakened the compressive and split-tensile strength
due to the bad interfacial transition zones (ITZs) between EAF slag and cement
paste as indicated in Fig. 2.4. In contrast, the combination of slag aggregate and
20% FA addition could prepare good-quality RCCP that met the requirements of
exposed wearing surfaces. The mechanical behaviour of RCC containing crumb
rubber and nano-silica was evaluated by the research team of Adamu et al. [18,
75, 103]. It was concluded that the substitution of fine aggregate with up to 20%
rubber particles contributed to higher flexural strength values and ductility index
as compared to the control case, but the compressive and split-tensile strengths
evidently decreased when the substitution exceeded 10%. The inclusion of up to
2% nano-silica evidently mitigated the 28-day strength loss in compression and
split-tension, and the optimum addition was 1.0%. The main principle is that nano-
silica with high pozzolanic reactivity accelerates the cement hydration rate and
increases the quantity of C-S-H gel [64]. The microstructure and ITZs between
cement paste and rubber particles are thus both densified, which in turn improve
the strengths of rubberized concrete while possessing great flexural toughness,

crack resistance and longer service life. In addition, the behaviour of DCC paving
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blocks considering various consolidation methods and rubber replacement ratios
of sand was explored by Ling [2]. The findings reported that the delamination and
cracking may appear on fresh block samples when the rubber content exceeded
20%, and the volume and dimensions were easily changed when the samples
were demoulded (Fig. 2.5), causing the rejection rate increased. Inclusion of soft
rubber particles of no more than 10% slightly enhanced the samples’ strengths,
but observably improved the deformability and toughness at all substitution ratios.
In the practical viewpoint, plant-made compaction method is more recommended

for rubberized paving blocks as compared to hand-ramming method.

Fig. 2.4. SEM images of ITZ between EAF slag and paste under 200 and 1000

magnifications [73].

Fig. 2.5. Cracking and volume expansion of rubberized DCC paving blocks [2].
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Since one of the most critical criteria for evaluating the RCCP and DCC pipes is
whether they have an excellent tensile performance, researchers in their studies
pay particular attention to the impacts of fibre type and dosage on the strength
behaviour, especially the flexural tensile strength. Rooholamini et al. [8] assessed
the effects of twisted bundle polyethylene fibres on pre-cracking RCCP properties
including the flexural strength and fracture energy by carrying out the notched
three-point bending test. According to the laboratory test results, conspicuous
influence of fibre addition on compressive strength was not concluded, whereas
a promising potential in increasing the flexural and residual strength was obtained
and the post-cracking behaviour showed great ductility in high-flexural-strength
RCCP. They further investigated the Mode | plain-strain cracking toughness of
different mono/hybrid steel/PP fibre-reinforced RCC using revised two-parameter
model in another research [88]. It can be seen from Fig. 2.6 that the change in
fibre type, stiffness and aspect ratio (R4, R2and H, respectively, denote mono PP,
mono steel and hybrid fibre reinforcement) had less impact on the appearance of
possible kinked cracks during the stable growth in comparison with control RCC
without fibre reinforcement (N). The hybrid of copper-coated steel and macro PP
fibres demonstrated the excellent fracture toughness in all cases (H+, H2 and Hs)
benefitted from the effects of steel fibres on preventing the crack development
and providing wider contact surface area. Karadelis et al. [79] conducted detailed
experimental tests on flexural behaviour and fibre efficiency of polymer modified

(PM) RCC with steel fibre reinforcement. It was concluded that the PM RCC
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containing 1.5% steel fibres presented very high flexural strength (15.2 MPa) and
great bonding with old concrete, which was very beneficial for the rehabilitation
of worn pavements. In addition, Mohamed et al. [29] explored the structural and
mechanical properties of full-size steel FR-DCC pipes via performing three-edge
bearing tests (TEBT). Not surprisingly, the engineering characteristics including
strength and modulus of elastic of the hardened mixture were improved with fibre
addition, which endowed fibre-reinforced pipes with higher ultimate strength and
superior post-cracking performance. Collated hooked end steel fibres were more
effective on enhancing the flexural and tensile strength of pipe specimens, and
dispersed steel fibres with minimum dosage of 20 kg/m?® could be used to replace
the conventional steel cages and met the reinforcement specification for Class V
precast concrete pipes. Similar fibre toughening effect was also achieved by other
researchers who employed PP and PVA fibres in the fabrication of DCC precast
pipes [28, 30, 109]. Whether DCC mixtures were reinforced with mono or hybrid
fibres, it had a remarkable impact on enhancing the pipe strength and ductility,
along with holding cracks and preventing the collapse. Fig. 2.7 shows the typical
crack patterns of fibre-reinforced DCC pipe after the TEBTs. Except for the four
main cracks, no other serious damage was found, and the majority of steel fibres
remained intact bridging the cracks and pipe matrix. In terms of fibre efficiency,
Shao et al. [110] reported that the addition of steel fibres (within the range of 0.5-
2.0 %) into dry concrete mixtures contributed more positive impact to the flexural

strength rather than the compression, owing to the adopted preparation method
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of the layered compaction endowed fibres with a longer anchorage length when
the matrix was cracked under bending loads. As compared to self-compacting
concrete with similar fibre size and dosage, the prepared dry concrete exhibited
higher compressive and flexural strengths at 28 days of age, that is, steel fibres
demonstrated a greater fibre efficiency. In addition, considering the higher fibre
cost and the purpose of increasing the recycling ratio of waste materials, several
types of sustainable fibres are mixed in concrete mixes to improve their properties.
For instance, Haghnejad et al. [85] studied the mechanical responses of recycled
PP FR-RCCP against the freeze-thaw and fatigue damage; Sobhan et al. [86]
conducted laboratory experiments to study the strength behaviour of RCCP with
incorporation of waste plastic fibres, and Angelakopoulos et al. [111] explored the

compressive and bending performance of RCC reinforced with reused tyre fibres.

N R2 Hi1

Fig. 2.6. Crack trajectory envelope for different mono/hybrid FRCC samples under Mode |

applied loading [88].
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Fig. 2.7. Typical flexural failure patterns and crack bridging by fibres of fibre-reinforced

DCC pipe [30].

It is noteworthy that since the main laying method of RCC is roller compaction
layer by layer, the research into the interlayer performance of RCC is especially
important. Liu et al. [112] investigated the influences of time interval and interlayer
treatment on the interlayer shear strength of RCC. It was shown that the ultimate
shear strength of RCC interlayer reduced with time intervals, especially after the
final setting. In addition, the treatments of the expansion agent and nano-silica
with mortar were proved to be more effective to improve the shear strength than
the mortar alone. Zhu et al. [113] also studied the effects of the treatment (cement
mortar with double expansion agents) on the properties of RCC interlayer, and it
was demonstrated that the appropriate addition of double expansion agents could
increase the shear strength, cohesive strength and frictional coefficient. The use
of interlayer treatment materials could solve the permeation and bonding quality
issues of RCCD structures. For the bond strength of RCC interlayer, Madhkhan
et al. [114] investigated the influences of different normal pressures by carrying

out the experimental investigation utilizing interlayer cement grout. Test results
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illustrated that the use of cement grout, the increase in normal pressure and the
decrease in moisture content of cement grout all improved the bond strength of
RCC interlayer. In addition to the shear and bonding strength of RCC interlayer,
the impact of the compaction quality was also very important for RCC interlayer
performance. Liu et al. [115] evaluated the compaction quality of RCC matrix and
interface by using the real-time monitoring quality index (unit compaction energy,
UCE). Based on the data collected from laboratory compaction tests, a density
regression and a shear strength regression models of RCC matrix and interface
were developed to determine the control criteria of UCE. Moreover, a UCE-based
real-time monitoring software was established for practical quality control, which

could provide the quality assurance for RCC constructions.

2.3.2 Modulus of elasticity

The modulus of elasticity (MOE) is an essential and commonly used mechanical
index for evaluating the ability of concrete material against the elastic deformation.
Similar to conventional concrete, the MOE of dry concrete is commonly achieved
by calculating the slope of the linear elasticity within the compressive stress-strain
curve of a cylindrical specimen. Therefore, the variation law of MOE is closely
similar to that of compressive behaviour [116]. It can also be said that most of the
factors affecting the compressive strength, such as cementitious material content,
aggregate type, water-binder ratio and curing period, may cause a fluctuation of
MOE of dry concrete. Adamu et al. [18] found that the high-volume FA (HVFA)

replacing cement markedly decreased the MOE of RCC at early ages originated
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from the lagging pozzolanic reactivity of FA, and they further obtained 9-51%
reduction in MOE at 28 days in the cases of 10-30% fine aggregate replacement
with crumb rubber. This was attributed to the high deformation and low MOE of
crumb rubber incorporated, and hence the mixtures had less rigidity as compared
to control ones. Besides, a logarithmic correlation between compressive strength
and MOE of HVFA RCC (MOE = 28166Inf. - 83485) was developed possessing
a better goodness of fit in comparison with ACI 318 model. Similar conclusions
had also been drawn in other investigations where shredded rubber was added
into RCC mixtures, and the factors such as higher porosity and poor adhesion
between rubber particles and cement matrix were likewise considered to be other
reasons for reducing the MOE of rubberized dry concrete [12, 42, 103]. Moreover,
when natural aggregates were partially substituted by waste marble, RCA, RAP,
EAF slag and plastic aggregate, the MOE of dry concrete demonstrated varying
degrees of declination due to the weak bonding between the slurries and waste
aggregates [31, 41,73, 101, 117]. For example, the MOE of DCC blocks gradually
diminished with the substitution level of waste marble increased from 0 to 40%
(from A/BO to A/B4), while the higher strength grade of cement (A-CEM II 32.5N,
B-CEM II 42.5N) contributed to greater MOE and a reliable linear relationship
existed between the compressive strength and MOE as presented in Fig. 2.8
[117]. Data in Table 2.2 demonstrated that the impact of various fibres on the
compressive strength of dry concrete was inconclusive, and the MOE fluctuated

as the inclusion of steel, PP and waste glass fibres increased [29, 54, 84, 104,
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105]. The reason may be that the upper limit of MOE measurement was 40% of

the ultimate compressive strength, i.e., the fibres’ reinforcement and toughening

effect had not yet been fully exerted [29].
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Fig. 2.8. (a) MOE variation and (b) its relationship with compressive strength of DCC blocks

containing various contents of waste marble and types of cement [117].

2.4 Dynamic mechanical performance

It is well known that the mechanical performance of concrete structures under

dynamic loads, such as seismic, impact and blast, are dramatically different from

those under static/quasi-static conditions. It is, hence, essential to carry out the

dynamic behaviour investigation of concrete structures. However, very scare

literature is available on above dynamic property of dry concrete, and many of

published papers pay particular attention to the dynamic compressive behaviour
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of RCC mixtures under impact loads, as well as the seismic responses of RCC
gravity dams under earthquake loads [93, 94, 118-121]. The research team of
Wang et al. [93, 120, 121] studied the compressive behaviour and constitutive
model of RCC under impact loads (SHPB with strain rate € up to 120 s™') with
consideration of the vertical stratification and initial damage. Moreover,
considering that the poor interlayer bonding would significantly affect the
mechanical and durability property of RCC layered structures like dam and
pavement, the stress wave travelling across interlayers within RCC under SHPB
impact loads was also analysed concretely [94]. Similar to conventional concrete,
RCC was a strain rate sensitive material, but its dynamic increase factor (DIF)
under different strain rates had a smaller fluctuation owing to the densified
microstructure along with less water viscosity effect [120]. The derived DIF
empirical formulae for the prepared RCC with respect to the compressive

strength are given below:

DIF; = 0.02669-(log£) + 1.09872, (0.0001 s' < £<30s™) (2.1)

DIF; = 2.39591-(log#)? - 7.09013-(logé) + 6.336, (30 s < £<80s™) (2.2)

Under the action of viscous/inertia effect at high strain rates and variation in MOE
between cement paste and aggregate, RCC specimens were broken into several
large fragments at lower strain rates (¢ < 40 s™') and pieces were crushed into
powders at higher strain rates (¢ = 60 s'). The dynamic responses (strength and

toughness) of RCC, along with the discrete degree of these values all increased

35



with strain rate, and the initial damage would result in a signal attenuation in the
aforementioned properties at a higher strain rate [93, 121]. As an illustration, the
decrease in dynamic compressive strength of damaged samples were 28.2% and
35.2% at the strain rates of 40 s and 120 s, respectively. Furthermore, in the
analysis of the stress wave propagation within RCC interlayers under impact load,
it was indicated that the existence of poor interlayers could effectively resist the
propagation of stress waves, and the attenuation degree of stress waves within
concrete samples was much weaker at higher strain rates [94]. The theoretical
transmitted wave could well interpret the foregoing phenomenon. In terms of the
seismic responses under earthquake loads, Wieland et al. [122] carried out a
qualitative assessment to study the behaviour of RCCD under strong earthquake
and pointed out that the dynamic stability of RCCD was reliable since the cracks
developed along the horizontal interfaces. Based on a spot survey, the hazards
and seismic responses of RCC arch dam (132 m) and concrete-faced rock-fill
dam (156 m) following Wenchuan 8.0 earthquake were exhaustively evaluated
by Lin et al. [118]. Research findings indicated that even though the earthquake
loading suffered by RCCD was far greater than its design intensity of 7 and the
extensive collapse was observed on both sides of mountains, the dam structure
remained intact and was still safe after the mighty shaking without any visible
cracking (Fig. 2.9(a-b)). The maintenance of the arch resistant effect of RCCD
was effectively ensured by the mutual anchoring between the abutment slopes

and granite, as depicted in Fig. 2.9(c-d). In addition to the field study, the finite-
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element method (FEM) was another effective method in exploring some specific
details on the seismic performance of RCCD. For instance, Kartal et al. [24, 119]
studied the earthquake responses of RCCD under strong ground shaking via
using FEM along with considering different reservoir lengths (0.5h-10h, h was the
height of the dam). It was reported that the horizontal displacement significantly
increased under hydrodynamic pressure, and the seismic properties were greatly
affected by nonlinear responses as well as the dam reservoir length. Furthermore,
Yazici et al. [104] evaluated the impact resistance of PP fibre-reinforced RCC
(0.25-0.75% fibre volume dosage) by performing low-speed drop-weight tests on
cylinder samples with a height of 64 mm and a diameter of 150 mm. As expected,
fibre-reinforced samples were able to resist more drop impacts (increased from
134 to up to 141) and showed better fracture toughness by virtue of the evidently
improved matrix brittleness, even though their mechanical properties reduced by

approximately 20% in comparison with the plain concrete.
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Fig. 2.9. Seismic response of RCCD after Wenchuan earthquake: (a) downstream view; (b)

upstream view; (c) left abutment and (d) right abutment [118].

2.5 Summary and discussion

By collating a large number of published literature, this chapter reviews the raw

material, preparation method, mixture performance and mechanical behaviour of

dry concrete in detail. Based on the summary and discussion reported above, the
conclusions can be drawn as follows:

1) As compared to the conventional self-compacting concrete, dry concrete has
basically the same material composition but lower moisture and cementitious
material content. Based on different casting and fabrication techniques, RCC
and DCC are two most representative mixtures of dry concrete.

2) Preparation technique takes a dominant part in the properties of dry concrete.
The commonly used fabrication method for DCC precast unit is mechanical
consolidation and vibration, and that for RCCD/RCCP is roller compaction

with vibratory drums and rollers. For RCC samples, compaction with vibrating
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5)

6)

table and hammer is widely used laboratory preparation method in line with
ASTM standards.

Thermal stress and the resulting surface cracks result in serious damage,
unguaranteed service and durability of RCCD. Adjusting the cement addition,
increasing the SCM content and adopting appropriate curing regime are of
great help in controlling and reducing the temperature cracking.

The type and content of AMs, aggregate gradation and fibre are the most vital
factors affecting the mechanical properties of dry concrete. Some industrial
by-products are feasible to be extensively added to dry concrete mixtures of
normal pavements and masonry products where the strength is not the main
concern. Moreover, the bending performance and fracture toughness can be
evidently improved by mixing rubber particles and most types of fibres.

Most of the factors affecting the compressive strength may cause a fluctuation
of dry concrete MOE. The incorporation of waste aggregate instead of natural
aggregate resulted in a decrease in MOE in different levels due to the weak
bonding between the slurries and waste aggregate. The influence of fibres on
MOE of dry concrete is inconclusive since the fibre reinforcement is not fully
activated.

Dry concrete is a strain rate sensitive material with a smaller fluctuation of DIF
under different strain rates. Based on a spot survey, RCCD remained intact
and was still safe without any visible cracking even though the seismic loading

suffered by dams was far greater than the specification design limit.
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Dry concrete technology has been extensively employed in the construction of
various concrete structures and the fabrication of prefabricated units owing to its
excellent high early strength, fast construction speed and low production cost.
However, its several shortcomings such as the low flexural tensile strength, poor
toughness and susceptible to crack under stress and temperature also render the
safety and service life of the concrete structures unable to be effectively ensured,
due to the introduction of coarse aggregate and a large amount of AMs. Therefore,
a sustainable dry ultra-high performance concrete (DUHPC), which combines the
characteristics of conventional dry concrete with UHPC (ultra-high strength and
great toughness/ductility), is necessary to be developed to expand dry concrete
to more application fields. In addition, the influences of steel fibre reinforcement
(different fibre dosages and combinations), curing regime (different temperatures)
and recycled materials (HVFA and waste crumb rubber) on the static and dynamic
behaviour, as well as the environmental benefit of the developed DUHPC are

needed to be further explored and investigated.
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Chapter 3

Development of Sustainable Steel Fibre-Reinforced DUHPC

3.1 Introduction

Concrete is a multi-phase heterogeneous composite building material constituted
principally with cement, aggregate, chemical additives and water. In line with the
evident distinctions in mixture flowability and the following fabrication method,
concrete may be simply divided into two types, namely self-compacting concrete
and dry concrete. In accordance with the definition of ACI 211.2 [1], dry concrete
is considered as the hardened mixture having a low moisture and cementitious
material content, and its fresh consistency with slump value of no more than 25
mm is significantly higher than that of ordinary Portland cement (OPC) concrete.
During the mixing and casting, the fresh mixture needs to be moist enough to
facilitate the slurry to fill the gap between the aggregates but viscous enough to
support rollers or withstand the compaction load until the final form. RCC and
DCC are two typical dry concrete mixtures with different fabrication methods and
application areas [5, 123].

Based on the primary application fields of literatures introduced dry concrete, its
structures and members are susceptible to damage caused by flexural-bending
load, abrasion and penetrated erosion during their service. Unfortunately, the
mechanical properties of the existing or developed dry concrete are unsatisfying
due to its inherent features, such as low cement addition, and a large amount of
recycled materials used to substitute partial OPC (FA, RHA, waste glass powder,

alkali-activated slag, etc.) [19, 48, 56, 57, 124, 125] and aggregate (recycled CRT
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funnel glass powder, EAF slag, CFBC ash, RCA, rubber, etc.) [18, 35, 41, 73, 74].
Therefore, numerous experimental studies have been conducted to enhance the
mechanical properties of dry concrete and prolong its service life. These studies
have demonstrated the potential use of some recycled materials in the production
of high-performance concrete (HPC), leveraging their various advantages [3].

Adamu et al. [18] explored the compressive/flexural/split-tensile strength, MOE
and abrasion resistance of HYFA RCC mixed with rubber aggregate and nano-
silica. It was indicated that the foregoing properties reduced as the ratio of rubber
particles replacing fine aggregate increased, but nano-silica could mitigate these
adverse impacts by virtue of its great pozzolanic effect on densifying the micro-
structure and ITZ of concrete matrix. In addition, the authors pointed out that the
inclusion of nano-silica could contribute to better fatigue, shrinkage and creep
resistance of crumb rubber-incorporated RCC with and without HVFA [62, 63].
Rooholamini et al. [8] explored the impact of twisted PP fibre on the consistency
and mechanical property of RCCP by conducting three-point bending test on pre-
cracking beams and using response surface method. Test results indicated that
although the inclusion of PP fibres would diminish the mixture consistency and
thus increase the compaction energy, it markedly contributed to flexural strength
and fracture energy in addition to the compressive strength. Moreover, to further
study the effect of mono/hybrid (PP and steel) fibres on RCCP fracture behaviour,
a modified two-parameter model was developed to assess the fracture toughness

considering the possible kinked cracks [88]. Mohamed et al. [29] studied the
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mechanical behaviour of steel fibre-reinforced DCC to explore the possibility of
utilizing the developed DCC to replace conventional RC for fabricating the pipes.
It was concluded that the dispersed steel fibres with 20 kg/m3 volume addition
reached the reinforcement requirements for Class V pipes as per ASTM C76, and
could be adopted to replace regular steel cages inside pre-cast concrete pipes.
Additionally, researchers who mixed PP and PVA fibres into mixtures came to the
similar conclusions of fibre’s toughening effect on DCC pipe properties [28, 30,
109]. In addition to steel, PP and PVA fibres reported above, different recycled
fibres, such as reused tyre [87, 111], waste plastic [86] and glass fibres [84], were
also added to dry concrete to improve its target performance.

This study aims to develop a sustainable DUHPC, which not only possesses the
characteristics of fast hardening as well as rapid demoulding of conventional dry
concrete, but also has the advantages of ultra-high strength and great toughness
of UHPC. Subsequently, the influences of different curing regimes and steel fibre
volume additions on the mechanical behaviour of steel fibre-reinforced DUHPC
(FR-DUHPC) were further explored. Finally, the environmental impact of DUHPC

was evaluated via considering the total amount of ASCMs and CO2 emissions.

3.2 Materials and proportioning design

3.2.1 Raw materials

Like conventional concrete, the properties of dry concrete are associated with the
type, mixing ratio and moisture content of its matrix raw materials. It is therefore

important to use appropriate raw materials and carry out mix design for fresh
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mixture workability as well as strength and durability of hardened concrete. To
ensure the consistency of dry-cast cement mortar and steel FR-DUHPC, the
cement used was composite Portland cement (42.5 Grade) complying with the
Chinese standard GB175-2020. The ultra-fine industrial waste silica fume was
selected as an ASCM to densify the matrix microstructure in consideration of its
excellent pozzolanic activity and micro-aggregate filling effect. Moreover, in order
to improve the mixture internal microstructure, interfacial properties, workability
and reduce its early hydration heat, as well as enhance the long-term strength of
dry concrete (based on the pozzolanic reaction), FA and GGBS were added to
concrete mixtures as a partial substitute for cement. The main components and
physical characteristics of silica fume, FA and GGBS are listed in Table 3.1. It is
noteworthy that the incorporation of the foregoing ASCMs can likewise minimize
the amount of cement utilized and cut down the environmental wastes generated,

which is in line with green and sustainable concrete concepts.

Table 3.1

Components and physical characteristics of silica fume, FA and GGBS.

Components/Properties  Silica fume FA GGBS

Al20s3 (%) - 29.09 21.71

SiO2 (%) 93.91 53.36 34.43

CaO (%) 1.85 8.27 33.16

Other components MgO, Fe203, K20, Na2O  MgO, Fe203, K2O MgO, Fe203, SO3
Loss ignition (%) 0.30 2.48 1.01

Fineness (Blaine, m?kg) - 359 385

Specific gravity 2.20 2.55 2.83
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As for aggregate, natural quartz sand with an aggregate size ranged between
0.12 mm and 1.18 mm was used to substitute the traditional gravel aggregate
inside the concrete mixture in favour of good particle packing and cementitious
materials with the aggregate bond. Its specific gravity and packing density were,
respectively, 2.63 and 1.65 g/cm?®, and the water absorption was 0.58%. The
particle size distribution (PSD) curves of natural quartz sand, cement, silica fume,
FA and GGBS mixed in dry-cast mortar and DUHPC mixtures are plotted in Fig.
3.1. Moreover, smooth and copper-coated steel micro-fibres with diameter of 0.12
mm, length-diameter ratio of 83.33 and tensile strength of more than 4000 MPa
were added to DUHPC mixes to upgrade its mechanical properties. The volume
dosage of the fibre addition was 0.5%, 1.0%, 1.5% and 2.0%, respectively. Since
the moisture content of dry concrete was limited and the presence of steel fibres
would reduce the workability of fresh mixtures, polycarboxylate superplasticizer
with early-strength ingredients and a water-reducing rate of 27% was added to

all mixtures to achieve a satisfied consistency and good workability.
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Fig. 3.1. PSD curves of raw materials used in dry-cast cement mortar and DUHPC.
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3.2.2 Proportioning design method

For the purpose of determining the benchmark mix proportion of FR-DUHPC as
well as exploring the effects of water-binder ratio (w/b) and the substitution ratio
of cement using silica fume, FA and GGBS on the behaviour of dry-cast cement
mortar, a high-efficiency orthogonal test method was utilized in the current study.
Orthogonal test adopts orthogonal table to arrange parameters and levels, and
selects representative tests from all combinations to perform range and variance
analysis, and finally the optimal scheme can be obtained [126]. Based on the
preliminary trials, the fractions of the total cementitious materials, aggregate and
superplasticizer were set to predetermined values, and the mass ratio of these
three materials was 1: 1.85: 0.02. L16 (4°) orthogonal table with an error column
was selected, and the parameters and levels of the orthogonal experiments are
detailly listed in Table 3.2, in which the percentage indicates the replacement ratio
of the corresponding ASCMs for cement. Finally, 16 dry-cast mortar mixes with
the combination of four levels of A, B, C and D and an error column were prepared
without any significance. The mix combinations are given in Table 3.3. After the
optimal mix proportion of dry-cast cement mortar was determined, steel fibres
with volume dosage ranged between 0.5% and 2.0% were added to the matrix to

study their effect on the performance of FR-DUHPC.
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Table 3.2

Factors and levels of the orthogonal experiments.

Factors Level 1 Level 2 Level 3 Level 4
Water-binder ratio A 0.15 0.16 0.17 0.18
Silica fume B 0% 5% 10% 15%
FA C 0% 10% 15% 20%
GGBS D 0% 5% 10% 15%
Table 3.3
Orthogonal experiments for mortar mixtures and the relevant test results.
Mix W/b SLF FA GGBS Error Density (kg/m® f.(MPa) fr (MPa) fis (MPa)
(A)  (B) (C) (D) (E)  Fresh Har. 3d 7d 3d 7d 3d 7d
L1 1 1 1 1 1 2170 2173 301 317 6.6 9.6 33 35
L2 1 2 2 2 2 2208 2211 389 410 5.8 101 42 49
L3 1 3 3 3 3 2277 2302 499 580 7.6 117 43 5.7
L4 1 4 4 4 4 2322 2326 546 66.8 9.7 129 46 6.5
L5 2 1 2 3 4 2226 2229 302 318 49 7.3 36 39
Le 2 2 1 4 3 2310 2314 539 551 112 119 50 54
L7 2 3 4 1 2 2299 2283 619 878 153 163 6.1 84
L8 2 4 3 2 1 2290 2288 60.7 795 128 148 6.2 74
L9 3 1 3 4 2 2242 2245 422 444 5.2 7.2 33 36
L10 3 2 4 3 1 2259 2252 615 638 93 1.1 3.8 4.8
L11 3 3 1 2 4 2303 2304 735 780 105 147 58 7.2
L12 3 4 2 1 3 2267 2269 671 76.8 9.9 13.3 52 6.7
L13 4 1 4 2 3 2273 2275 502 612 6.7 7.5 3.0 37
L14 4 2 3 1 4 2259 2261 724 821 95 120 41 6.9
L15 4 3 2 4 1 2268 2271 706 746 6.8 104 46 6.3
L16 4 4 1 3 2 2304 2307 776 828 95 115 59 74

Notes: “SLF” denotes silica fume and “Har.” denotes hardened density.
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3.3 Specimen preparation, curing and testing

3.3.1 Specimen preparation

During the preparation of dry-cast cement mortar, well-graded quartz sand and
powder materials which consisted of cement, silica fume, FA and GGBS were dry
mixed using a laboratory concrete mixer for 5 mins prior to any water introduction.
Additionally, steel fibres were evenly dispersed into the mixer within the 5 mins of
dry mixing when FR-DUHPC mixtures was being mixed. Then, the weighed water
(superplasticizer pre-blended) was slowly poured into dry materials and mixed for
another 7 mins and fibres were evenly distributed and the desired consistency
was observed. Subsequently, the fresh mixture was poured into steel and plastic
variform moulds and compacted in three layers via utilizing a concrete shaking
table with a frequency of 48 Hz and an amplitude of 0.3-0.6 mm. The vibrating
duration was between 20-35 s per layer and the slurry ring would appear in the
previous layer prior to starting to prepare the next layer. Surcharges with different
cross-sectional dimensions and shapes, based on different tests, were used to
distribute the vibrated-compaction energy. Finally, a plastic film that prevented
the evaporation of water was employed to wrap the mould. It is noteworthy that
the low moisture content and steel fibre addition affected the consistency of FR-
DUHPC. Hence, extra attention was paid once the water was added. Short wet
stirring time could not adequately mix dry materials with water, whereas the water
evaporation inside the mixture would increase with long mixing period, causing

attenuated concrete performance. Fig. 3.2 shows the preparation process of FR-
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DUHPC samples and the used moulds (surcharges) respectively for compression,

bending and split-tension tests.

Silica sand

Vibration and

Compacted and
smoothed specimens |\ ™~

Fig. 3.2. Preparation process of FR-DUHPC samples for static mechanical tests.

3.3.2 Curing regime

The curing regimes including room-temperature water curing (20 °C), moist/steam
curing (30-60 °C) and hot-water bath curing (90 °C) were employed to explore the
effect of curing regime on the behaviour of FR-DUHPC. Moist/steam curing is a
high efficiency curing method in common use for pre-cast concrete components,
and another two are universally accepted concrete curing methods in laboratories,
especially for preparing UHPC. After compaction, moist/steam curing samples
were placed in an insulated container at corresponding temperatures for 24 h,
and the samples under the other two curing conditions were cured in a humid
room (20 + 2 °C) for 24 h first. All samples were then in turn demoulded and cured
in normal-temperature water until they were tested. For hot-water bath samples,
they were cured in hot water for another 24 h before put in 20 °C water. For dry-

cast mortar samples, room-temperature water curing was used until the testing.
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Concrete samples cured in water were provided with a curing environment for the
continuous hydration of cementing materials upon demoulding, and the moisture
loss of concrete matrix due to surface evaporation could also be effectively
prevented, which was beneficial for dry-cast cement mortar and DUHPC with low
moisture content. Fig. 3.3 exhibits the cubic, beam and cylinder mortar samples

after the water curing.

e i |
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Fig. 3.3. Dry-cast mortar of (a) cubic, (b) beam and (c) cylindrical samples after curing.

3.3.3 Test procedure

Quasi-static uniaxial compression tests, as per Chinese standards GB/T50081-
2019 and CECS13-89, were performed on dry-cast cement mortar and DUHPC
samples using a computer-controlled hydraulic testing machine with a capacity
of 100 tons. The dimensions of cubic samples were 40 x 40 x 40 mm and their
compacted surfaces were set as the load-bearing direction. All the samples were
centrally put between the upper and lower rigid plates and loaded at a constant
rate of 0.2 mm/min until failure. On both sides of the support plate, two LVDTs
were symmetrically fixed to measure/record the axial displacement of samples.
In total there were 321 cubic samples tested, including 105 dry-cast mortar and

216 FR-DUHPC samples.
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Quasi-static bending tests, conforming to Chinese standards GB/T50081-2019
and CECS13-89, were carried out on beam samples with dimensions of 40 x 40
x 160 mm by utilizing a 5-ton universal testing machine. The flexural behaviour
of beam samples without notch was explored via utilizing a three-point flexural
bending configuration, and the clear span between the two roller supports was
100 mm. Similarly, two symmetrical LVDT sensors were fixed at each side of the
mid-span to record the vertical deflection of the samples. To obtain the sample’s
complete force-deflection relationship, a displacement loading of 0.05 mm/min
was adopted. The compacted surface was also set as the load-bearing surface,
and a total of 105 cement mortar and 216 FR-DUHPC samples were prepared
and tested.

Splitting-tension tests, in accordance with Chinese standards GB/T50081-2019
and CECS13-89, were carried out on cylindrical dry-cast mortar and FR-DUHPC
samples with dimensions of 50 mm in diameter and height via utilizing a 10-ton
universal testing machine. Cylindrical samples were horizontally fixed between
the support and loading plates via two upper and lower plywood with a width of 4
mm. Then, the compression load was slowly applied along the height of samples
at a rate of 0.05 mm/min. Tests stopped when the cylinder samples were split into
two parts along the loading direction as depicted in Fig. 3.4, and this damage
pattern was caused by the indirect tensile stress from the Poisson’s effect. Finally,
a total of 321 dry-cast samples with 105 cement mortar and 216 FR-DUHPC were

laboratorial prepared and tested.
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Fig. 3.4. Split-tension test setup (left) and failure pattern (right) of the mortar sample.

3.4 Results and discussion

3.4.1 Orthogonal experiment results

According to the orthogonal experimental scheme, a total of 16 groups of mix
proportion tests were carried out. Three identical dry-cast mortar samples were
prepared for each group. The results of the orthogonal experiments are listed in
Table 3.3, where f; is the uniaxial compressive strength, £ is the rupture modulus
(flexural strength for FR-DUHPC) and f;s is the splitting-tensile strength. All of the
mortar samples were tested for the strength behaviour at 3 and 7 days after 20 °C
water curing. It should be noted that high compactness was a significant feature
of UHPC, the unit weight of the mixtures in both fresh and hardened states was
therefore considered an important indicator for evaluating the performance of the
prepared dry-cast mortar. Then, the benchmark mixing proportion of FR-DUHPC

was determined in view of the analysis on these orthogonal test results.

3.4.1.1 Unit weight of cement mortar
The range analysis of the unit weight and the influences of each factor in the

orthogonal experiments are, respectively, shown in Table 3.4 and Fig. 3.5, where
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Delta (4) is the difference between the maximum and minimum values. The fresh
unit weight corresponded to the state of mixtures after vibrated compaction and
prior to curing, and the hardened unit weight referred to the state of mortar after
they were demoulded. As can be observed from the range analysis, interestingly,
the unit weight of cement mortar under both fresh and hardened conditions was
more affected by the replacement percentage of silica fume and FA rather than
water-binder ratio. During the mixing, it can be noticed that under the same water-
binder ratio, the consistency was evidently improved with increasing FA content
substituted for cement. This maybe that the FA with a micro-spherical appearance
enhanced the movement and permeability of the paste across aggregate cracks
and hence improving the interface bonding performance between the aggregates
and slurries. The increased amount of micro-spheres after the equivalent mass
replacement of cement further enhanced this effect. Furthermore, the increase in
silica fume content also densified the microstructure of mortar and improved its
unit weight. The results of analysis of variance (ANOVA) for unit weight of dry-
cast cement mortar are presented in Table 3.5 in detail, in which SSa is the sum
of squares, DOF is the degrees of freedom, MSa is the mean squares for each
variation source and F-value is used to test whether the result can represent the
truth scale of the sample population. It was indicated that all the sources had no
significant effect on both fresh and hardened unit weight since the F-value was
less than 9.28 (Fo.05). After considering the cost and unit weight of dry-cast mortar,

the optimal combination is A2B3C4D4.
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Table 3.4

Response table for unit weight of dry-cast cement mortar.

Levels Fresh mixture unit weight (kg/m?) Hardened mixture unit weight (kg/m?)
A B C D E A B C D E
1 2244 2227 2272 2249 2247 2248 2230 2275 2251 2251
2 2281 2259 2243 2269 2263 2284 2262 2245 2271 2266
3 2268 2287 2267 2267 2282 2270 2289 2271 2270 2285
4 2276 2296 2288 2285 2278 2279 2299 2291 2289 2280
Delta (o) 37.0 68.0 46.0 36.0 35.0 36.0 69.0 47.0 380 34.0
Rank 3 1 2 4 5 4 1 2 3 5
Table 3.5
ANOVA table for unit weight of dry-cast cement mortar.
Source Fresh mixture unit weight Hardened mixture unit weight
SSa DOF MSa F-value SSa DOF MSa F-value
W-b ratio 3207.188 3 1069.063 1.067"S  3036.500 3 1012.167 1.036NS
Silica fume 11283.188 3 3761.063 3.753NS  11326.500 3 3775.500 3.864NS
FA 4345.188 3 1448.396 1.445"S  4345.000 3 1448.333 1.482"\
GGBS 2709.688 3 903.229  0.901NS  2929.500 3 976.500  0.999NS
Error 3006.190 3 1002.063 --- 2931.500 3 977.167 -

Notes: “W-b ratio” denotes water-binder ratio and “NS” denotes no significant.
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Fig. 3.5. Effects of various factors on unit weight of dry-cast cement mortar.
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3.4.1.2 Compressive strength of cement mortar

The range analysis for dry-cast cement mortar in compressive strength and the
effects of each factor in orthogonal experiments are, respectively, shown in Table
3.6 and Fig. 3.6. Data and curves clearly illustrated that the order of the effect of
various factors on 3 and 7-day compressive strength was the same, i.e., silica
fume content > water-binder ratio > FA content > GGBS content. The 3 and 7-
day compressive strength of mortar samples increased as the water-binder ratio
and silica fume content increased. But the strength growth rate slowed down
observably when the replacement ratio of silica fume exceeded 10%. Moreover,
the impact of FA and GGBS addition on 3-day compression behaviour was not
evident. However, the 7-day strength was gradually enhanced as the FA addition
increased from 10% to 20%, which was attributed to the continuous secondary
hydration provided by FA with great pozzolanic activity. Table 3.7 illustrates the
significance of various variation sources on the compressive strength of dry-cast
cement mortar. The results indicated that the water-binder ratio and silica fume
content were highly significant as expressed by F-value greater than 29.5 (Fo.01),
while the GGBS and FA addition were only, respectively, significant and highly
significant for 7-day compressive strength, which were consistent with the range
analysis results. Therefore, the optimal mix proportion regarding the compression

performance of cement mortar is A4B3C4D2.
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Table 3.6

Response table for compressive strength of dry-cast cement mortar.

Levels 3-day compressive strength (MPa) 7-day compressive strength (MPa)
A B C D E A B C D E
1 434 382 588 579 557 494 423 619 696 624
2 51.7 567 517 558 552 636 605 561 649 64.0
3 611 640 563 548 553 658 746 66.0 591 628
4 67.7 650 571 553 577 752 765 699 602 64.7
Delta (A) 243 268 71 3.1 2.5 258 342 139 105 23
Rank 2 1 3 4 5 2 1 3 4 5
Table 3.7

ANOVA table for compressive strength of dry-cast cement mortar.

Source 3-day compressive strength 7-day compressive strength

SSa DOF MSa F-value  SSa DOF MSa F-value
W-b ratio  1362.937 3 454312 82.647° 1363.523 3 454508  101.453"
Silica fume 1851.117 3 617.039 112.250" 3004.223 3 1001.408 223.529™
FA 109.502 3 36.501 6.640NS  421.067 3 140.356  31.330"
GGBS 21.737 3 7.246 1.318NS  277.282 3 92.427 20.631
Error 16.490 3 5.497 - 13.440 3 4.480 -

Notes: “W-b ratio” denotes water-binder ratio, “NS” denotes no significant, “*” denotes

significant and “**” denotes highly significant.
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Fig. 3.6. Effects of various factors on compressive strength of dry-cast cement mortar.
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3.4.1.3 Rupture modulus of cement mortar

The range analysis of the rupture modulus for cement mortar and the impacts of
each factor from the orthogonal experiments are, respectively, exhibited in Table
3.8 and Fig. 3.7. No surprisingly, the content of silica fume exhibited the greatest
impact on both 3 and 7-day rupture modulus of mortar samples. The influence of
water-binder ratio and FA addition on 3-day rupture modulus was ranked second
and third with little difference, whereas the other three parameters excluding silica
fume addition had no marked difference on 7-day rupture modulus. The rupture
modulus was not continuously increased with water content, which was different
from its impact on compressive performance. An optimal water-binder ratio was
found, and beyond/below which the rupture modulus would be reduced. Moreover,
when the proportion of FA substituting partial cement was within the range of 10-
20%, its positive influence on rupture modulus was less evident than that against
the compressive strength. Table 3.9 exhibits the results of ANOAV for the rupture
performance of mortar samples and it was shown that all the control factors had
remarkable significance when the testing age was 3 days. But for 7-day rupture
modulus, the influences of FA content and water-binder ratio/GGBS content were
downgraded to inapparent and normal significant, respectively. Thus, the optimal

mix combination for rupture behaviour of cement mortar is A2B3C4D2.
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Table 3.8

Response table for rupture modulus of dry-cast cement mortar.

Levels 3-day rupture modulus (MPa) 7-day rupture modulus (MPa)

A B C D E A B C D E
1 7.4 5.9 9.5 10.3 8.9 11.1 7.9 11.9 12.8 115
2 111 9.0 6.9 9.0 9.0 12.6 11.3 10.3 11.8 11.3
3 8.7 10.1 8.8 7.8 8.9 11.6 13.3 114 104 11.1
4 8.1 105 103 8.2 8.7 104 13.1 12.1 10.6 11.7

Delta () 3.6 4.6 3.4 25 0.3 2.2 54 1.8 24 0.6
Rank 2 1 3 4 5 3 1 4 2 5

Table 3.9

ANOVA table for rupture modulus of dry-cast cement mortar.

Source 3-day rupture modulus 7-day rupture modulus

SSa DOF MSa F-value SSa DOF MSa F-value
W-b ratio 29642 3 9.881 147.478" 10477 3 3.492  12.041
Silica fume  52.357 3 17.452 260.478" 75.027 3 25.009 86.238"
FA 25297 3 8.432 125851 7.377 3 2.459  8.479NS
GGBS 14502 3 4.834 72149 14962 3 4987 17197
Error 0.200 3 0.067  --- 0870 3 0290 ---

Notes: “W-b ratio” denotes water-binder ratio, “NS” denotes no significant, “*” denotes

significant and “**” denotes highly significant.
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Fig. 3.7. Effects of various factors on rupture modulus of dry-cast cement mortar.
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3.4.1.4 Split-tensile strength of cement mortar

The range analysis for dry-cast cement mortar in split-tensile strength and the
influences of each factor from the orthogonal experiments are exhibited in Table
3.10 and Fig. 3.8, respectively. Since the flexural bending and split-tension tests
were two commonly used means to measure the tensile behaviour of concrete
members, the effect of four factors on split-tensile strength was similar to that on
rupture modulus. The introduction of silica fume substituting partial cement and
the water-binder ratio were two prominent factors affecting the early split-tensile
behaviour of cement mortar, but the other two parameters presented a smaller
influence. The obtained ANOVA results listed in Table 3.11 further confirmed the
above findings and only silica fume content was conspicuous for 3-day splitting-
tensile strength. Finally, the optimal proportion combination considering the split-

tensile performance is A2B3C4D2, which is the same as that of rupture modulus.

Table 3.10

Response table for split-tensile strength of dry-cast cement mortar.

Levels 3-day split-tensile strength (MPa) 7-day split-tensile strength (MPa)

A B C D E A B C D E
1 4.1 3.3 5.0 4.7 4.5 5.2 3.7 5.9 6.4 5.5
2 5.2 4.3 4.4 4.8 4.9 6.3 5.5 54 5.8 6.1
3 4.5 5.2 4.5 4.4 4.4 5.6 6.9 5.9 5.5 54
4 4.4 5.5 4.4 4.4 4.5 6.1 7.0 5.9 5.5 6.1
Delta (o) 1.1 2.2 0.6 0.4 0.5 1.1 3.3 0.5 0.9 0.7
Rank 2 1 3 5 4 2 1 5 3 4
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Table 3.11

ANOVA table for split-tensile strength of dry-cast cement mortar.

Source 3-day split-tensile strength 7-day split-tensile strength

SSa DOF MSa F-value SSa DOF MSa F-value

W-b ratio 2722 3 0.907 47748 3082 3 1.027 1.720N8

Silica fume 11.662 3 3.887 20.458 29.007 3 9.669 16.196NS

FA 1.043 3 0.348 1.832NS 1547 3 0.516 0.864NS
GGBS 0.522 3 0.174 0.916NS 2287 3 0.762 1.276NS
Error 0.570 3 0.190 --- 1.790 3 0.597 -

Notes: “W-b ratio” denotes water-binder ratio, “NS” denotes no significant and “*” denotes

significant.

= 7
= . 7 days strength
-
£ 6 /q\ e
B0 4 ~,
g 4 o
bt
o 5+ d :
= /
E ,'f.
= 44 s 4
& - 3 days strength

3 -

T N T T T N T

T T T T T T T T T
L 0.15 0.16 0.17 0.18 |1 0% 5% 10% 15"-'u| L 0% 10% 15% 20%% |1 0% 5% 10% 15%

- J
Water-binder ratio - A Silica fume - B Fly ash-C GGBS-D

Fig. 3.8. Effects of various factors on split-tensile strength of dry-cast cement mortar.

3.4.1.5 Optimal mix proportion of cement mortar

It can be clearly illustrated through the foregoing analysis that the proportions of
silica fume and FA replacing partial cement are the principal factors determining
the unit weight of cement mortar. However, the influences of both FA and GGBS
addition on its mechanical performance are inconspicuous, which are not quite

identical to what other researchers have reported [18, 40, 43, 123]. The reason
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might be that the high-strength cement mortar contained evidently more cement
in comparison with traditional normal-strength dry concrete, and meanwhile the
amounts of cement-substitution with FA and GGBS were within a lower range in
this study. The active ingredient in these materials had not fully participated in the
pozzolanic reaction at early stages, and they mainly played a micro-aggregate
filling effect in the concrete mixture. Hence, the impact of their content change on
mortar strength was less prominent than that of silica fume and moisture content.
In addition, owing to the fact that concrete mechanical properties are the decisive
factors affecting its proportion design and also dry concrete structures and units
are more vulnerable to the flexural tensile loads during their service life, the mix
design should give priority to its impact on the bending property of dry concrete.
Also, since the water-binder ratio exceeding the optimal moisture content notably
diminished the flexural and splitting-tensile strengths of cement mortar, the mix
proportion combination was ultimately determined as A2B3C4D2, i.e., the water-
binder ratio was 0.16 and the percentages of utilizing silica fume, FA and GGBS
instead of partial cement were, respectively, 10%, 20% and 5%. High-strength
dry-cast cement mortar mixed with optimum mix proportions were subsequently
prepared and tested for 3, 7 and 28-day mechanical properties, and the results

are summarized in Table 3.12.
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Table 3.12

Testing results of optimal mix proportion for dry-cast cement mortar.

Density (kg/m?) fc (MPa) fr (MPa) fis (MPa) MOE (GPa)

Fresh Hardened 3-d 7-d 28d 3d 7-d 28d 3d 7d 28d 28d

2,284 2,276 659 798 926 92 141 162 45 52 6.9 35.8

3.4.2 DUHPC experimental results

FR-DUHPC mixtures were prepared by mixing the above-determined benchmark
mix proportion and steel fibres. The mass ratio of the incorporated cement, silica
fume, FA, GGBS, aggregate, water and superplasticizer were 1: 0.15: 0.31:0.08:
2.84: 0.25: 0.03, and smooth fibres with 0.5%, 1.0%, 1.5% and 2.0% volume
fractions of the total mixture volume were used for reinforcing the concrete matrix.
Three different curing regimes including 20 °C normal-temperature water curing
(W), 30-60 °C moist/steam curing (M) and 90 °C hot-water bath curing (H) were
used, and FR-DUHPC were tested for density and mechanical performance after
1 day (M), 3 (W and H), 7 and 28 days of curing. The test results for density and
various strength properties based on the average of three identical FR-DUHPC

samples are listed in detail in Table 3.13.
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Table 3.13

Summary of density and mechanical property test results of prepared FR-DUHPC.

Samples Density (kg/m®) f: (MPa) f: (MPa) fis (MPa)

Fibre (%) 7-d 28-d 1/3-d 7-d 28-d 1/3-d 7-d 28-d 1/3-d 7-d 28-d

0.5 W20 2,359 2,343 72.83 98.4 110.8 10.3° 15.8 19.0 5.0° 6.1 8.5
M30 2,348 2,334 52.9' 84.4 107.7 8.7° 131 179 35" 57 84
M40 2,328 2,331 69.4 90.6 106.5 106" 138 164 44" 6.3 8.2
M50 2,335 2,310 86.9' 95.9 1026 124" 151 155 517 7.2 8.1
M60 2,326 2,323 93.8' 1026 1058 134" 152 159 6.2'" 738 84
H90 2,336 2,349 109.9° 1172 1204 18.0% 19.7 205 82® 95 10.3

1.0 W20 2,383 2,389 94.6° 1175 1393 16.9% 221 253 56%° 87 10.4
M30 2,395 2,406 64.4 94.1 1409 9.8' 174 250 41" 741 10.0
M40 2,406 2,423 77.9 98.4 135.3 119" 183 243 53" 76 9.8
M50 2,388 2,394 89.3' 104 .1 133.7 153" 194 237 64" 85 9.9
M60 2,356 2,376 102.9' 1156 1304 184" 217 250 77" 9.2 10.2
H90 2,373 2,388 120.7° 1339 1419 229% 265 285 9.8 109 115

1.5 W20 2415 2432 110.5° 128.1 1626 26.1° 285 322 82° 104 131
M30 2,437 2,432 70.7° 108.6 1529 10.9" 222 303 49" 9.1 12.9
M40 2,413 2,432 98.8' 120.9 1444 199" 255 291 7.5 10.5 128
M50 2,417 2,429 124.8" 1320 1446 249" 267 292 9.1’ 10.9 126
M60 2,414 2,433 129.7" 1411 1470 26.9'" 297 307 104" 115 133
H90 2,431 2,455 146.3° 1556 163.3 32.0% 346 365 121° 131 14.0

20 W20 2441 2472 1152° 1253 1689 27.0®8 30.0 36.6 9.6° 120 14.2
M30 2,434 2448 78.9 1212 1637 152" 293 358 5.2 10.1  13.8
M40 2,452 2468 1231' 137.8 1677 25.6' 323 36.0 8.9 11.2 135
M50 2,438 2,435 129.3'" 1424 1593 281" 322 332 114" 120 134
M60 2,425 2,451 135.6" 139.3 1546 295" 308 327 125" 131 143
H90 2,436 2,471 150.3* 1595 167.6 35.2° 36.8 383 12.8° 138 146
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3.4.2.1 Density of DUHPC mixtures

The density variations in FR-DUHPC under different initial curing temperatures
and fibre dosages are plotted in Fig. 3.9. As exhibited in the figure and Tables
3.12 and 3.13, changes in temperature from 20-90 °C had a little impact on FR-
DUHPC density, while the average unit weight increased from 2276 to 2448 kg/m?3
as the volume dosage of steel fibres increased from 0 to 2.0%. Compared with
other raw materials, the addition of steel fibres with higher density increased the
mass of fresh concrete per unit volume and squeezed the free water space within
the mixture under the combined conditions of the constant moisture content and
vibrated-compaction work. As a result, the mixture’s porosity was reduced and its
compactness was enhanced, thereby evidently improving the density and various

properties of FR-DUHPC.
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Fig. 3.9. Effects of initial curing temperature and fibre dosage on density of DUHPC.

3.4.2.2 Compressive performance
The results for the impacts of initial curing temperature and fibre dosage on the

compressive strength of DUHPC are illustrated in Fig. 3.10. As can be visually
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observed from the figure and Tables 3.12 and 3.13 that the 28-day strength was
increased from 92.6 MPa for dry-cast cement mortar to 168.9 MPa for 2.0 Vol-%
FR-DUHPC (W20) samples. Moreover, the average strength values of DUHPC
at 28-day age were, respectively, 109.0 (0.5 Vol-%), 136.9 (1.0 Vol-%), 152.5 (1.5
Vol-%) and 163.6 (2.0 Vol-%) MPa without considering the influence of different
initial curing temperatures, and the increments were calculated as 25.6% (0.5-
1.0 Vol-%), 11.4% (1.0-1.5 Vol-%) and 7.3% (1.5-2.0 Vol-%). When the curing
temperature and testing age were the same, the compressive strength was also
enhanced markedly with fibre addition. It was noteworthy that the raise in curing
temperature via adopting moist/steam curing caused a downtrend in compression
under the same fibre dosage, especially for samples at 28 days. As an illustration,
the compressive strength of 1.5% FR-DUHPC samples at 28-day age decreased
by 6.0%, 11.2%, 11.1% and 9.6% as the initial temperature increased from 20 to
30, 40, 50 and 60 °C, respectively. The degradation in final strength when raising
temperatures was due to the decrease in moisture content within the mixes as
well as the denser, heterogeneous and coarser distribution of hydration products
[23, 127, 128]. However, the compressive strength development for DUHPC with
0.5-2.0% fibre reinforcements, as shown in Fig. 3.11, was improved as the initial
curing temperature increased from 30 to 60 °C at early ages, especially when the
temperature reached 40 °C and above. Better early compressive performance is
particularly important for enhancing the early abrasion resistance of dry concrete

structures and components. In addition, it could be noticed that for all FR-DUHPC
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samples, they exhibited notably higher compressive strength after being cured in
hot-water bath in comparison with the same-age samples of the other two curing
methods. The 3-day strength value (H90) was greater than or close to the 28-day
strength values (W20-M60) for 0.5% samples, and also for 1.0-2.0% FR-DUHPC,
their 3-day strength (H90) were all higher than the corresponding samples’ 7-day
strength (W20-M60). The primary reason was that the high-temperature water
bath not only improved the reaction rate and the degree of cement hydration, but
also fully activated the compound pozzolanic effect of silica fume, FA and GGBS,
which markedly increased the amount of hydration products inside the cementing

system and densified the microstructure of the matrix [129].
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Fig. 3.11. Development of various strength values for DUHPC under different initial curing

temperatures: (a) 0.5%; (b) 1.0%; (c) 1.5% and (d) 2.0% fibre dosage.

The typical and complete compressive stress-strain relationships for 28-day-age
0.5-2.0 Vol-% FR-DUHPC samples with various initial curing regimes are plotted
in Fig. 3.12. Curves indicated that the compression bearing capability enhanced
markedly with fibre volume dosage, and the corresponding peak strain presented
the same increasing trend. For the tested DUHPC samples mixed with different
fibre volume dosages, the change in the initial curing temperature seemed to
have no obvious regularity in the effect of the strain at the peak stress. Moreover,
as could be noted that when the fibre dosage was gradually increased and 90 °C
water curing was used, the contour of stress-strain curves became plumper and
the descending sections were smoother with better extensibility. The increase in
fibre addition rendered more “fibre nets” formed inside concrete and meanwhile
the accelerated cement hydration and pozzolanic reaction rate enhanced the
bonding performance of steel fibres with the matrix, thus effectively restrained the
concrete lateral deformation and improved their post-cracking behaviour when

they were subjected to compression loads.
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Fig. 3.12. Typical 28-day compressive test data of DUHPC samples under various initial

curing temperatures: (a) 0.5%; (b) 1.0%; (c) 1.5% and (d) 2.0% fibre dosage.

The 28-day static MOE, calculated from the compression test data, for 0.5-2.0
Vol-% FR-DUHPC samples at different initial curing temperatures are presented
in Fig. 3.13(a). Wang et al. [130] pointed out that the proportional elastic limit
within the rising part of compressive stress-strain curves for UHPC was about 83-
95% of the ultimate load ascribed to its dense and homogeneous microstructure,
which was significantly broader than that for OPC concrete (40-50%). Thus, 85%
of the peak compressive stress was considered as the elastic branch to calculate
the static MOE of FR-DUHPC. As can be observed that the 28-day mean MOE
increased from 36.8 to 42.3 GPa with steel fibre addition, whereas the variation

in initial curing temperature presented little impact on the static MOE. Moreover,
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by comparing the 28-day MOE of 2.0 Vol-% FR-DUHPC (W20, 42.8 GPa) and
dry-cast cement mortar (35.8 GPa) samples exhibited in Table 3.12, the change
in fibre inclusion from 0 to 2.0% increased the MOE by 19.6% attributed to the
enhancement of steel fibres for compressive performance. Fig. 3.13(b) presents
the developed function relationship between FR-DUHPC 28-day compressive
strength and MOE without considering the impact of the initial curing temperature.
As shown, the increase in compressive strength led to a logarithmic improvement
in static MOE, as expected, and a strong correlation (MOE = 14,152-Inf; - 44,028)

existed between these two variables with R? greater than 0.98.
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Fig. 3.13. (a) 28-day static MOE and (b) its relationship with compressive strength of

DUHPC reinforced with different fibre dosages.

3.4.2.3 Flexural performance

The variations in the flexural strength of DUHPC with different initial temperatures
and fibre dosages are shown in Fig. 3.14. As expected, the final strength values
after 28 days of 20 °C normal-temperature water curing were improved from16.2
(cement mortar) to 19.0 (0.5 Vol-%), 25.3 (1.0 Vol-%), 32.2 (1.5 Vol-%) and 36.6

(2.0 Vol-%) MPa, and the corresponding improvements were, respectively, 17.3%,
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33.2%, 27.3% and 13.7%. Additionally, the increments in 28-day mean flexural
strength for DUHPC samples with 0.5-2.0% fibre reinforcements were obtained
as 44.6%, 23.7% and 13.1%, which indicated that the inclusion of steel fibres
contributed more positive effect to flexural behaviour rather than the compression.
This was extremely beneficial for dry concrete structures and units that are mainly
subjected to bending loads during their serviceability. Furthermore, it should be
pointed out that an improvement effect on flexural behaviour better than that on
compression was found when DUHPC samples were cured in 90 °C water after
being completely hardened. The 7-day flexural strengths (H90) of the samples
reinforced with all fibre additions were greater than their 28-day strengths under
other curing conditions, which was mainly attributed to the formation of the dense
and uniform C-S-H gels derived from the accelerated hydration and secondary
hydration reaction, as well as the higher interfacial bond strength existed between
steel fibres and matrix [129].

The development of flexural strength with initial temperature changes is shown
in Fig. 3.11. As an accelerated degree of hydration and the increased amount of
hydration products, the raise in temperatures (30-60 °C) markedly increased the
strength evolution kinematics, especially after 40 °C and the fibre dosage reached
1.5 Vol-%. For instance, 85% and 97% of final values of flexural strength were,
respectively, achieved for 2.0% samples after 1 day of 50 °C moist/steam curing
and the following 7 days of 20 °C room-temperature water curing, whereas the

28-day strength was only diminished by 9.3%. Therefore, even though a similar
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phenomenon of the strength attenuation was obtained when comparing the 28-
day flexural strength of FR-DUHPC cured with moist/steam regime to those with
room-temperature water, it was greatly advantageous for some applications that
had special requirements for early flexural strength, such as paving blocks, pipes,

pavements and roof tiles.
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Fig. 3.14. Effects of curing temperature and fibre dosage on flexural strength of DUHPC.

The typical and complete 28-day flexural stress-midspan displacement curves of
0.5-2.0 Vol-% FR-DUHPC samples cured with different initial temperatures are
displayed in Fig. 3.15. As illustrated, the midspan deflection of the beam samples
subjected to bending load increased linearly before the initial cracks appeared
and it was directly proportional to the bearing load. Then, the deflection extended
plastically up to the peak stress. For 0.5 Vol-% FR-DUHPC, samples cured with
different initial temperatures all presented slight brittle failure after reaching the
peak stress, but meanwhile they still had a certain plastic deformation ability after
the carried loads dropped suddenly, which was attributed to the presence of a

small amount of steel fibres. However, the brittle failure disappeared under the
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condition of higher fibre additions and the samples’ ductility was improved visibly.
Moreover, the average midspan deflection corresponding to the peak stress was

likewise extended from 0.493 to 0.657 mm ascribed to the enhanced toughening

effect derived from the increased fibre dosage.
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Fig. 3.15. Typical 28-day flexural test data of DUHPC samples under various initial curing

temperatures: (a) 0.5%; (b) 1.0%; (c) 1.5% and (d) 2.0% fibre dosage.

Fig. 3.16 presents the pictures of the typical failure patterns of 0.5-2.0 Vol-% FR-
DUHPC samples after the three-point bending tests. It was noticed that a principal
fracture crack propagating from the bottom to the load location occurred in beam
samples under the flexural-tensile stress. All samples remained intact when the
ultimate was reached, even when the fibre dosage was lower, that is, they still

possessed a good load bearing capacity. In addition, part of the fibres pulled out
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and remaining fibres bridging the matrix on both sides of the crack could be
observed within the fracture surface. This phenomenon was especially evident
when the fibre addition was higher. During the inception of loading, the stress
was mainly borne by the matrix concrete. As the strain increased, the load carried
by steel fibres became larger. Upon the cracking, the stress between cracks was
redistributed and the stress originally borne by the matrix was transferred to fibres.
Then fibres that had not been pulled out transmitted the load to concrete on both
sides of the crack, which rendered the samples still to remain the load bearing
capacity and simultaneously retarded the crack propagation. When the number
of fibres across the fracture surface increased, the duration of the stable crack
propagation was prolonged and the ultimate tensile stress reached was also
improved. This was the main reason for the significant difference between FR-

DUHPC and OPC concrete in terms of flexural-tensile failure patterns.

Side view

Fig. 3.16. Typical flexural-tensile failure patterns of (a) 0.5%; (b) 1.0%; (c) 1.5% and (d)

2.0% FR-DUHPC samples after bending tests.

3.4.2.4 Split-tensile performance
Fig. 3.17 shows the effects of initial curing temperature and fibre volume dosage

on the split-tensile strength of DUHPC after having been cured for 1 day as well
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as 3, 7 and 28 days. Under the normal-temperature water curing, the variation
trend of the strength in split-tension was basically the same as that in flexure, that
is, the strength increased from 6.9 MPa to more than doubled 14.2 MPa with fibre
dosage changed from 0 to 2.0%. The largest percentage improvement in 28-day
mean strength of 27.2% was observed when the fibre volume addition increased
from 1.0% to 1.5%. However, on the contrary, the insignificant effect of 6.9%
enhancement (from 13.1 to 14.0 MPa) occurred when the volume ratio exceeded
1.5%, which was attributed to fibre agglomeration within the mix and the visible
reduction in workability. In addition, a relatively large difference from compressive
performance was that the 28-day split-tensile behaviour was modest affected by
the changes in initial curing temperature except for 90 °C. For example, for 0.5
Vol-% FR-DUHPC samples, the 28-day strength values were, respectively, 8.5,
8.4, 8.2, 8.1 and 8.4 MPa when the temperature increased from 20 to 60 °C,
whereas for 1.5% and 2.0% FR-DUHPC samples, their 28-day strength values at
60 °C were even higher. As expected, the samples after having been cured in hot
water had evidently higher 3 and 7-day strength values.

Fig. 3.11 also presents the percentage ratios of the split-tensile strength at 1 day,
3 and 7 days as compared to 28 days under different initial curing temperature
and fibre dosage conditions. Although the temperature changes (excluding 90 °C)
exhibited lesser impact on 28-day split-tensile behaviour of DUHPC, its strength
development ratios at the corresponding age were also increased evidently with

temperatures (30-60 °C), especially when the curing temperature reached 40 °C
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and above. In addition, compared with the 60 °C moist/steam curing method, high-
temperature water bath curing exhibited a better promoting effect on early split-
tensile strength for DUHPC samples reinforced with 0.5-1.5 Vol-% fibre additions.
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Fig. 3.17. Effects of initial curing and fibre dosage on split-tensile strength of DUHPC.

The typical 28-day split-tensile stress-displacement curves of 0.5-2.0 Vol-% FR-
DUHPC samples adopting various initial curing methods are exhibited in Fig. 3.18.
As could be observed that the extent of the sudden drop in split-tensile stress
when failure occurred was effectively controlled with fibre addition. The ultimate
split-tensile stress of DUHPC samples was determined as the first point where
the bearing capacity was insufficient due to crack initiation, and the subsequent
load carried by samples after the failure was considered to be more from the
reinforcement effect of steel fibres rather than the improvement of tensile strength
of the material itself. Compared with 0.5-1.0% FR-DUHPC, samples with 1.5%
and 2.0% fibre reinforcements showed higher peak stress and better ductility, and
the average vertical displacement corresponding to the ultimate splitting-tensile

strength was extended from 0.851 to 0.923 and 0.943 mm.
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Fig. 3.18. Typical 28-day split-tensile test data of DUHPC samples under various initial

curing temperatures: (a) 0.5%; (b) 1.0%; (c) 1.5% and (d) 2.0% fibre dosage.

Fig. 3.19 exhibits the typical failure modes of 0.5-2.0% FR-DUHPC samples after
the splitting-tensile tests. As it could be noticed from Fig. 3.19(a) that cylindrical
samples were not split into two pieces under the splitting load, and there were
still a large number of fibres bridging the concrete matrix on both sides within the
split section. Additionally, the width of the principal crack was visibly decreased
owing to the enhancement of the restraint effect of steel fibres on macro-cracks
development. It should be noticed that after individual split-tensile tests, a small
part of cylindrical samples were damaged into the upper, middle and lower parts
as depicted in Fig. 3.19(b) in addition to the principal splitting crack. The foremost

reason was that the adopted preparation method of layered vibrated compaction
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rendered the steel fibres distribute along the horizontal direction of the compacted

surface, which resulted in insufficient fibre anchoring between layers.

S‘P?..'fll 120 Bottom layer Middle layer Top layer

No fibre'

No fibre’

Fig. 3.19. (a) Typical split-tensile failure and (b) delamination of FR-DUHPC samples.

3.4.2.5 Strength development kinematics

As reported in Sections 3.4.2.2 to 3.4.2.4, Fig. 3.11 exhibits the percentage ratios
of the strength development in compression, flexure and split-tension for 0.5-2.0
Vol-% FR-DUHPC samples at various initial curing temperatures. It was shown
that the evolution kinematics of all strengths were quickened when moist/steam
and hot-water bath curing methods were used at early ages, especially when the
curing temperature reached 40 °C and above. The lower curing temperature could
not contribute to desirable early-age mechanical behaviour, and the lowest 1-day
percentage of the sample’s strength development was 36% of the corresponding
28-day strength value while the highest could only reach 49%. Compared with
other fibre dosages, the strength evolution rate of 0.5% FR-DUHPC was relatively
sluggish when adopting normal-temperature water curing, but as the temperature
increased, the difference between its strength development kinematics and other
1.0-2.0% FR-DUHPC samples was gradually smaller. The reason might be that

the early strength of DUHPC was greatly affected by fibre dosage when the initial
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temperature was lower, whereas increasing the curing temperature accelerated
the formation of hydration products and weakened the effect of fibre dosage on
the strength. Furthermore, it should be particularly noted that the hot-water bath
curing not only markedly enhanced the ultimate strength in compression, flexure
and split-tension, but also signally speeded up the early evolution rate of various
strength properties of FR-DUHPC. For example, the 3 and 7-day compressive
strength could be achieved up to 91% and 97% of 28-day strength; for the flexural
strength, the values were up to 92% and 96%, and for the split-tensile strength,
the maximum strength percentages could reach 88% and 95%. In general, the
prepared FR-DUHPC possessed excellent mechanical performance while having
fast hardening along with early-age strength characteristics, irrespective of which

curing regime was adopted.

3.4.2.6 Relationship between strength behaviour

Taking into account that dry concrete structures and units are more susceptible
to flexural tensile loads during their service life, as well as the complexity of the
indirect tensile tests and the discreteness of the results, it is therefore necessary
and meaningful to predict the indirect tensile behaviour through the material’s
compressive property. Figs. 3.20 and 3.21 respectively displays the relationships
between compression and flexure/split-tension of 0.5-2.0% FR-DUHPC samples
under moist/steam curing (30-60 °C). Each set of correlations was divided into 1-
day (4 data points) and 7/28-day (8 data points) models since the 1-day strength

was greatly affected by the change in initial curing temperature as reported above.
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Good relationships were observed existing between compressive and another
two strength property with R? greater than 0.9, except for 7/28-day compressive-
split-tensile relationship of 2.0% FR-DUHPC samples (R? = 0.822) as presented
in Fig. 3.21(b). The various models with respect to the strength behaviour are
summarized in Table 3.14 in detail. It could be clearly found that enhancing the
compressive strength resulted in a power functional improvement in two indirect
tensile performance, but the development of the split-tensile strength under the
same fibre dosage was slower than that of the flexural strength. In addition, the
positive impact of fibre dosage on flexural performance was also notably stronger
than its impact on split-tension. The main reason was that the preparation method
of the layered vibration/compaction rendered FR-DUHPC cylinder samples lack
sufficient fibre bonding between the layers, as shown in Fig. 3.19(b), which in turn
led to the samples to be more prone to damage when subjected to splitting loads.
It can also be observed from Fig. 3.21 that the incorporation of 2.0% steel fibres
had a slightly remarkable impact on improving the split-tensile behaviour under
the same compressive strength values, and this enhancement effect became
evident when the curing age was longer, and the fibre dosage was also extended
to 1.5%. Nevertheless, the split-tensile strength values of samples mixing with
2.0% fibre addition were more discrete (with the minimum goodness of fit) owing
to the potential fibre agglomeration and delamination failure. Thus, in the case of
comprehensive consideration of the cost and mechanical property of FR-DUHPC,

dosage of 1.5% was proposed as the most suitable fibre addition in this study.
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Fig. 3.20. Relationships between compressive and flexural strength of 0.5-2.0 Vol-% FR-

DUHPC samples after (a) 1 day of moist/steam curing and (b) following 7/28 days of

normal-temperature water curing.
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Fig. 3.21. Relationships between compressive and split-tensile strength of 0.5-2.0 Vol-%

FR-DUHPC samples after (a) 1 day of moist/steam curing and (b) following 7/28 days of

normal-temperature water curing.

Table 3.14

Correlation models between compression and flexure/split-tension for FR-DUHPC.

Fibre

dosage

Correlation models of compressive-flexural behaviour

1-day curing age

7 and 28-day curing age

0.5%
1.0%
1.5%

2.0%

fr = 0.414-f27% R? = 0.997
fr = 0.027-f'4% R? = 0.990
fr = 0.040-f.'%°, R? = 0.983

fr = 0.069-.'2%, R? = 0.997

fr = 0.176-f293, R? = 0.907
fr = 0.247-f%%7 R? = 0.968
fr = 0.300-1c%9%, R? = 0.955

fr = 1.709-%%% R? = 0.901
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Fibre Correlation models of compressive-split-tensile behaviour

content 1-day curing age 7 and 28-day curing age

0.5% fis = 0.059-%."018 R? = 0.984 fis = 0.010-%."4%, R? = 0.980
1.0% fis = 0.017-£'3"°, R? = 0.998 fis = 0.161-£2841 R? = 0.961
1.5% fis = 0.033:%."178, R? = 0.986 fis = 0.053-%."-%%8 R? = 0.931
2.0% fis = 0.003-f'"%°, R? = 0.965 fis = 0.123-f%9%8, R? = 0.822

3.4.3 Microstructure analysis (SEM)

As reported above, the moist/steam curing is generally utilized to accelerate the
hardening rate of dry concrete mixtures and increase the turn-around speed of
moulds. Therefore, to further explore the effect of moist/steam curing on the early
performance of DUHPC, the 1-day microstructure patterns for the mixtures under
different moist/steam curing temperatures were studied utilizing SEM technique,
which could intuitively exhibit the mixture’s microstructure and the distribution of
hydration products upon heating [131]. The typical morphological images were
exhibited in Fig. 3.22. It can be clearly observed from Fig. 3.22(a) that when the
initial curing temperature was 30 °C, the degree of cement hydration was lower
and the hydration process of SCMs was still within the preliminary stage. Large
amount of needle-bar ettringite (AFt) phase as well as unreacted spherical FA
and silica fume particles were embedded/interlaced in C-S-H gels, which were
derived from the cementing materials hydration. Besides, the crystalline Ca(OH)2
in the form of laminated shapes could also be visually recognized owing to the
slow pozzolanic reaction of FA and GGBS at early ages [132]. As expected, the

increase in initial curing temperature contributed to increased cement hydration
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rate along with the consumption of Ca(OH)2, as a result of accelerated secondary
hydration process of SCMs, and produced more gels filling up the pores in the
mixtures [133] and consequently rendered DUHPC matrix more dense as shown
in Figs. 3.22(b-c). However, the higher temperatures during the early moist/steam
curing also speeded up the migration of surface water into concrete matrix and
formed a denser shell on the surface of cement particles, which in turn attenuating
the later hydration of cement clinker [134]. After a long period of high temperature
curing, the hydration products and the interface between aggregates and matrix
presented varying degrees of micro-cracks, which were not conductive to long-
term strength development. As the temperature increased to 60 °C, the foregoing
adverse impacts became more evident, accompanied by uneven-distributed and
coarse-crystallized hydration products, as well as visibly increased porosity and
ITZ thickness as shown in Fig. 3.22(d). Combining the microstructure patterns of
DUHPC mixture at different curing temperatures and their mechanical behaviour
obtained from Section 3.4.2, 50 °C was considered the most suitable moist/steam

curing temperature for DUHPC in this study.
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Fig. 3.22. Microstructure for DUHPC mixtures after 1 day of (a) 30 °C; (b) 40 °C; (c) 50 °C

and (d) 60 °C moist/steam curing based on SEM.

3.5 Environmental impact of developed DUHPC

In order to prepare UHPC with high strength, low porosity and excellent durability,

gravel aggregates are generally removed from concrete mix proportion and more

cement is introduced (800-1000 kg/m?3). However, the huge cement consumption

releases a large amount of CO2 in production and consumes a lot of resources

and energy. As reported above, dry concrete contains lower cement and moisture

content in comparison with conventional OPC concrete, and a variety of waste

materials and by-products can be introduced as ASCMs to replace partial cement.
Table 3.15 exhibits the comparisons of the content of cement and ASCMs, as well

as the replacement percentage and 28-day strength in compression and flexure

of straight steel fibre-reinforced UHPC and the developed DUHPC in this study.

All samples were tested after 28-day room-temperature water curing. It is evident

that with less cement incorporation and comparable replacement percentage (RP)
of cement, the developed DUHPC still demonstrated superior strength behaviour.

As an illustration, Yu et al. [135] used 610 kg/m3 cement and 33% substitution of
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cement to prepare UHPC and the compressive (f;) and flexural (f;) strengths at
28-day age were obtained as around 140 and 26.5 MPa, respectively. However,
the corresponding strengths of the developed DUHPC could, respectively, reach
around 169 and 36.5 MPa with only 560 kg/m® cement and lower fibre addition.
Furthermore, the embodied CO2 (ECO2) of the developed FR-DUHPC, which was
calculated using the expression ECO, = ¥/, (M; x ECO,) (i is the number of
factors affecting the ECO- in the mix, M; is the content (kg/m?®) of the foregoing i-
th factor, and ECO:y; is the equivalent CO2 emission (CO2-kg/kg) corresponding
to the i-th factor), is approximately 658 kg/m? based on the CO2 emission indexes
of various raw materials provided by references [136, 137]. Therefore, it can be
concluded that the DUHPC developed in this study not only has the advantages
of conventional dry concrete and self-compacting UHPC, but also contains low
cement addition and considerable cement replacement, which is consistent with
the principles of sustainable development along with the energy conservation and

emission reduction.
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Table 3.15

Comparisons of ASCMs content and strength values (28 days) of UHPC and developed DUHPC.

References Cementitious materials (kg/m®) Steel fibre reinforcement Sample size fo fy
Cement ASCMs RP (%) Fibre size (mm) Vol-% (mm) (MPa) (MPa)
Yu et al. [135] ~610 LSP+SP, ~ 305 33 Ls=13,ds=0.2 2.5 40%40%160 ~ 140 ~26.5
Song et al. [138] ~ 750 FA+SLF, ~ 344 31 Ls=13,ds=0.2 3.0 40%40%160 ~170 ~33.5
Wu et al. [139] ~ 785 SLF, ~ 260 25 Ls=13,ds=0.2 3.0 40%40%160 ~160 ~38.0
Xu et al. [140] CTWP, --- 35 Ls=13,ds=0.2 2.0 40%40%160 ~135 ~19.0
Brito et al. [141] ~ 570 MK+SLF, ~ 305 35 Ls=12.5,ds=0.5 5.0 40%40%160 ~118 ~36.5
Yu et al. [142] ~ 700 FA+SP, ~ 200 22 Ls=13,ds=0.2 2.5 40%40%160 ~25.0
This study ~ 560 FA+SLF+GGBS,~305 35 Ls=10,ds =0.12 2.0 40%40%160 ~169 ~ 36.5

Notes: only in this table, “RP” denotes replacement percentage, “SLF” denotes silica fume, “LSP” denotes limestone powder, “SP” denotes silica powder,

“CTWP” denotes ceramic tile waste powder, “MK” denotes metakaolin, “Ls” denotes fibre length, “ds” denotes fibre diameter and “---” denotes

unmentioned.
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3.6 Conclusion

In this chapter, the mechanical property of FR-DUHPC was investigated after a

benchmark mix proportion of dry-cast mortar was determined via the orthogonal

tests. Different steel fibre additions and curing regimes were used to explore their

influences on the mechanical behaviour of DUHPC. With the results presented

above, several conclusions can be drawn as follows:

1)

The inclusion of silica fume and FA as a partial substitute for cement were
identified as the most significant factors influencing the unit weight of dry-cast
cement mortar, whereas the water-binder ratio and silica fume content were
the predominant factors affecting its compression, rupture modulus and split-
tension performance.

The various mechanical properties of DUHPC were improved visibly with steel
fibre dosage at all ages. The increments of compressive and flexural strength
of DUHPC with 0.5-2.0% fibre reinforcements at 28-day age were respectively
25.6%, 11.4%, 7.3% and 44.6%, 23.7%, 13.1%, indicating that the addition of
steel fibres contributed better impact to the flexural rather than compressive
behaviour, which is extremely beneficial for dry concrete structures/units that
are mainly subjected to flexural-bending loads during their serviceability.

The increase in initial curing temperature via using moist/steam curing regime
led to an attenuation trend in various strengths of DUHPC under the identical
fibre dosage, especially at 28-day period. However, its strength development

kinematics improved evidently as the initial curing temperature raised at early
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ages. Up to 90% and 97% of final values of flexural strength were obtained
after 1-day moist/steam curing and the following 7-day normal-temperature
water curing. 50 °C moist/steam curing was suggested for consolidating the
pre-fabricated DUHPC units based on the microstructure analysis performed.
Strong power functional relationships existed between the compressive and
flexural as well as split-tensile strength. The development of flexural strength
under the identical fibre addition was faster than that of split-tensile strength
owing to the potential delamination failure. After comprehensively considering
the cost and mechanical performance of the developed FR-DUHPC, a volume
dosage of 1.5% was determined to be the most suitable steel fibre addition in

the current study.
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Chapter 4

Mechanical Characteristic of Multiscale Mono and Hybrid Steel
FR-DUHPC

4.1 Introduction

Dry concrete, with RCC and DCC as its representative hardened mixtures, is an
engineering composite material containing less moisture and cement content but
more incorporation of aggregate. In practical applications, for the purpose of
reducing the material cost, some waste materials, such as ASCMs and recycled
aggregates, are commonly utilized as a partial substitute for cement [43, 53, 54,
78] and natural aggregate [17, 41, 42, 74]. Therefore, some early age properties
that are important for dry concrete may be deteriorated and its long-term durability
cannot be guaranteed.

The addition of fibres into the mixture can significantly improve the mechanical
property of dry concrete, via reducing the micro-cracks induced by the shrinkage
of matrix as well as delaying their propagation at the initial stage of loading, and
finally becoming the main carrier of the external loads [27, 28, 104, 143, 144]. In
addition, some researchers pointed out that dry concrete with fibre reinforcement
showed better fibre efficiency than OPC concrete, which mainly attributed to the
enhanced anchorage friction between the fibres and cement matrix due to the
denser internal structure [79, 88]. Sharbatdar et al. [143] explored the strength
behaviour and impact resistance of RCCP with incorporation of different types of

fibres. It was concluded that steel fibres exhibited a better effect on improving the
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various strength characteristics, followed by synthetic and plastic fibres, while for
impact resistance of RCCP, steel and synthetic fibres exhibited the comparable
enhancement of 270% and 290%. Another type of the synthetic fibre, namely PVA
fibre, was considered by Peyvandi et al. [27, 28] to evaluate its influence on the
structural and durability performance of industrial-scale DCC pipes with addition
of modified graphite nanoplatelets (GP). The findings illustrated that the foregoing
performance including the crack resistance, carrying capability and toughness,
as well as the abrasion and acid resistance of PVA FR-DCC pipes were improved
evidently, especially in combination of modified GP. Similar strengthening and
toughening effects were likewise obtained from other studies in which steel and
synthetic fibres were used to manufacture DCC pipes [29, 30, 109]. What needs
extra focus here is that the research for the effects of crumb rubber, PP and steel
fibres on the structure behaviour of practical full-scale DCC pipes conducted by
Park et al. [30]. In addition to the findings that the shredded rubber caused a
reduction in the load-carrying ability of DCC pipes whereas this negative effect
could be remedied after fibres were added separately, hybrid fibre reinforcement
was more effective in improving the strength and ductility. Higher fibre efficiency
was a joint result of the high-strength steel fibres and the enhanced adhesive
strength of synthetic fibres, owing to their hackly appearance in the rubberized
mixture. Generally, hybrid fibres with different shapes or dimensions and types
can restrain the development of multiscale cracks. Short and ductile fibres (micro-
fibres with a diameter of no more than 5 um) are active in controlling the initiation

and propagation of micro-cracks by virtue of their better dispersibility and quantity
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advantages. As for long and stiff fibres (macro-fibres with a diameter greater than
100 um) at the same volume addition, by virtue of the size advantages and higher
friction with cement matrix, they can provide effective bridging mechanism across
macro-cracks and restrain their rapid development [145, 146].

By collating and analyzing the state of the art, several researches on mechanical
behaviour and durability of dry concrete with fibre reinforcement and addition of
recycled materials have been conducted. However, the strength (especially the
early strength behaviour) of dry concrete developed in those investigations was
relatively low despite fibre reinforcement was used. In this chapter, the effects of
multiscale mono and hybrid steel fibre reinforcements on the static mechanical
properties of DUHPC were further investigated based on the research findings

obtained from Chapter 3.

4.2 Materials, mix proportion and preparation

4.2.1 Raw materials and proportioning

In the current study, the primary raw materials utilized to prepare FR-DUHPC
comprised the Portland cement, silica fume, FA, GGBS, quartz sand, steel fibre,
polycarboxylate superplasticizer and water. FA, silica fume and GGBS, which
served as the SCMs, were utilized as the partial replacement for cement to
improve the mixture consistency and densify the microstructure of the matrix. The
main components of the cement and SCMs are exhibited in Fig. 4.1. In terms of
steel fibres, considering their toughening effect and the dispersibility in mixtures,

copper-coated straight fibres with an identical diameter of 0.12 mm but different
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lengths of 6, 10 and 13 mm were used to achieve the multiscale reinforcement.
The aspect ratios of these three lengths of steel fibres were, respectively, 50.0,
83.3 and 108.3, and their elastic modulus and tensile strength were 200 and more
than 4 GPa, respectively. In addition, owing to the lower moisture content of dry
concrete and the addition of fibres, high-efficiency SP with a water reduction of
30% was used. Furthermore, considering that the incorporated cement contained
admixtures and the secondary hydration (pozzolanic reaction) process of FA and
GGBS lagged behind, an additional 2% early-strength component was added to

SP to obtain better early properties of hardened dry concrete.
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Fig. 4.1. Main chemical compositions of cementitious materials for FR-DUHPC.

Based on previous laboratory experiments reported in Chapter 3, DUHPC with a
water-binder ratio of 0.16, superplasticizer dose of 3% by the mass of cement,
and cement replacement ratios of 10%, 20% and 5% by mass via using silica
fume, FA and GGBS, could achieve a satisfied mixture consistency and concrete
properties. Thus, mixtures mixed with the above materials and three lengths of

steel fibres were used in this study to assess the impact of multiscale mono/hybrid
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fibre reinforcement on the mechanical behaviour of DUHPC. In the case of mono
reinforcement, the fibre dosage was selected as 0.5-2.0% to investigate the effect
of three lengths of fibres under different dosages. For hybrid reinforcement, the
fibre dosage was selected as 1.5% to assess the effect of various hybridizations
at the optimal fibre addition obtained in Chapter 3. The detailed mix proportion of
mono and hybrid fibre reinforcements are given in Table 4.1. For the naming of
different mixtures, F05-20 represents the fibre dosage of the mixture, and S, M
and L, respectively, indicate 6-mm short fibre, 10-mm medium fibre and 13-mm
long fibre. For example, F20M corresponds to the mixture incorporating 2.0% 10-
mm medium-length fibres, and FO5S10L corresponds to the mixture incorporating
0.5% 6-mm short-length and 1.0% 13-mm long-length steel fibres. Totally twenty
groups of DUHPC mixtures including a control case without fibre reinforcement,
twelve cases with a mono fibre reinforcement and seven cases with hybrid fibre

reinforcements were prepared.

Table 4.1

Mixture proportions of mono and hybrid FR-DUHPC.

Sample Cement SLF FA GGBS Sand Water Fibre (%) Fibre proportion

Control  1.00 0.15 0.31 0.08 284 025 00 -

Mono 1.00 0.15 0.31 0.08 284 025 0.5-20 F05-20S, F05-20M, F05-20L

Hybrid  1.00 0.15 0.31 0.08 284 025 15 FO05S10M, F10S05M,
FO05S10L, F10S05L, FO5SM10L,
F10MO5L, FOSSML

Notes: “SLF” denotes silica fume.
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4.2.2 Preparation and curing regime

Owing to the lower moisture content of FR-DUHPC, its mixing procedures were
slightly different from those of self-compacting UHPC. The preparation processes
were as follows: (i) the weighed sand and powdery cementitious materials were
first put into a concrete mixer and stirred at a speed of 60 rpm for 2 mins; (ii)
dispersed steel fibres were gently introduced into the blended materials and dry
stirring continued for 4 mins; (iii) water with pre-blended superplasticizer was
added and the mixtures were stirred for another 6 mins; (iv) mixture was poured
into cube/prism/cylinder moulds and vibration-compacted to final form by using
surcharges and a shaking table. The moulding of cubic and beam samples was
3-layer compaction, while 2-layer compaction for cylinder split-tensile samples. It
was noteworthy that prior to the casting, all groups of fresh mixtures were tested
for their consistency, expressed in Vebe time (VBT), with results ranging from 16
s (control mixtures without fibre reinforcement) to 43 s (mixtures with 2.0% 13-
mm fibre reinforcement). That is, the incorporation of longer steel fibres and an
increase in fibre dosage significantly deteriorated the workability of dry concrete
mixtures. Nonetheless, all the prepared concrete mixtures possessed effective
workability since the obtained VBT fell within the appropriate range of the VBT
(80-75s) given by ACI 325.10R guidelines [147] and Ref. [92] for practical
practicality. It should pointed out that the mixture’s mixing time after water added
should not be too long to diminish the water evaporation within the mixes and

prevent the balling effect of fibres. However, the fibre cohesive agglomeration
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could also be observed when fibre dosage reached 2.0%, especially when 13-
mm fibres were incorporated. Fig. 4.2 depicts the preparation procedures of FR-
DUHPC samples described above and the observed agglomeration of steel fibres

during the mixing.

Fig. 4.2. Preparation procedures of FR-DUHPC samples and the observed fibre

agglomeration upon stirring.

Early high-temperature curing is considered as an effective method to accelerate
the consolidation of fresh concrete and enhance the early property of hardened
mixtures. Thus, moist/steam curing regime with closed ambient temperature of
50 °C was used in this study according to the experimental findings reported in
Chapter 3. Upon vibrated compaction, all samples covered with plastic film were
first left in natural environment for 3 h. Afterwards, they were put in an insulated
water tank and moist/steam cured at 50 °C for another 21 h. They were later
demoulded and immersed in the normal-temperature water for continuous curing
until the testing ages. Fig. 4.3 shows the moist/steam curing device employed

and the typical samples upon the curing, in which strain gages were attached to
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the surface of the beam and cylindrical samples to achieve the accurate test data.
In total, there were 540 FR-DUHPC samples were prepared and cured for quasi-

static tests at different testing ages.

Fig. 4.3. (a) Moist/steam curing device and typical (b) prism and (c) cylinder FR-DUHPC

samples before testing.

4.3 Testing program

At the end of 1, 7 and 28-day curing, the quasi-static mechanical performance of
mono and hybrid FR-DUHPC including compressive, flexural and split-tensile
behaviour were investigated complying with the Chinese national standards. The
uniaxial compression tests were performed on cubic samples via using a micro-
computer-controlled hydraulic test machine with a loading capacity of 50 tons.
The bending and split-tensile tests were, respectively, conducted on beam and
cylindrical concrete samples via utilizing a 10-ton computer-controlled universal
testing machine. In order to obtain the concrete samples’ ultimate strength data
and complete stress-strain along with load-displacement curves, all tests were
loaded using the constant displacement control, respectively, with 0.2 mm/min for

compression and 0.05 mm/min for four-point bending and splitting-tensile tests.
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Moreover, two symmetrical laser LVDTs were fixed between the platens of the
machine and on both sides of the sample to record the displacement (deflection)
along the load direction. For beam samples, strain gauges were likewise affixed
to their bottom tension area to record the accurate flexural cracking strength. In
addition, for samples subjected to compression and bending loads, tests would
be terminated when the residual bearing capacity dropped to 10% of the peak
load, while for samples subjected to split-tension, tests would be terminated when
the displacement in the loading direction exceeded 2 mm. It should be pointed
out that the samples’ loading direction in the bending and split-tensile tests was
a bit different, due to the preparation method of the layered vibrated-compaction
as well as the setting of the bearing surface of prism and cylinder samples. As
shown in Fig. 4.4, the casting surface (represented by dashed purple lines) of the
samples was defined as the X-Y plane and the Z-axis directed to the multiplied
casting layers. For prismatic samples in the bending test, the Z- and X-axis
corresponded to the direction of the loading and resulting flexural-tensile stress,
respectively. For cylindrical samples in the split-tensile test, the loading direction
was switched to the Y-axis and the split-tensile stress was generated along the
X-direction. Different loading directions and cracking modes would significantly
affect the failure behaviour of FR-DUHPC by virtue of its inherent anisotropy
characteristic caused by the layer-by-layer preparation method reported above.
In addition, the quasi-static testing programs and research parameters involved

are listed in Table 4.2.
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Fig. 4.4. Schematic diagrams of FR-DUHPC samples under (a) bending and (b) splitting-

tensile loads.

Table 4.2

Quasi-static testing approaches and studied parameters of mono/hybrid FR-DUHPC.

Tests Standards Dimensions (mm)  Quantity Parameters studied
Compression GB/T50081-2019 [148] 40 x 40 x 40 180 Compressive strength
(Uniaxial CECS13-89 [149] Cube Stress-strain curve
compression) GB/T17671-2021 [150] Modulus of elasticity

Toughness index

Flexure GB/T50081-2019 [148] 40 x 40 x 160 180 Flexural strength
(Four-point CECS13-89 [149] Prism Load-deflection curve
bending) GB/T17671-2021 [150] Deflection hardening
Toughness index
Split-tension  GB/T50081-2019 [148] 50 x 25 180 Split-tensile strength
Cylinder Load-displacement curve

4.4 Results and discussion

As introduced in Section 4.3, the static mechanical tests including compression,
flexure and split-tension were performed on FR-DUHPC samples after they were
cured for 1 day, 7 and 28 days. Tables 4.3 and 4.4, respectively, present the
obtained ultimate strength values (averages of three identical samples) of mono
and hybrid FR-DUHPC samples at different curing ages, in which £, f; and f;s are,

respectively, the uniaxial compressive, flexural and split-tensile strength.
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Table 4.3

Summary of static mechanical test results of mono FR-DUHPC samples.

Samples No. fe (MPa) f: (MPa) fis (MPa)
(Fibre length) 1-d 7-d 28-d 1-d 7-d 28-d 1 7-d 28-d
Control (No fibre) 72.3 82.2 90.8 9.3 117 129 44 5.5 6.4
6 mm FO5S 86.3 95.9 104.8 112 131 148 54 6.3 7.2
F10S 93.2 104.1 1131 158 197 220 6.2 7.2 8.2
F158 1076 1124 1262 207 241 282 7.2 8.4 9.6
F20s 1179 1220 1353 235 278 319 7.8 9.1 10.1
10mm FO5M 88.1 98.3 106.1 137 162 179 6.1 7.0 7.7
F10M 985 109.3 1204 192 235 271 7.0 7.8 9.0
F15M 1248 1325 1413 261 314 350 7.9 9.3 10.9
F20M 1304 1420 1523 294 353 396 8.6 10.2 117
13mm FO5L 91.3 101.1 1083 169 201 227 7.1 7.9 8.5
F1OL 1053 1178 1289 211 272 325 7.7 8.6 9.7
F15L 130.2 1423 1533 313 36.3 406 8.7 9.9 11.2
F20L 133.2 1487 1627 321 372 422 94 10.7 121
Table 4.4
Summary of static mechanical test results of hybrid FR-DUHPC samples.
Samples No. fc (MPa) f (MPa) fis (MPa)
(Hybridization) 1-d 7-d 28-d 1-d 7-d 28-d 1-d 7-d 28-d
Double FO5S10M (HSF1) 1225 128.0 1399 231 277 328 7.7 90 10.4
F10S05M (HSF2) 1108 1219 1333 218 260 301 7.3 85 9.9
FO5S10L (HSF3) 123.2 133.7 1449 274 309 352 81 92 10.6
F10S05L (HSF4) 1126 1241 1358 253 297 330 76 838 10.1
FO5M10L (HSF5) 127.8 1385 1484 301 344 386 85 0938 11.2
F10MO5L (HSF6) 126.2 136.6 1452 295 330 375 86 100 114
Ternary FO5SML (HSF7) 1244 1356 1444 271 314 359 80 93 11.1

Notes: items in parentheses denote the hybrid fibre numbers labelled on samples’ surface.
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4.4.1 Compression behaviour

The development of the compressive strength with curing age and fibre dosage
when different lengths of steel fibres are separately mixed into concrete mixtures
is shown in Fig. 4.5. Compared with control samples without fibre reinforcement,
the single addition of any length of steel fibres notably increased the compressive
strength of DUHPC at all ages, which was consistent with the research findings
reported in Chapter 3. As an illustration, the average strength values at 28 days
increased from 90.8 (control) to 126.2 (F15S), 141.3 (F15M) and 153.3 (F15L)
MPa when the fibre dosage was 1.5%, and the enhancements were 39.0%, 55.6%
and 68.8%, respectively. The highest strength value was achieved as 162.7 MPa
at 28 days for F20L samples. It should be noted that the increase rate of strength
started to slow down after the fibre dosage exceeded 1.5%, especially for cases
mixing with 10- and 13-mm fibres. This was associated with the phenomenon of
the fibre agglomeration during the stirring shown in Fig. 4.2. Additionally, little
difference in compressive strength of DUHPC reinforced with three single lengths
of fibres was discerned (such as 86.3, 88.1 and 91.3 MPa at 1 day of age) at low
fibre addition of 0.5%, but the difference gradually manifested with fibre dosage,
as can be clearly found from Fig. 4.5(d). This was mainly because when the fibre
volume addition was low, short fibres could form a relatively dense fibre nets
within the matrix by virtue of their quantity advantage. However, the number of
longer fibres increased remarkably with dosage, demonstrating a more effective

reinforcement in conjunction with their size effect. The largest 28-day strength
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differences, in comparison with 6-mm FR-DUHPC samples, were 12.6% for 10-

mm FR-DUHPC (F20M, 135.3-152.3 MPa) and 21.5% for 13-mm FR-DUHPC

(F15L, 126.2-153.3 MPa) samples.
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Fig. 4.5. Compressive strength of mono FR-DUHPC samples after 1, 7 and 28-day curing:
(a) 6-mm fibre; (b) 10-mm fibre; (c) 13-mm fibre and (d) 28-day strength comparison

regarding control samples.

Fig. 4.6 shows the effects of hybrid fibre reinforcement (1.5%) on the compressive
strength of DUHPC up to 28 days of age. Of all ages tested, the concrete sample
with the highest compressive strength was FO5M10L, followed by F10MO5L and
FO5SML. Under the same fibre dosage and double hybrid conditions, the addition

of shorter steel fibres to substitute part of the initial size ones attenuated the
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compressive strength to a certain extent. As an illustration, the 28-day ultimate
strengths of FO5S10M and F10S05M samples were reduced by 2.9% and 7.5%,
respectively, compared with F15M samples. The marked reduction occurred in
the case where 13-mm fibres were partially replaced by 6-mm short fibres, with
the maximum decrease up to 12.4% (F10S05L, 131.6 MPa). The foremost reason
was that while short fibres could restrain the development of micro-cracks, longer
steel fibres were able to bridge the macro-cracks which were critical to the peak
compressive strength [151-153]. The weakness derived from the short fibres was
further magnified as the replacement gradually increased. Another reason for the
attenuation in strength might be that in the case of double hybridization, a “size
jump” existed between 6- and 13-mm fibres. That is, short fibres mainly mitigated
the appearance and development of the micro-cracks under loads [154], but long
fibres could not effectively restrict the further propagation of cracks due to their
smaller quantity and scattered distribution. If a length of fibre reinforcement acting
as a “transition size” was incorporated into the mix between the short and long
steel fibres, the foregoing “size jump” would be avoided, rendering the multiscale
cracks being more targeted by the hybrid reinforcement system. Therefore, the
compressive strength of DUHPC with ternary hybrid fibre reinforcement (FO5SML)
at different ages was only 3.6-4.8% lower than that of F15L samples, but signally
higher than F15S samples by 13.4-20.4%, at the same fibre dosage. In addition,
as can be observed that substituting partial 13-mm fibres with medium-sized ones

had little impact on compressive strength.
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Fig. 4.6. Effects of hybrid fibre reinforcement on compressive strength of DUHPC.

Fig. 4.7 illustrates the typical compressive stress-strain relationships of DUHPC
samples reinforced with mono and hybrid steel fibres after 28 days of curing, and
the correlation curve for control samples is also depicted. Compared with control
samples without fibre reinforcement, the addition of steel fibres could evidently
transform the failure mode of DUHPC under compressive loads from brittleness
to ductility, irrespective of the fibre length, dosage and mixing method (mono and
hybrid). For mono samples, the peak stress and strain (corresponding to the peak
stress) were increased with fibre addition, respectively in the ranges of 102.6-
136.0 MPa and 0.0036-0.005, 106.4-150.9 MPa and 0.0036-0.0056, and 109.1-
163.7 MPa and 0.0035-0.0058 when 6-, 10- and 13-mm steel fibres were mixed.
Besides, the samples with higher fibre dosages and longer fibre lengths exhibited
better ductility and energy absorption performance (would be analyzed in detail
in the following section), which was manifested in that the post-cracking contour
of the curves was more plump and the samples had a higher residual strength

under the same strain. Moreover, compared with 6-mm steel fibres, the dosage
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exceeding 1.5% had less evident effect on enhancing the bearing capability of
samples with longer steel fibre reinforcements than improving their post-cracking
behaviour. For hybrid samples exhibited in Fig. 4.7(d), the use of shorter fibres
instead of partial longer ones showed little impact on the peak strain, while the
proportion of longer steel fibres still dominated the post-cracking behaviour of the

samples and the plumpness of the curves.
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Fig. 4.7. Typical 28-day compressive stress-strain curves of (a-c) mono and (d) hybrid FR-

DUHPC samples.

The toughness of concrete material is a very important parameter reflecting its
deformability under external loads [155]. Fig. 4.8 compares the compressive total
energy absorption (CTE) and toughness index (CTI) of control and FR-DUHPC

samples at different testing ages. CTE is considered as the total area under the
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compressive stress-strain curves shown in Fig. 4.7 corresponding to the residual
strength at 10% of the ultimate stress, while CTl is the ratio of CTE to the energy
absorption before cracking (CEBC), i.e., the area enclosed by the curves from
zero to the ultimate stress [145, 156]. As can be broadly observed that the energy
absorption ability and toughness of DUHPC improved notably with the addition of
mono and hybrid fibres, which could be increased by 115-892% for CTE and 70-
114% for CTI, in comparison with control samples. Additionally, the value of CTE
gradually increased with steel fibre length under the same dosage, especially at
higher volume fractions of 1.0-2.0%, as depicted in Fig. 4.8(b). However, it is
noteworthy that the CTI of the samples with 2.0% short fibre reinforcement was
larger than that of the samples reinforced with 2.0% medium/long steel fibres.
That would mean that the CTE improved rapidly with a slight increase in CEBC
when the dosage of short fibres increased from 1.5% to 2.0%, and thus exhibiting
better compressive toughness. For double-hybrid samples, the degradation in
CTE appeared in the cases where short fibres replaced 1.0% 10- and 13-mm
fibres, and their CTI presented a similar downtrend, which could be explained by
the reason of the larger strength attenuation in comparison with the original fibre-
sized samples. However, unlike the strength variations, FO5SM10L, F10MOS5L and
ternary-hybrid (FOSSML) samples showed better compressive energy absorption
ability and toughness. In particular, the CTE of FOSSML samples at 28-day age
increased by 702.8% and 10.1%, respectively, compared with control and F15L
samples, while the CTI increased by 108.0% and 5.8%, respectively. All these

improvements were attributed to the positive synergistic function of the multiscale
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fibre hybridization on the compressive behaviour after cracking, which jointly
mitigated the propagation of cracks in two (10/13 mm) and three (6/10/13 mm)
length scales [145, 151, 152]. Hence, the use of 1.5% ternary fibre hybridization
endowed DUHPC with excellent compression energy absorption and toughness
properties, while having a good mixture consistency, even with slightly reduced

compressive strength.
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Fig. 4.8. Compressive total energy absorption and toughness index of (a) control; (b) mono

and (c) hybrid FR-DUHPC samples after 1, 7 and 28-day curing.

Fig. 4.9(a) shows the variations in the 28-day static MOE of mono (0.5-2.0%) and
hybrid (1.5%) FR-DUHPC samples. The static MOE is also obtained based on
the linear section of compressive stress-strain curves, and 83-90% of the ultimate

stress is considered as the upper limit of the elastic section of DUHPC in the
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current study [157, 158]. It could be observed that the MOE of mono FR-DUHPC
samples gradually increased with steel fibre length and volume addition. As an
illustration, the MOE was increased from 35.8 to 39.9 GPa for FO5S and F20S
samples, and was continuously increased to 42.1 GPa for F20L samples, which
was attributed to the improvement of fibre length and dosage on the compressive
strength reported above. It was noteworthy that in the case of fibre hybridization,
the FOSSML (HSF7) samples demonstrated the comparable MOE of 41.1 GPa
when compared with longer steel fibre reinforcements, such as F15L, FOSM10L
and F10MOSL. This might be attributed to the homogenous micro-structure with
multiscale hybrid fibre reinforcement in effectively bridging the micro-, meso- and
macro-cracks, leading to a more linear elastic part under compression load [151].
In addition, the relationships between 28-day compressive strength and MOE of
mono and hybrid FR-DUHPC were contrasted with the developed fitting curve
obtained from Chapter 3, as illustrated in Fig. 4.9(b). It was further manifested
that the enhancement in compressive strength caused a logarithmic improvement

in static MOE (MOE = 14,152-Inf; - 44,028) with a great goodness of fit of 0.973.
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Fig. 4.9. (a) 28-day static MOE and (b) its relationship with compressive strength of mono

and hybrid FR-DUHPC samples.
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4.4.2 Flexure behaviour

Fig. 4.10 illustrates the development of the flexural strength with curing age and
fibore dosage when steel fibres with different lengths are separately mixed into
DUHPC mixtures. The strength of DUHPC with any length of mono reinforcement
was improved with curing age and fibre dosage, and the increase was significant
when the fibre length increased from 6 to 10 and 13 mm under the same addition.
For instance, the flexural strengths of control samples at three testing ages were
9.3, 11.7 and 12.9 MPa, respectively, and they increased to 13.7, 16.2 and 17.9
MPa for FOSM DUHPC samples and continued to increase to 29.4, 35.3 and 39.6
MPa when 2.0% medium fibre was mixed. F20L samples illustrated the highest
28-day strength of 42.2 MPa, which improved by 227.1%, 32.3% and 6.6%,
respectively, as compared to the control, F20S and F20M samples. Similar to the
variation trend of compressive strength, when the fibre addition exceeded 1.5%,
introducing more fibres into the mixture did not prominently improve the flexural
strength. Especially for the mixtures reinforced with long fibres, the 1, 7 and 28-
day strengths at 2.0% reinforcement were only 2.6%, 2.5% and 3.9% higher than
the same-age strengths at 1.5% fibre reinforcement, which was still related to the
observed fibre agglomeration. It should be noticed that under the identical fibre
dosage (0.5-2.0%), the incorporation of longer steel fibres into DUHPC mixtures
contributed to more positive effect on flexure rather than compression, as
manifested from the contrast between Figs. 4.5(d) and 4.10(d). For example, little

difference in compressive strength of DUHPC reinforced with any single length
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of fibres was observed at 0.5% fibre addition, as reported in the previous section,
whereas the flexural strength improved from 14.8 to 17.9 MPa (by 20.9%), and
then to 22.7 MPa (by 26.8%) as the fibre length increased. This means that the

use of 10- and 13-mm steel fibres is more beneficial for DUHPC structures/units

that are mainly subjected to bending loads during their serviceability.
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Fig. 4.10. Flexural strength of mono FR-DUHPC samples after 1, 7 and 28-day curing: (a)
6-mm fibre; (b) 10-mm fibre; (c) 13-mm fibre and (d) 28-day strength comparison regarding

control samples.

Fig. 4.11 illustrates the impacts of hybrid fibre reinforcement (1.5 Vol-%) on the
flexural strength of DUHPC at three ages. The attenuation in flexural strength
also occurred on DUHPC mixtures where longer fibres were partially substituted

by shorter ones at all ages, and the largest decrease was up to 18.7% (F10S05L,
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33.0 MPa). It should be pointed out that the decrease in compressive strength of
the identical sample was obtained as 12.4%, as reported above, which further
demonstrated that the flexural behaviour of DUHPC was more sensitive to fibre
size than the compression. Under the double-hybrid condition, mixing medium-
length steel fibres instead of partial long ones exhibited the least negative impact
on the flexural strength, such as the 28-day strength dropped from 40.6 (F15L)
to 38.6 (FOSM10L) and 37.5 MPa (F10MO5L) with a decrease of 4.9% and 7.6%,
respectively. For the ternary-hybrid samples, even though the flexural strength at
each curing age was attenuated to some extent (the 28-day strength decreased
by 11.6%) due to the addition of 6-mm fibres in comparison with F15L samples,
their ultimate strength was higher in comparison with F15M samples. The ternary
hybridization could mitigate the lower efficiency of short fibres in inhibiting the
crack propagation, and weaken the stress between fibres and cement matrix by
virtue of the quantity and dimension advantages, thus delaying the formation and
development of the multiscale cracks [139, 159].
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Fig. 4.11. Effects of hybrid fibre reinforcement on flexural strength of DUHPC.
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Fig. 4.12 illustrates the typical flexural load-midspan deflection relationships of
DUHPC samples reinforced with mono and hybrid steel fibres after 28 days of
curing, and the correlation curve for control samples is also depicted. Similar to
the compressive stress-strain behaviour, the incorporation of any length, dosage
and mixing method (mono and hybrid) of steel fibres could transform the sudden
fracture of DUHPC into ductile failure under flexural-tensile load, as compared to
control ones with no fibre. The presence of steel fibres rendered the samples to
sustain the continuous action of the bending load and reach the ultimate bearing
capacity after the crack initiation (corresponding to the cracking strength, which
would be discussed and analyzed in detail in the following section). Then, with
the gradual increase in the width of the matrix cracks and the midspan deflection
of the samples, the stress between the cracks redistributed and the load borne
by the fibres became larger by virtue of the anchorage and friction between the
matrix and embedded fibres, thus retarding the crack propagation. For mono FR-
DUHPC samples, the higher fibre additions and longer fibre lengths contributed
to markedly higher flexural bearing capability and better ductility (Table 4.5). In
this section, the expression i = Aggs5/Acack Proposed by Cohn et al. [160] was
utilized to calculate the flexural deflection ductility index of FR-DUHPC prismatic
samples, where i is the ductility index, 4 g5 is the deflection value corresponding
to 85% of the peak load in the descending part of the curve, and A, is the first
yield deflection value of prismatic samples. In addition, it could be observed that

in the descending part of the curve beyond the peak load, the visible zigzag
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patterns appeared on the curves of all samples (except for 2.0% 10- and 13-mm
FR-DUHPC samples), and the tearing sounds could be heard during the loading
process, which was in line with the test results concluded by Wu et al. [152].
However, as the total number of bridging fibres across the fracture surface as
well as the anchorage length increased, the amplitude of the foregoing zigzag
patterns mitigated evidently, manifesting that the restraint effect of steel fibres on
flexural-tensile cracks was more efficient and the cracks’ development was more
stable. For hybrid FR-DUHPC samples depicted in Fig. 4.12(d), as expected, the
use of shorter steel fibres as a partial substitute for longer ones led to a reduction
in peak load and a degradation in ductility (Table 4.5), and the phenomenon of
steel fibres been pulled out suddenly and frequently was more likely during the
deflection softening process, especially for hybrid samples with more 6-mm fibres.
It is noteworthy that the ductility index of samples FO5M10L was greater than that
of samples F15L or even F20L, further demonstrating the positive synergistic

effect of the multiscale fibre hybridization on the flexural behaviour after cracking.
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Fig. 4.12. Typical 28-day flexural load-deflection curves of (a-c) mono and (d) hybrid FR-
DUHPC sampiles.
Table 4.5

Deflection ductility index of mono and hybrid FR-DUHPC samples.

Mix Ductility Mix Ductility Mix Ductility  Mix Ductility Mix Ductility

FO5S  2.46 FOSM  3.59 FO5L 3.87 FO5S10M 3.93 FOSM10L 5.25
F10S 2.70 F1OM  3.75 F10L 3.96 F10S05M 3.74 F10MOSL 4.24
F15S  2.99 F15M  3.96 F15L 4.29 FO5S10L 4.23 FOSSML  3.94

F20S 3.08 F20M 4.18 F20L 4.55 F10S05L 3.68 Control 1.00

Figs. 4.13 and 4.14 together show the impacts of fibre dosage and hybridization
on the 28-day flexural cracking strength and toughness of mono and hybrid FR-
DUHPC samples. The cracking strength was considered as the flexural stress
when the strain gauge ruptured, and the toughness, FTs, FT3s, FTs55 and FT1o.55,
were, respectively, referred to the total area under the flexural load-deflection
curves shown in Fig. 4.12 as the mid-span displacement reached 1, 3, 5.5 and
10.5 times the cracking deflection (&) corresponding to the cracking strength.
Accordingly, the toughness indexes, FTls, FTl1g and FTlx, were parameters by

dividing the FTss, FTs55 and FT1o055 by FTs revealing the energy consumption
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capacity of DUHPC after cracking, which were given by the Chinese national
standard CECS13-89 [149]. It could be observed that the cracking strength of
DUHPC with any mono fibre reinforcement was enhanced prominently with fibre
dosage. Compared with the 28-day flexural strength (12.9 MPa) for reference
samples listed in Table 4.3, the contributions of three fibres to cracking strength
at 0.5% dosage were comparable. However, with the increase in fibre dosage,
longer steel fibre reinforcement exhibited a better effect on improving the cracking
strength. In addition, the clear variation of the ratio between cracking and peak
strength indicated that gradually increasing the fibre volume addition rendered
DUHPC to exhibit more prominent deflection-hardening behaviour, i.e., there was
still much room for the enhancement in flexural strength of DUHPC after the crack
initiation. For samples with 1.5% hybrid reinforcement, introducing 10-mm fibres
instead of partial 13-mm ones had a little impact on cracking strength, but a mildly
increase could be found when they were partially replaced by 6- and 10-mm fibres
in the ternary hybridization. Additionally, the aforementioned strength percentage
varied within the range of 50-60%, and gradually increased with the substitution

using shorter steel fibres.
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Fig. 4.13. Flexural cracking strength and its ratio to the ultimate strength of (a) mono and

(b) hybrid FR-DUHPC samples after 28-day curing.

As indicated in Fig. 4.14, the changes in flexural toughness and toughness index
of DUHPC with mono fibre reinforcement demonstrated a roughly similar trend to
those of flexural cracking strength. It was worth noting that since 6-mm fibres had
small length and rather low efficiency in restricting the cracks development, they
were incapable to render the reinforced samples exhibiting better ductility at lower
fibre incorporation beyond cracking. Therefore, the flexural toughness FT10.55 and
toughness index FTly in the cases of the fibre additions of 0.5% and 1.0% were
calculated as zero. So did these two parameters of samples with 0.5% 10-mm
fibre reinforcement. As could be observed in Fig. 4.14(a) that longer steel fibres
demonstrated a more remarkable toughening effect at the deflection points of
5.56- and 10.56r, especially for DUHPC samples with higher fibre dosages (1.0-
2.0%). For example, the toughness at the deflection point of 10.56. was 38.0
kKN-mm when 1.5% 13-mm steel fibres were introduced, and the corresponding
index FTlx was 25.8. The toughness value was approximately 40.7% and 82.7%

higher than the cases when 1.5% 10- and 6-mm fibres were separately blended,
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and FTlx was approximately 36.5% and 65.4% higher than the corresponding
samples. In the cases of fibre hybridization, as shown in Fig. 4.14(b), the use of
shorter fibres to substitute partial longer ones reduced the flexural toughness and
energy consumption ability to some extent. Under the same fibre dosage of 1.5%,
FO5M10L (HSF5), F10MO5L (HSF6) and FOSSML (HSF7) cases exhibited slightly
lower and much higher flexural toughness as respectively compared to F15L and
F15M samples. Meanwhile, due to the reduced amount of longer steel fibres, the
above three hybrid FR-DUHPC samples had better fibre dispersibility and mixture

workability, according to the observation shown in Fig. 4.2.
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Fig. 4.14. Flexural toughness (FT) and toughness indexes (FTI) of (a) mono and (b) hybrid
FR-DUHPC samples after 28-day curing.
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4.4.3 Split-tension behaviour

The development of split-tensile strength with curing age and fibre dosage when
steel fibres with different lengths are separately mixed into DUHPC mixtures is
depicted in Fig. 4.15. The strength development of DUHPC with any mono fibre
reinforcements were similar to the variation trend of the flexural strength. As the
addition of steel fibres increased from 0.5% to 2.0%, the split-tensile strength of
short, medium and long FR-DUHPC at 28 days was, respectively, improved by
10.9-57.8%, 20.3-82.8% and 32.8-89.1%, compared with control samples. From
the above it can be found that the strength improvement of 13-mm fibres was
weakened at the high-volume dosage. This trend can be more clearly observed
from Fig. 4.15(d). That is, the 28-day splitting-tensile strength of FO5L and F10L
samples was improved by 10.4% and 7.8% compared with FO5SM and F10M ones,
respectively, while these improvements were reduced to 2.8% and 3.4% when
the fibre addition added to 1.5% and 2.0%. Moreover, the slowdown in the growth
rate of split-tensile strength also occurred after the fibre addition exceeded 1.5%,

for any single length of steel FR-DUHPC samples.
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Fig. 4.15. Split-tensile strength of mono FR-DUHPC samples after 1, 7 and 28-day curing:
(a) 6-mm fibre; (b) 10-mm fibre; (c) 13-mm fibre and (d) 28-day strength comparison

regarding control samples.

Fig. 4.16 also depicts the impacts of hybrid fibre reinforcement (1.5 Vol-%) on the
split-tensile strength of DUHPC at three testing ages. Similar strength attenuation
could be found when longer (10- and 13-mm) steel fibres were partially replaced
with 6-mm short ones, owing to the poorer efficiency of short fibre reinforcement
in constraining the cracks propagation. However, it is interesting that the samples
with 10-mm steel fibres substituting partial longer ones (FO5M10L and F10MOS5L)
demonstrated comparable or even slightly higher split-tensile strength than the
original samples (F15L). In addition, the ternary-hybrid fibre-reinforced samples
also exhibited satisfactory strength at all ages, in contrast to the three samples
mentioned above. All these improvements in split-tensile strength were ascribed
to the combined strengthening effect from the hybrid fibre reinforcement, which
jointly mitigated the cracks development in two (10/13 mm) and three (6/10/13

mm) length scales [145, 151, 152].
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Fig. 4.16. Effects of hybrid fibre reinforcement on split-tensile strength of DUHPC.

Fig. 4.17 illustrates the typical split-tensile load-displacement curves of DUHPC
samples reinforced with mono and hybrid steel fibres after 28 days of curing, and
the correlation curve for control samples is also presented. Since the test samples
were cylinder, their bearing surface was developed from the line to the plane after
reaching the peak load. The failure of samples was continuously transformed in
split-tension and compression, resulting in obvious fluctuation and undulation in
the descending section of the foregoing curves. As exhibited in Fig. 4.17(a-c),
although the inclusion of 0.5 Vol-% steel fibres of any length could enhance the
maximum bearing capability of DUHPC under splitting- tensile load, its effect on
the improvement of brittle failure after the initial crack was not significant, and the
reinforced samples had comparable splitting stiffness as compared to the control
case. This was mainly due to the lower constraint efficiency of short fibres for
rapid cracks propagation and the insufficient toughening amount of longer fibres
at the constant volume dosage. However, as the fibre addition increased, the

ductile failure became conspicuous, and the samples exhibited obvious tension
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hardening behaviour and enhanced splitting stiffness at higher fibre dosages
(1.5-2.0% for 6- and 10-mm FR-DUHPC and 1.0-2.0% for 13-mm FR-DUHPC).
In addition, longer fibres were more effective for improving the foregoing ductility,
as indicated by the progressively extended vertical displacement corresponding
to the peak load (from 0.735-0.784 to 0.795-0.842 and 0.817-0.844). For hybrid
FR-DUHPC cases, all the samples exhibited visible tension hardening and ductile
failure characteristics except for the samples with more 6-mm fibre substitution
(F10S05M and F10S05L), which exhibited a larger bearing capacity decline after

peak load.
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Fig. 4.17. Typical 28-day split-tensile load-displacement curves of (a-c) mono and (d)

hybrid FR-DUHPC sampiles.
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4.4.4 Discussion

As analyzed above, compared with control samples without fibre reinforcement,
the incorporation of any length, dosage and mixing method (mono/hybrid) of steel
fibres could improve the static mechanical performance (strength, toughness and
energy absorption behaviour) of DUHPC and meanwhile transform the failure
mode from the brittleness to ductility, especially at higher fibre volume dosages
and longer fibre lengths.

For mono FR-DUHPC samples, steel fibres contributed greater positive impact
to the strength in flexure and split-tension than the compression, and this effect
was prominent once the longer fibres were mixed, at the same volume addition.
As an illustration, compared with control samples, the 28-day strength increments
in compression were 39.0%, 55.6% and 68.8% when 1.5% short, medium and
long steel fibres were separately incorporated. For flexure and split-tension, the
aforementioned increments were 118.6%, 171.3%, 214.7% and 50.0%, 70.3%,
75.0%, respectively. In addition, the improvement effect of steel fibres with larger
quantity and longer size on flexural ductility and toughness of DUHPC after the
crack initiation was likewise evidently stronger than that on compression-related
properties, which could be intuitively observed from the contrast between the Figs.
4.7(a-c) and 4.12(a-c), as well as the Figs. 4.8(b) and 4.14(a). This means that
the utilization of any length of steel fibres (better to mix longer ones at higher
addition) is very beneficial for DUHPC structures and components since they are

mainly subjected to flexural-tensile load during their serviceability.
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In the case of fibre hybridization, the addition of shorter steel fibres as a partial
substitute for the initial-sized ones reduced the mechanical properties of DUHPC
to some extent. Moreover, the attenuation of the flexural behaviour was more
evident when 6-mm steel fibres were introduced with volume substitution of 1.0%,
which was manifested by the attenuated cracking/ultimate flexural strength, as
well as the degraded deflection hardening, toughness and energy consumption
property. Even so, FOSM10L/F10MO5L and FO5SSML samples presented slightly
lower and much higher flexural toughness as respectively compared to F15L and
F15M samples, and also these samples presented comparable compressive and
split-tensile strength when compared to F15L cases, whereas better compressive
toughness and energy absorption ability. To find out its cause, the improvements
were attributed to the positive synergistic effect of multiscale fibre hybridization
on the mechanical behaviour of DUHPC after cracking, which jointly alleviated
the cracks propagation in two (10/13 mm) and three (6/10/13 mm) length scales
[145, 151, 152]. Shorter steel fibres with better dispersion could effectively fill the
inherent voids of the cementing slurries and reduced/restrained the emergence
of micro-cracks, while the longer ones powerfully bridged/held the matrix on both
sides of the cracks after the micro-cracks developed into the macro-crack, which
improved the post-cracking behaviour of DUHPC.

In this study, another non-negligible factor that caused the length and dosage of
steel fibres to possess a more significant improvement effect in the flexural and

split-tensile properties of the developed DUHPC came from its fabrication method.
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Take the prism FR-DUHPC samples under static bending tests as an illustration,
they were vibration-compacted in three layers using surcharges to obtain the final
form, as introduced in Section 4.2.2. In other words, under the combined action
of vibration and compaction, steel fibres tended to be aligned parallel to the
direction of the compaction layer (Fig. 4.18), which was similar to the wall-effect
of the self-compacting 3D-printing steel FR-UHPC as reported in Ref. [161]. This
endowed the embedded steel fibres with a longer effective anchoring length when
the matrix was cracked, and hence signally improved the flexural performance of
DUHPC. Moreover, as compared to medium/long steel fibres, 6-mm short fibres
were also likely to be distributed perpendicular and/or inclined to the casting layer
since the thickness of each layer was around 13 mm. Therefore, under the same
volume addition, the use of short steel fibres manifested a lower improvement
effect on flexural-tensile performance. In addition, it was noteworthy that the split-
tensile strength of FR-DUHPC samples with the identical mix proportion at the
same testing ages was approximately 27-50% of the flexural strength (less than
the relevant strength ratio of self-compacting FR-UHPC), and the enhancement
of the split-tensile strength with fibre dosage and length was not as significant as
that of the latter. The primary reason also came from the preparation method of
DUHPC and the different loading directions of the two test methods as shown in
Fig. 4.4. As can be seen from Fig. 4.4(b), the cylinder samples under compression
load would not only undergo the splitting-tensile failure, but also might appear the

detachment of adjacent compaction layers (exhibited in Fig. 3.19), owing to the
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insufficient interlayer bonding and fibre reinforcement. Nevertheless, the layered
consolidation had a litter effect on the flexural property of the prismatic samples
under the Z-axis loading, and therefore resulted in a lower increase in split-tensile
strength than that in flexure.

Hence, after comprehensively considering the main applications and preparation
technologies of the developed DUHPC, as well as the impact of the distribution,
dosage, length and mixing method of steel fibres on its mechanical properties,
the mixtures with hybrid medium and long steel fibres as well as with hybrid short,
medium and long ones were suggested to be utilized in the practical application
of DUHPC structures/members. Moreover, the length of steel fibres introduced
was not recommended to exceed 13 mm due to the easy agglomeration of longer
steel fibres and the lower moisture content of DUHPC. Furthermore, it should be
pointed out that although the water-binder ratio of the developed DUHPC in this
study (w/b = 0.16) was similar to that of self-compacting UHPC (w/b = 0.16~0.20),
the moisture content of DUHPC mixtures was significantly reduced owing to the
lower content of the cementitious materials (approximately 860 kg/m?3). Under the
combined effect of more addition of aggregates (approximately 1400 kg/m?3), the
barren appearance of dry concrete was exhibited. This characteristic of DUHPC
enabled it to be rapidly demoulded upon the formation, or even without formwork
operation. The prepared mixtures could be used in concrete structures and units
with special requirements for early strength behaviour by virtue of the exhibited

extremely high early (up to 133.2 and 32.1 MPa for compression and flexure at 1
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day of age) and long-term (up to 162.7 and 42.2 MPa for compression and flexure

at 28 days) strengths, thereby effectively speeding up the construction progress.

0.5 Vol %

2.0 Vol %

Fig. 4.18. Fibre distribution within the fracture surface of 0.5-2.0% FR-DUHPC samples

after bending tests.

4.5 Multivariate regression analysis

From the aforementioned analysis in Sections 4.4.1-4.4.3, the length and dosage
of steel fibres as well as the curing age were the leading factors influencing the
properties of FR-DUHPC. To further explore the functional relationships between
the influencing factors and strength behaviour, this section introduces a multiple
regression analysis method frequently used in the statistical analysis, which can
establish linear/nonlinear mathematical correlations between multiple variables
via taking the single variable as a response dependent variable (RDV) and other

variables as independent variables (IVs). The conventional multivariate linear
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functional relationship can be expressed as follows:
Yi=a+ B, Xy + B, X+ -+ B Xy, i=1, -, n, linear model 1 (4.1)
where a and B are regression constants, Xk is the IV corresponding to the steel
fibre length and dosage as well as the curing age (k = 3), and Y, is the RDV
corresponding to the compressive, flexural and split-tensile strengths in this study
(n = 3). The values of the foregoing Vs are, respectively, 6, 10 and 13 (length),
0.005,0.01, 0.015 and 0.02 (dosage), and 1, 7 and 28 (age). Moreover, for the
purpose of achieving a more accurate regressive functional results, Jin et al. [162,
163] also took the natural logarithm of the above conventional linear function or
introduced mixed IVs, and the following nonlinear and mixed model relationships
expressed in multivariate linear formats were proposed:
In(YI.) =q+ ,81 Xy + e+ Bk-Xk, i=1, -, n,nonlinear model 2 (4.2)
In(Y) =a+ B, In(X,) + -+ + B,-In(X,), i =1, --+, n, nonlinear model 3 (4.3)
X/ Yi=a +ij=1ﬁj-X,-j, i=1,--,n, j=1,-- k mixed models from 4 to (k + 3)
(4.4)
In(Xi)/Y:=a +ij=1 ,Bj-ln(X,j), i=1,-,n, j=1, - Kk mixed models from (k + 4)
to (2k + 3) (4.5)
As indicated in Eqgs. (4.1)-(4.5), a total of 9 multivariate regression models were
presented for each RDV, including 1 linear model, 2 nonlinear models and 6
mixed models. It is well known that the accuracy of regression results improves
with the number of sample data and in order to ensure their accuracy, generally

the number of the sample data should be no less than 36. Therefore, this section
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only performs multivariate regression analysis on the strength behaviour of mono

FR-DUHPC with the assistance of the SPSS statistical software to carry out the

variance and residual analysis for each model and test the significance of each

influencing factor. The detailed regression results of RDVs related to compressive,

flexural and split-tensile strength are listed in Table 4.6, where R? is the goodness

of fit, D-W value is the Durbin-Watson statistical result utilized to diagnose the

autocorrelation of model residual deviations (the optimal range is 1.5-2.5 and

preferably close to 2.0), and X., Xc and Xa are the abbreviations of Vs of the

length and dosage of steel fibres and the curing age, respectively.

Table 4.6

Regression results of strength behaviour for mono FR-DUHPC.

Models fc - related fr - related fis - related

(No.) RDV R? D-w RDV R? D-w RDV R? D-wW

Linear 1 f 0927 1712 f 0.937 1559 fis 0.946 1.168

Non-linear 2 In(f) 0.932 1.693 In(f) 0.933 1466 In(fis) 0.946 0.802
3 In(f) 0.943 2133 In(f) 0975 2594 In(fis) 0.963 2.174

Mixed 4 Xfe 0.940 1.270 Xuf: 0.879 1428 Xifs 0.961 0.699
5 Xclfe 0.969 1.827 Xclf; 0.930 1.384 Xclfss 0.961 1.530
6 Xalfc 0.979 1420 Xalf; 0.890 1.430 Xalfis 0.973 1.246
7 In(Xu)fe 0931  1.717 In(Xu)/r 0959 1.959 In(X.)/fis 0.974 1.896
8 In(Xc)f- 0.982 2201 In(Xc)/i 0.945 1.638 In(Xc)fis 0.976  1.431
9 In(Xa)lfe 0.976 1.165 In(Xa)fr 0.896 1.195 In(Xa)/fis 0.967 0.892

As indicated in Table 4.6, the overwhelming majority of the nonlinear and mixed

multivariate regression models illustrated comparable or better fitting than the
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linear model, although the R? of the linear one for all RDVs had been greater than
0.9. The largest R? values of regression models corresponding to compressive,
flexural and split-tensile strengths were 0.982, 0.975 and 0.976. After considering
the optimum D-W value range reported above, the best-fit multivariate regression
models in predicting the above three strength behaviour were identified as the

mixed models 8, 7 and 7, respectively, and the expressions are as follows:

In(X¢)/f, = 0.029 + 0.006-In(X, ) + 0.019-In(X;) + 0.002:In(X ), model 8 (4.6)
In(X)/f,=-0.129 + 0.001-In(X, ) - 0.053-In(X;) - 0.009:In(X, ), model 7 4.7)
In(X,)/fs =-0.135 + 0.058:In(X ) - 0.069-In(X,) - 0.021-In(X, ), model 7 (4.8)

The R? and D-W values of the presented three expressions were, respectively,
0.982 and 2.201, 0.959 and 1.959, and 0.974 and 1.896. Fig. 4.19 also shows
the histogram and cumulative probability of the standardized residuals of these
best-fit regression models. As can be observed that the standardized residuals of
compressive, flexural and split-tensile strength-related RDVs basically obeyed
the normal distribution, and the zero residual values all demonstrated the highest
frequency. Besides, by contrasting the cumulative probability distribution between
sample observations and theoretical normal hypothesis, as shown in Fig. 4.19(b,
d and f), all residuals of RDVs-related models were basically evenly distributed
on both sides of the 45-degree diagonal of the graph, which demonstrated the

tenability of the normal distribution hypothesis of sample residuals.
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Fig. 4.19. Standardized residual and normal probability of (a-b) compressive, (c-d) flexural

and (e-f) split-tensile strengths related using best-fit models.

In addition to the normal distribution test for the standardized residuals of the
regression models, it is also necessary to test the model’s overall significance

and the impact degree of various influencing IVs. Table 4.7 illustrates the typical
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results of ANOVA and the impact of the individual factor (fibre length, dosage and

curing age) on the strength behaviour of FR-DUHPC based on Model 1 (linear

regression). As can be observed that the F value of Model 1 for various strengths

was larger than Fo.05 of 2.901 and Fo.01 of 4.459, manifesting that the regressive

model was overall significant and the multivariate regression relationship existed

between the evaluated RDVs and the selected |Vs. Additionally, by examining the

impact of each individual factor on target RDVs, i.e., the T-test, all IVs showed a

significantly positive influence on compressive, flexural and split-tensile strengths

by virtue of the corresponding P values were less than 0.05. Meanwhile, the steel

fibre dosage with higher T values was found with a more significant impact on all

strengths than the other two factors.

Table 4.7

ANOVA and individual influencing factor results based on Model 1.

RDVs fe fr fis

Factors Fvalue Tvalue Pvalue F T P F T P
ANOVA 13552 - 158.94  --- 186.10 -
Length 7.41 0.00 9.97 0.00 -- 9.70 0.00
Dosage --- 16.73 0.00 - 1766 0.00 -- 1711 0.00
Age 8.47 0.00 8.10 0.00 -- 13.09 0.00

Considering the accuracy of the multivariate regression results improved with the

number of data and Jin et al. [163] likewise pointed out that the mutual internal

correlations might be existed among the multiple 1Vs, the impact of experimental
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compressive strength as an IV introduced into multivariate regression analysis
was hence evaluated. Table 4.8 detailly presented the updated regression results
of flexural and split-tensile strength related RDVs, where Xy is the abbreviation

of the IV of compressive strength.

Table 4.8

Regression results of flexural tensile strength for mono FR-DUHPC (considering Xr).

Models fi - related fis - related

(No.) RDV R? D-W RDV R? D-W

Linear 1# fr 0.977 1.703 fis 0.965 1.243

Non-linear 2% In(f;) 0.946 1.491 In(fis) 0.956 0.776
3# In(f) 0.976 2.363 In(fis) 0.976 1.744

Mixed 4* Xulf; 0.916 1.886 Xilfis 0.981 1.192
5* Xclfr 0.963 1.260 Xclfis 0.969 1.701
6* Xalf; 0.890 1.419 Xalfes 0.973 1.200
7* Xielf; 0.813 1.557 Xrelfrs 0.592 1.081
g* In(X0)/f:  0.969 1.956 In(X0)/fis  0.981 1.761
o* In(Xc)/f:  0.956 1.981 In(Xc)/fis  0.976 1.562
10*  In(Xa)fr  0.901 1.155 In(Xa)/fis  0.967 0.893
11*  In(Xx)fr  0.957 2.060 In(Xw)/fis  0.958 1.640

It can be observed that the total number of the mixed model was increased from
6 to 8 due to the introduction of the foregoing Xw. Compared with the R? values
of the original regression models exhibited in Table 4.6, the updated regression
models exhibited a better fitting effect. For the flexural and split-tensile strength

indexes, the most evident enhancement in R? value were found to linear Model 1
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and nonlinear Model 4, which were increased from 0.937, 0.879 (flexure) and
0.946, 0.961 (split-tension) to 0.977, 0.916 (flexure) and 0.965, 0.981 (split-
tension), respectively. After comprehensively considering the degree of fitting and
the ideal range of D-W values, the best-fit multiple regression models in predicting
the foregoing strength behaviour were all identified as the mixed model 8#. The
updated best-fit models exhibited below had the identical RDV formats as the
original regression model 7, with the consideration of the compressive strength
effect as an additional IV. Fig. 4.20 intuitively shows the comparisons between
the experimental and predicted RDV values related to flexural and split-tensile
strength via utilizing Model 7 and Model 8*. It could be observed that Model 8*
outperformed Model 7 in predicting the flexural and split-tensile strength values
under different IV conditions. The points of the contrast between the predicted
and measured values were more closely spread out on both sides of the diagonal
of the graph with higher R? values. Therefore, the proposed multiple regression
equations (4.9) and (4.10) considering the effects of steel fibre length (6-13 mm),
dosage (0.5-2.0%), curing age (1-28-day) and concrete compressive strength
could be reliably utilized to estimate the flexural and split-tensile strength of mono
steel FR-DUHPC within a given range of each IV. This was an effective method
for predicting the flexural tensile performance of DUHPC structures/units that

were mainly subjected to flexural tensile loads during the serviceability.
In(X,)/f. = - 0.120 + 0.001-In(X, ) - 0.048:In(X;) - 0.006-In(X,) - 0.002-In(X, ), model 8*

(4.9)
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In(X,)/fis = 0.431 + 0.076In(X, ) - 0.042:In(X,) - 0.015-In(X,,) - 0.104-In(X,.), model 8"

(4.10)
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Fig. 4.20. Comparisons between the experimental and predicted results of (a-b) flexural

and (c-d) split-tensile strengths related using Model 7 and Model 8*.

4.6 Conclusion

In this chapter, the static mechanical properties of DUHPC with mono and hybrid
steel fibre reinforcements were experimentally studied. Then, the multivariate
regression analysis was carried out on mono steel FR-DUHPC cases to explore
the functional relationships between the influencing factors (steel fibre length,
volume dosage and curing age) and the above strength behaviour. Based on the
analysis and discussion presented above, the main findings can be obtained as

follows:
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1)

2)

3)

Compared with reference samples without fibre reinforcement, the single
incorporation of any length of straight steel fibres enhanced the compressive
strength, total energy absorption, toughness and elastic modulus of DUHPC.
Under the same fibre dosage, longer fibres exhibited better strengthening and
toughening effect. In the case of fibre hybridization, the use of shorter fibres
replacing partial initial-sized ones decreased the compressive strength, but
FO5M10L, F10MO5L and FO5SML samples exhibited better energy absorption
ability and toughness. The relationship between the compressive strength and
elastic modulus (28-day age) followed the logarithmic distribution developed
in Chapter 3.

The variations in flexural and split-tensile strengths of DUHPC with mono fibre
reinforcement indicated a similar uptrend to those of the compressive strength,
but the improvement was more significant when the fibre length added from 6
to 10 and 13 mm. Therefore, the pronounced attenuation in flexural strength
occurred in hybrid cases in which longer fibres were partially substituted by
shorter ones at all ages. Additionally, the flexural cracking strength, deflection-
hardening behaviour and flexural toughness were all improved remarkably
with fibre dosage, and the longer ones exhibited more positive enhancement
effect. Similarly, the replacement of longer steel fibres with more 6-mm ones
evidently diminished the flexural toughness and energy absorption capacity
of DUHPC after cracking.

After comprehensively considering the applications and preparation methods
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of the developed DUHPC, as well as the impact of the distribution, dosage,
length and mixing method of steel fibres on its mechanical performance, the
mixtures with hybrid medium and long steel fibres as well as with hybrid short,
medium and long ones were suggested to be used in the practical application
of DUHPC structures/units. Moreover, the length of steel fibres incorporated
was not recommended to exceed 13 mm in view of the easy agglomeration of
longer steel fibres and the lower moisture content of DUHPC.

The proposed multivariate regression linear, nonlinear and most of the mixed
models could well estimate the compressive, flexural and split-tensile strength
of mono FR-DUHPC at a given range of steel fibre length (6-13 mm), volume
dosage (0.5-2.0%) and curing age (1 day-28 days) with R? larger than 0.9 and
D-W values close to 2.0. All the factors demonstrated a significantly positive
impact on the foregoing strength behaviour. After the compressive strength
was introduced into multivariate regression analysis as an additional 1V, the
updated best-fit models outperformed the original regression models in the

prediction accuracy of both flexural and split-tensile properties.
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Chapter 5

Mechanical Behaviour and Environmental Benefit of Eco-Friendly
Steel FR-DUHPC Containing HVFA and Crumb Rubber

5.1 Introduction

The rapid development in industrialization and modernization has driven the
economy forward, but the industrial and domestic wastes have also increased in
large quantities, rendering environmental preservation an important challenge for
modern human beings. Incorporating these wastes/by-products as renewable
materials into concrete mixtures has been manifested to not only improve some
properties of fresh/hardened concrete, but also achieve the strategic target of
sustainable development [164-166].

FA, as a waste by-product of the high-temperature coal combustion in industrial
production, is currently a major SCM to substitute partial cement introduced in
concrete mixes. The use of FA can greatly reduce the adiabatic temperature rising
of fresh concrete, increase the volume content of the slurry inside the mixture and
effectively improve the interfacial behaviour between slurries and aggregate [133,
167]. Waste crumb rubber (CR), mainly derived from the aging and abrasion of
rubber products, is an internationally recognized industrial solid black pollution.
Acting as a high molecular polymer material, its chemical property is stable and
thus difficult to degrade in the natural environment. The disposal of landfill and
stockpiles adopted will not only occupy a large amount of land resources, but also

affect the growth of vegetation, causing the irreversible effects on human health
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and ecological system. Fortunately, the use of waste CR as a concrete aggregate
can effectively mitigate the aforementioned severe environmental hazards while
also imparting beneficial properties to the concrete, including increased flexibility,
enhanced energy absorption ability and improved crack resistance [116, 165].

Rao et al. [39] studied the strength and abrasion resistance of RCC with partial
cement being replaced by HVFA. The findings indicated that the utilization of FA
with substitution ratios ranging 0-60% reduced the compressive/flexural strengths
up to 90 days. The decrease in compressive strength also led to a degradation
of abrasion resistance, both due to the poor early-age reactivity of FA introduced.
Similar strength developments were also observed by Aghabaglou et al. [99], but
meanwhile they found that all the strength values of RCC increased evidently
when FA replaced partial aggregate, which was due to the increased amount of
cementing slurries. Adamu et al. [18] studied the mechanical property, abrasion
and impact resistance of RCC with inclusion of HVFA, CR aggregate and nano-
silica. They concluded that the HVFA RCC exhibited decreased fresh density,
degraded strength and abrasion/impact resistance compared with the control
case, and the addition of CR substituting partial sand further escalated the above
detriments. However, the nano-silica added could mitigate these adverse impacts
by virtue of igniting the early reactivity of FA and densifying the ITZs between the
matrix and rubber crumbs. Moreover, nano-silica also played a significant role in
mitigating the severe degradation of RCC shrinkage, creep and fatigue behaviour
caused by HVFA and CR incorporated [62, 63]. In addition to nano-silica, Fakhri

et al. [36] introduced a certain amount of silica fume into rubberized RCC mixtures
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and obtained the result of slightly enhanced compressive strength of RCC with
20% substitution of fine aggregate by waste rubber particles, and Kolase et al.
[82] observed that the use of PP fibres could increase the flexural/tensile strength,
fatigue life and collapsible load of RCC slabs with FA substitution up to 45%.

As reviewed above, researchers have carried out some experimental studies to
weaken the adverse impact on the mechanical properties of dry concrete caused
by the addition of HVFA and rubber crumbs. However, the strength behaviour of
the upgraded concrete, especially the early age properties, is still not desirable,
which is a major hurdle in the adaptation, popularization and expansion of the
practical applications of such concrete material. The current chapter is aimed at
investigating the mechanical performance and environmental benefit of steel FR-
DUHPC with inclusions of HVFA and waste CR, based on the sustainable FR-
DUHPC developed in Chapter 3. The research demonstrates the feasibility of
future use of HVFA and CR in DUHPC/DHPC (dry high performance concrete)
structures (RCCP and RCCD) and units (DCC roof tiles, sewer pipes and load-
bearing piles). In the case of satisfying the strength and service requirements,
the detrimental impact of the solid wastes can be effectively alleviated, leading

towards eco-friendly construction as well as sustainable environment.

5.2 Experimental programme
5.2.1 Raw materials
In this experimental investigation, Portland cement, silica fume, GGBS, FA, silica

sand, CR, steel fibre, superplasticizer and water were used for the preparation of
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FR-DUHPC mixes. The cement used complied with Chinese national standard
GB175-2020 [168] with specific surface area of 315 m?/kg and initial/final setting
times of 50/320 min. The use of silica fume, FA and GGBS as a partial substitute
for cement could improve the properties of concrete by virtue of their compound
pozzolanic effect [110, 129]. The main chemical compositions of these cementing
materials are indicated in Table 5.1. What needs extra illustration here is that the
FA characterized with micro-spherical appearance can improve the workability of
fresh concrete, and silica fume with high reactivity can provide an early-strength
benefit, which are all conductive to DUHPC with lower moisture content and high
early-strength requirements. As for CR aggregates, 20-80-mesh rubber particles
obtained by shredding waste tyres were utilized to substitute partial natural silica
sand (composed of coarse, medium and fine sand) with aggregate sizes ranging
0.15-1.18 mm (20-70 mesh). The physical characteristics of rubber particles are
listed in Table 5.2. Anti-rusty copper-coated straight steel fibres with a length of
10 mm, an aspect ratio of 83.3 mm and tensile strength of more than 4 GPa were
used to improve the mechanical properties of DUHPC mixing with HVFA and CR
aggregate. In terms of superplasticizer, it was a common additive preparing HPC
or UHPC aimed to reduce the viscosity of concrete mixtures, and was particularly
important for the studied DUHPC with lower moisture content and the addition of
steel fibres. The appearances of silica fume, FA, GGBS, CR and steel fibres are

exhibited in Fig. 5.1.
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Table 5.1

Main chemical compositions of cementitious materials for FR-DUHPC.

Components (wt, %) Cement Silica fume FA GGBS
Aluminium oxide (Al203) 3.15 0.69 29.09 21.71
Silicon dioxide (SiO2) 20.42 93.91 53.36 34.43
Calcium oxide (CaO) 68.09 1.85 8.27 33.16
Ferric oxide (Fe203) 4.46 0.56 3.49 2.65
Magnesium oxide (MgO) 2.16 0.64 1.37 5.66
Sulphur trioxide (SOs) 1.13 <0.01 0.99 0.58
Loss on ignition (LOI) 0.52 0.30 2.48 1.01
Table 5.2

Physical characteristics and composition of CR aggregate.

Properties  Specific gravity = Bulk density = Screenings  Moisture content Metal content

(kg/m®) (%) (%) (%)

Value 0.61 314 0.014 <05 0.029

Silica fume FA (Grade I) GGBS (Grade 895)

CR particles (Mesh 30) CR particles (Mesh 40)
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Fig. 5.1. Appearance of silica fume, FA, GGBS, CR particles and steel fibres.

5.2.2 Mix proportions

A summary of mix proportions for the studied FR-DUHPC is shown in Table 5.3.
The contents of FA and CR particles were considered as the major variables to
assess their impacts on FR-DUHPC properties as partial substitutes for cement
and silica sand, respectively. In the group of D-FA mixtures, the inclusion of FA
included five grades of cement mass substitution, respectively, were 20%, 30%,
40%, 50% and 60%. The incorporation of 20% FA as well as other constituent
materials (the content was set to a fixed value) followed the mixing ratios and the
optimal steel fibre dosage obtained in Chapter 3. The weight variations in the ratio
of these materials to the cement were caused by the gradual decrease in cement
consumption. In the group of D-R mixtures, the mixing amount of FA remained
constant. Due to the addition of FA, which involved mass substitution of cement,
the incorporation of CR also entailed mass replacement of silica sand, resulting
in three distinct cases: 100% of coarse sand (D-RC10, accounted for 10% of the
total mass of silica sand), 100% of coarse and 40% of medium sand (D-RCM25,

accounted for 25% of total silica sand), and 100% of coarse and 70% of medium
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sand (D-RCM35, accounted for 35% of total sand). It should be pointed out that

since the use of CR to replace 100% of medium sand (accounted for 35% of total

sand) as well as fine sand (accounted for 55% of total sand) would lead to obvious

matrix defects in FR-DUHPC samples, the medium sand was partially substituted

in this study and the mixing ratio of fine sand was not listed in the table. In addition,

steel fibres with dosages of 0.5-1.5% were added to D-R mixes to evaluate their

reinforcement effect.

Table 5.3

Mixture proportions of eco-friendly FR-DUHPC by weight.

Group Sample Cement SLF FA GGBS Silica sand CR Water Fibre
CSS MSS CCR MCR (Vol-%)
D-FA D-FA20 1.00 0.15 031 0.08 025 092 -- -- 0.25 15
D-FA30 1.00 0.18 0.55 0.09 030 1.09 - -- 029 15
D-FA40 1.00 022 089 0.1 036 133 -- -- 0.36 15
D-FA50 1.00 029 143 0.14 047 171 - -- 0.46 15
D-FA60 1.00 040 240 0.20 065 240 -- -- 0.65 15
D-R D-RC10 1.00 029 143 0.14 0.00 171 047 000 046 0515
D-RCM25 1.00 029 143 0.14 0.00 101 047 070 046 0515
D-RCM35 1.00 029 143 0.14 0.00 054 047 117 046 0515

Note: “SLF” denotes silica fume; “CSS” and “MSS” denote coarse and medium silica sand,

respectively; “CCR” and “MCR” denote coarse and medium crumb rubber, respectively; and

“Vol-%” denotes volume fraction.
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5.2.3 Preparation and curing regime

The step by step preparation procedures and curing method of the studied FR-
DUHPC were basically the same as those introduced in Chapter 3. During the
preparation, all the powdery cementing materials as well as aggregates (including
CR aggregate for D-FA-R mixtures) were firstly dry mixed in a concrete mixer for
about 3 mins, followed by 4 mins of introducing steel fibres with small increments
to prevent the fibre accumulation or agglomeration. Then, water with pre-blended
superplasticizer was added to dry ingredient whilst mixing simultaneously. The
duration of the wet stirring upon water addition was controlled at 6-8 mins, and
the whole mixing was completed when a satisfactory mixture consistency was
observed and the fibres were evenly distributed. Once the mixing was completed,
three cubic and three beam samples were cast layer by layer by using a vibrated-
compaction method, in which a vibrating table was under the variform moulds
and a surcharge was placed on the surface of the fresh mixture. It was noteworthy
that prior to the batch casting of D-FA-R mixtures, trial and error methods were
used to determine the optimum vibration time considering different CR contents.
It should be noted that the shaking table should keep a low frequency and the
duration could be shortened appropriately to minimize the tendency of the uneven
distribution of the matrix aggregate structure caused by the floating of lightweight
rubber particles to the top of the compaction layer. Upon vibrated-compaction, all
the D-FA and D-FA-R mixtures were covered with plastic film for 3 h to obtain the

initial strength, followed by moist/steam cured in an insulated water tank at a
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temperature of 50 °C for the first day. The samples were then demoulded and left
to cool before further cured in normal-temperature water until the testing ages.
Fig. 5.2 exhibits the typical FR-DUHPC samples during the curing and the cases
of severe initial defects in concrete matrix due to excessive CR addition reported
in Section 5.2.2. Finally, a total of 336 FR-DUHPC with 120 HVFA and 216 CR
samples were prepared and cured for the assessment of density and mechanical

properties at various ages.

Normal-temperature water curing FR-DUHPC samples upon curing Matrix initial defects

Fig. 5.2. Water curing and typical FR-DUHPC samples containing CR aggregate.

5.2.4 Test setup

To study the hardening behaviour of the eco-friendly FR-DUHPC, two mechanical
tests after 1, 7, 28 and 60-day curing were performed as per Chinese standards
GBT50081-2019 [148] and CECS13-89 [149]. For compression behaviour of the
studied concrete including the compressive strength, contributions of pozzolanic
effect, stress-strain relationship and MOE, cubic samples of dimensions 40 mm
x 40 mm x 40 mm were tested through using a servo-hydraulic test machine with
a 500 kN capacity. During each test, the compression load was applied vertically

to the compaction surface of concrete samples at a constant rate of 0.2 mm/min,
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and was finally terminated when the residual bearing capacity was approximately
10% of the peak load. In terms of the flexural performance including the flexural
strength, contributions of pozzolanic effect, load-displacement relationship and
deflection hardening, beam samples of sizes 40 mm x 40 mm x 160 mm were
tested via using a universal test machine with a 100 kN capacity. Similar to the
compression test, a displacement-controlled load was applied vertically to the
outermost compaction surface of the prismatic sample at a rate of 0.05 mm/min
and would terminate when either the midspan displacement reached 5 mm or the
bending capacity reduced to 10% of the peak load. Fig. 5.3 exhibits the setup of
uniaxial compression and four-point bending tests. Two symmetrically arranged
laser LVDTs were fixed on the support pad on both sides of cubic and prismatic
samples to record and transmit the axial displacement and midspan deflection in
real time. In addition, strain gages affixing to the bottom tension area of the prism
samples were employed to measure the flexural cracking strength of the studied
concrete. Once the strain gages ruptured in tension due to the initial crack of test
samples, the corresponding cracking load was recorded and saved via National

Instruments (NI, cDAQ-9189) measurement system.
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Fig. 5.3. Schematics of (a) uniaxial compression and (b) four-point bending test.
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To further study the microstructure morphology of hardened D-FA-R mixtures,
Scanning Electron Microscopy (SEM) technology was employed via using JSM-
7800F Field Emission Scanning Electron Microscope. The SEM thin pieces of
sizes 10 mm x 10 mm x 5 mm were collected from the undamaged FR-DUHPC
samples after the compression test at 60 days. The surface of the thin pieces was
first polished using grit papers of grades 300-1000 um. Then, the pieces were
placed into ETD-2000 vacuum instrument for drying and its surface was sputtered

with a gold coating to increase the pieces’ conductivity during the observation.

5.3 Results and discussion

5.3.1 FR-DUHPC incorporating HVFA

Table 5.4 exhibits the average density and strength values (respectively achieved
from six and three identical samples) of FR-DUHPC samples incorporating HVFA
at four ages, in which fc and f; are, respectively, the uniaxial compressive and

flexural strength in the unit of MPa.

Table 5.4

Density and mechanical test results of FR-DUHPC incorporating HVFA.

Sample  Density (kg/m?) fe (MPa) f; (MPa)

1-d 7-d 28-d 60d 1d 7-d 28-d 60-d 1-d 7-d 28-d 60d
D-FA20 2417 2421 2429 2413 1206 126.8 134.0 1421 26.3 296 33.2 37.3
D-FA30 2382 2393 2397 2372 106.6 1152 1251 136.6 242 276 314 36.3
D-FA40 2321 2332 2347 2363 92.0 102.3 1158 1314 214 251 29.6 351
D-FA50 2306 2310 2298 2328 76.7 87.7 106.6 126.7 18.0 22.0 27.7 34.2
D-FA60 2278 2299 2275 2295 56.8 695 947 1101 133 17.7 248 299
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5.3.1.1 Density

The variations in density of FR-DUHPC samples with partial cement substituted
by FA are presented in Fig. 5.4. The density was obtained when the concrete
sample was in the saturated surface dry state prior to the mechanical tests, and
was the average of six samples to be tested in compression and bending. It could
be found that the curing age exhibited a marginal impact on FR-DUHPC density
under the same FA content, but the density tended to decrease with FA addition,
which was manifested in that the average density diminished from 2420 to 2287
kg/m?® as the FA content gradually increased to 60%. Generally, the inclusion of
FA would increase the volume content of cementing paste inside the mixture and
improve the workability of fresh concrete. However, the lower FA specific gravity
reduced the mass of the mixture per unit volume after cement was substituted by
equivalent weight, and thus causing a certain decrease in the density of hardened
FR-DUHPC. Additionally, during the vibrated compaction, the fresh mixture with
higher FA additions was observed to be susceptible to bulging, resulting in poor

concrete compactness and a reduction in density.
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Fig. 5.4. Effect of FA substitution level on hardened density of FR-DUHPC.
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5.3.1.2 Compressive performance

The compression test results of FR-DUHPC samples with various FA additions at
four curing ages are exhibited in Fig. 5.5. The columns represented the mean
strength values obtained from three samples of the identical mixture. As could be
observed that the compressive strength of FR-DUHPC enhanced gradually with
curing age, but reduced evidently with FA substitution level for cement, especially
for samples with more addition of FA at earlier ages. For instance, the 1- and 7-
day strength values of samples with 20% FA content were, respectively, 120.6
and 126.8 MPa, whereas those of the samples with 50% and 60% FA contents,
respectively, diminished to 76.7 and 87.7 MPa (decreased by 36.5% and 30.8%),
as well as 56.8 and 69.5 MPa (decreased by 52.9% and 45.2%). The reason was
that the rate of cement hydration and the number of hydration products, which
dominated the early strength of FR-DUHPC mixtures, were gradually retarded
and reduced with the increase in FA substitution for cement, while the secondary
hydration of FA lagged behind could not timely compensate the strength loss
caused by the reduction of cement addition [123, 167]. Moreover, compared to
self-compacting concrete, the lower cement content of dry concrete mixture by
nature was another non-negligible factor that caused an evident diminishment in
early compressive strength under higher FA additions. However, these samples
showed faster kinematics of strength development in the middle and later periods
owing to the gradually-activated FA pozzolanic reaction, indicated by the blue line

of strength increment in the figure, which effectively alleviated the early strength
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loss. Compared with the reductions of 36.5% and 30.8% as well as 52.9% and
45.2% at earlier ages obtained above, the compressive strengths of the identical

samples at 60 days were only decreased by 10.8% and 22.5%, respectively.

160 | (@ !-day strength @ 7-day strength [ 28-day strength (@ 60-day strength ||-0- Strength increment
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Fig. 5.5. Effect of FA substitution level on compressive strength of FR-DUHPC.

The variation in strength gain in compression at various time intervals is intuitively
listed in Table 5.5. It could be clearly observed that with the increase in FA content,
the improvements of 28- and 60-day compressive strength with respect to 1-day
strength (expressed by 28-d' and 60-d" in the table) were remarkably higher than
those of 7-day strength (expressed by 7-d" in the table). The comparisons of the
values of 28-d’ and 60-d’ exhibited the same strength enhancement trend. For
the percentage of strength gain at the current periods based on the prior ages,
i.e., 7-d', 28-d” and 60-d%8, the strength improvement of samples with 50% and
60% FA contents at 28 days was apparently higher than that at 7 days, while the
60-day strength gain diminished to a certain extent with samples D-FA60 being
the most pronounced (from 36.3% to 16.3%). This might be attributed to the fact

that the incorporation of high substitution level of FA signally diluted the cement
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concentration in the mixes, resulting in a decrease in the amount of Ca(OH), the
primary hydration product of cement, which influenced the secondary hydration
process of FAin the later periods [169]. Moreover, the use of silica fume with high
early reactivity might be another reason for consuming Ca(OH)2 and therefore

affecting the mixture’s later strength gain [170].

Table 5.5

Compressive strength increment at different time intervals.

Sample f: (MPa) Increment (%)

1-d 7-d 28-d 60-d 7-d"  28-d' 28-d" 60-d" 60-d” 60-d%

D-FA20 1206 126.8 134.0 1421 541 111 57 178 121 6.0
D-FA30 106.6 1152 1251 136.6 8.1 173 8.6 281 186 9.2
D-FA40 920 1023 1158 1314 112 259 132 428 284 135
D-FA50 76.7 87.7 1066 126.7 143 390 215 652 445 189

D-FAGO 56.8 695 947 1101 224 667 363 938 584 16.3

In order to better quantitatively analyze the contribution of pozzolanic effect of FA
to the FR-DUHPC strength at various ages, three parameters (SPcon, SPra and
RFa), which were devised from Pu’s research [171] and commonly utilized in the
impact analysis of various pozzolan materials [172, 173], are introduced. In this
investigation, the modified SPcon (specific strength of FR-DUHPC) represents the
contribution of unit cement, silica fume and GGBS to concrete strength, and is
calculated by the equation below:

SPcon = F | Pcsc (MPa) (5.1)
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where F is the ultimate strength value of concrete samples and Pcsc is the mass
percentage of cement, silica fume and GGBS to the total inclusion of cementitious
materials. The modified SPra (specific strength of pozzolanic effect) represents
the contribution of FA to concrete strength, and is expressed as follows:

SPra = SPcon- SPcsc (MPa) (5.2)
where SPcsc is the specific strength of FR-DUHPC containing only cementing
materials of cement, silica fume and GGBS, that is, the mass percentage is 100%.
Subsequently, the contribution rate of pozzolanic effect of FA to concrete strength,
Rra, can be obtained through the equation below:

Rra = (SPral SPcon) x 100% (5.3)
It was noteworthy that the contribution of FAto FR-DUHPC strength reported here
not only originated from its own pozzolanic effect, but also covered the compound
pozzolanic and micro-aggregate filling effect due to the addition of FA. Using the
compression results listed in Table 5.4 as well as the strength of the additionally
prepared and tested FA-free samples, the development of compressive specific
strength following the curing age is exhibited in Fig. 5.6. It can be clearly observed
that the values of compressive SPcon of the FA-mixed FR-DUHPC (expressed by
red lines) were far greater than those of the FA-free ones (represented by blue
lines), and the disparity between them developed prominently with FA addition.
This disparity characterized the compressive SPra due to the incorporation of FA
(expressed by purple areas), that is, the pozzolanic effect exhibited a significantly

promoted contribution to compressive strength with FA addition and curing age.
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The compressive Rra at various ages is subsequently shown in detail in Fig. 5.7.
It was indicated that although the Rra of 20-50% FA content was similar at 1-day
age, it exhibited a slight ascending trend (from 15.6% to 17.1%) with FA addition,
which was different from what other researchers had stated [172, 174]. This was
mainly owing to the accelerated early cement hydration and pozzolanic reaction
rate through the used moist/steam curing, which effectively alleviated the adverse
impact caused by the delayed secondary hydration of FA [110]. However, as the
FA content continued to increase to 60%, the foregoing Rra attenuated to 10.4%
due to the severe dilution of the cement and the rapid consumption of hydration
products such as Ca(OH). After 28 days of curing, FR-DUHPC with higher FA
additions manifested a greater pozzolanic effect contribution, particularly for the
cases where 50% and 60% of cement was replaced at 60 days, with contribution

rates approaching 50%, respectively were 43.0% and 47.5%.
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Fig. 5.6. Effect of FA substitution on compressive specific strength of FR-DUHPC.
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Fig. 5.7. Contribution rate of FA effect to compressive strength of FR-DUHPC.

Fig. 5.8 presents the typical compressive stress vs. strain curves associated with
20-60% FA-mixed FR-DUHPC mixtures after 28 and 60 days of curing. As shown
by the figure, in addition to the difference in bearing capacity of the mixtures with
different FA contents, their post-cracking curves all presented a similar downward
trend, that is, the ductility and toughness were not signally affected by the change
in FA addition (within the range of the evaluated contents). Furthermore, with the
increase in FA addition, an attenuation trend in energy absorption performance
(expressed by the total area under the curves) was noticed at 28 days of age,
especially for the mix proportion containing 60% FA. However, the decline in the
foregoing performance was apparently reduced with the extension of the curing
to 60 days, and meanwhile the difference in the peak stress and strain capacity
(strain at the peak stress) between each mixture was closed, respectively, from
95.6-134.9 MPa to 112.4-142.8 MPa, and from 0.0048-0.0052 to 0.0051-0.0053.

All these improvements could be attributed to the excellent secondary hydration
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of FA combined with compound pozzolanic effect, which developed prominently

with the increase in FA substitution level for cement.
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Fig. 5.8. Typical (a) 28-day and (b) 60-day compressive stress-strain relationships of FR-

DUHPC incorporating various contents of FA.

The variations in MOE associated with 20-60% FA-mixed FR-DUHPC mixtures
after 28- and 60-day curing are exhibited in Fig. 5.9(a). The MOE was calculated
based on the compressive stress-strain relationships shown in Fig. 5.8, and 83-
90% of the peak stress was considered as the due range of the elastic linear part
for FA-mixed FR-DUHPC [157, 175]. Similar to compressive strength variations,
the MOE increased with the curing age but meanwhile decreased gradually as
the FA substitution level increased. In addition, a more evident increment in 60-
day MOE was discerned for concrete mixtures with 50% and 60% FA contents,
which was related to the remarkable improvement in compressive strength of the
identical cases. The correlation between the compressive strength and MOE was
further shown in Fig. 5.9(b) and compared with the fitting curve developed in the

previous Chapter 3. As expected, the increase in compressive strength caused a
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logarithmic enhancement in static MOE of 20-60% FA-mixed FR-DUHPC with R?

greater than 0.96.
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Fig. 5.9. (a) 28/60-day static MOE and (b) its relationship with compressive strength of FR-

DUHPC incorporating various contents of FA.

5.3.1.3 Flexural-tensile performance

The four-point bending test results of FR-DUHPC samples mixed with different
contents of FA at four ages are plotted in Fig. 5.10. Similar to the variation trend
of compressive strength, increasing the FA content from 20% to 60% caused an
attenuation in flexural strength at all testing ages up to 60 days, particularly for
the mixtures with more cement substitution at earlier ages. However, owing to the
excellent FA pozzolanic reaction, the flexural strength difference among different
FA contents gradually diminished following the curing time, especially after 7-day
age. The foregoing FA effect on flexural property can also be intuitively observed
from Table 5.6, in which the strength increments at different time intervals are
displayed. As shown in the table, compared with the 1-day strengths of mixtures

with respective mix proportions, the flexural strength gains at 28 (28-d') and 60
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(60-d") days were significantly stronger than those at 7 (7-d") days. Specifically,
the strength gains, respectively, increased by 1.1-1.6 times for 28-d" and 2.3-2.8
times for 60-d" as the FA addition increased. Additionally, for the strength gain at
the current periods with respect to the prior ages, the improvements in 50-60%
FA-mixed mixtures at 28 days were notably stronger than that at 7 days. However,
owing to the addition of high substitution level of FA severely diluted the cement
concentration in the mixes, an evident weakening from 40.2% to 20.8% occurred
to 60-d?® for D-FA60 mixture, which was consistent with that in compression. It
should be pointed out that for the identical FR-DUHPC mixtures at the same ages,
the strength attenuation in flexure due to the increasing FA addition was invariably
weaker than that in compression, and meanwhile the positive contribution of FA
to the flexural strength gain was stronger. For example, the compressive strength
values of 30-60% FA-mixed samples at 60 days were, respectively, reduced by
3.9%, 7.5%, 10.8% and 22.5% in comparison with 20% FA content (presented in
Fig. 5.5), while the flexural strength values were, respectively, decreased by 2.7%,
5.9%, 8.3% and 19.8% in the same situation. Moreover, the flexural strength gain
60-d?® for D-FA50 and D-FA60 samples (23.7% and 20.8%) was higher than their
compression (18.9% and 16.3%, exhibited in Table 5.5) and presented a smaller
reduction in comparison with the strength gain 28-d’. The better positive effect of
FA on flexural strength behaviour concluded above is beneficial for dry concrete
structures and components that are primarily subjected to flexural-tensile loads

during their applications.
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Fig. 5.10. Effect of FA substitution level on flexural strength of FR-DUHPC.

Table 5.6

Flexural strength increment at different time intervals.

Sample fr (MPa) Increment (%)

1-d 7-d 28-d 60d 7-d" 28d' 28d’” 60-d" 60-d° 60-d%

D-FA20 263 296 332 373 127 26.2 11.9 41.9 25.9 12.5
D-FA30 242 276 314 363 143 301 13.8 50.1 31.3 15.3
D-FA40 214 251 296 351 17.2 3841 17.8 63.8 39.8 18.6
D-FA50 18.0 220 277 342 223 541 25.9 90.6 55.8 23.7
D-FAGO 133 177 248 299 334 869 40.2 1259 694 20.8

Fig. 5.11 indicates the development of the flexural specific strength following the
curing age, obtained by plugging the flexural strength values of FA-mixed (listed
in Table 5.4) as well as additionally prepared and tested FA-free FR-DUHPC
samples into Egs. (5.1)-(5.2). It was illustrated that the values of flexural SPcon of
FA-mixed samples (expressed by red lines) were evidently greater than those of
FA-free ones (expressed by blue lines), and the difference between SPcon values
of these two types of mix designs signally increased with FA addition and curing
age. That is, the contribution of FA effect to the flexural strength (SPra, indicated

by red areas) was significantly improved. Fig. 5.12 more intuitively exhibits the
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above contribution in percentage, i.e., the contribution rate of FA effect to flexural
strength (Rra). As it could be found that owing to the adopted moist/steam curing
accelerated the early-age cement hydration and pozzolanic reaction rate, the 1-
day flexural Rra was gradually increased from 10.5% to 18.1% as the FA addition
raised from 20% to 50%. Although the flexural Rra of D-FA60 samples reduced
to a certain extent (11.2%) due to the severe dilution of cement introduction and
the rapid consumption of hydration products, its value was still higher than that of
D-FA20 samples. Then, with the extension of the curing, the Rra of FA pozzolanic
effect on flexural strength increased markedly with FA addition, which was similar
to the variation trend of flexural strength and specific strength elaborated above.
For example, the flexural Rra of D-FA50 and D-FA60 samples was, respectively,
24.3% and 24.7% at 7- day age, while after 60 days it approximately doubled to
44.0% and 48.8%. In addition, by comparing the compressive Rra of the identical
mixes at the same curing ages (respectively 23.7% and 22.9% at 7 days, as well
as 43.0% and 47.5% at 60 days) as illustrated in Fig. 5.7, the previous conclusion
that the FA pozzolanic effect showed a better beneficial impact on improving the

flexural strength behaviour was further confirmed.
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Fig. 5.11. Effect of FA substitution on flexural specific strength of FR-DUHPC.
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Fig. 5.13 shows the typical flexural load vs. midspan deflection curves associated
with 20-60% FA-mixed FR-DUHPC mixtures after 28 and 60 days of curing. As
depicted in the figure, all of the studied samples exhibited desired ductility without
fracture even when the residual bearing capacity diminished to around 10% of
the peak load. In other words, the ductility was not greatly affected by the change
in FA content. At 28 days of age, in addition to the large difference in the maximum
bearing capacity, D-FA20 and D-FAG60 samples also presented relatively better
and poorer flexural toughness (represented by the area beneath the curves),
respectively. However, after 60-day curing, the difference in peak load developed
smaller (from 13.2-17.6 kN to 16.1-20.0 kN) and the samples showed comparable
deflection capacity (deflection at the peak load, from 0.593-0.635 mm to 0.629-
0.643 mm). Furthermore, the zigzag drop-off patterns similarly appeared on the
softening section of the curves of all samples, heard with tearing sounds (steel

fibres were pulled out from the matrix), which was consistent with the phenomena
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mentioned in Chapters 3 and 4. But subsequently, the extent of drop-off tended
to alleviate with the extension of curing, which might be attributed to the better
bond-anchorage behaviour between the matrix and steel fibres by virtue of the
fully activated FA pozzolanic effect.

Fig. 5.14(a) shows the variation in flexural cracking strength of 20-60% FA-mixed
FR-DUHPC samples after 28 and 60 days of curing. The cracking strength was
obtained by calculating the load corresponding to the tensile failure of the strain
gauge affixing to the bottom area of the tested samples. For the evaluated mixes,
the increase in FA addition also resulted in a certain reduction in flexural cracking
strength, although at mid and late ages when the pozzolanic reaction was fully
activated. Moreover, a notable improvement of 7.6% and 11.1% was, respectively,
detected for mixtures incorporating 50% and 60% FA after 60-day curing. By
contrasting the flexural strength at 28 and 60 days for samples with identical mix
designs (as shown in Fig. 5.10), they all presented a robust deflection-hardening
behaviour demonstrating an improved ability to resist the sustained higher load
after the crack initiation, as shown in Fig. 5.14(b). In addition, it could be observed
that with the curing age extended from 28 to 60 days, the ratio between flexural
first-cracking and ultimate strengths decreased markedly, that is, there was more

room for the enhancement of bearing capacity after the initial crack.
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Fig. 5.13. Typical (a) 28-day and (b) 60-day flexural load-deflection relationships of FR-
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FA-incorporated FR-DUHPC after 28- and 60-day curing.

5.3.1.4 Discussion

As summarized above, the compressive and flexural strengths of FR-DUHPC
increased gradually with curing age but reduced significantly with FA substitution
level for cement, especially for the mixtures with more FA at earlier ages. Other
mechanical properties including the compressive MOE and flexural cracking
strength demonstrated a similar variation trend. However, owing to the adopted
moist/steam curing accelerated the early-age cement hydration and pozzolanic

reaction rates of concrete mixtures, the contribution of FA effect to both strengths
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at each age was significantly improved, particularly for the cases where 50% and
60% of cement was substituted after 28 days of curing. It was noteworthy that for
identical FR-DUHPC samples at the same testing ages, the strength attenuation
in flexure due to the increase in FA substitution was invariably weaker than that
in compression, and the contribution of FA pozzolanic effect to flexural strength
gain was prominent. This phenomenon could be further demonstrated via the
variation in the compressive-flexural strength ratio at different ages, along with
the fitting relationship between the two strengths, as shown in Fig. 5.15. It could
be clearly observed that the strength ratio exhibited an evident downward trend
with curing age and FA incorporation (indicated by blue lines), and meanwhile the
power exponent in the fitting function was greater than 1.0 (f = 0.167-f,'%8 R2? =
0.955). That is, the use of FA to substitute partial cement in FR-DUHPC mixes
exhibited a more positive impact on improving the flexural strength behaviour of
hardened mixtures, and higher FA contents exhibited a better effect. In addition,
Fig. 5.16, in which the correlation of FA content and two strengths was presented,
also illustrated the smaller decrease in flexural strength at all ages, manifested in
that the negative slope of the flexural fitting curves was closer to zero. This is
very beneficial for dry concrete structures and units that are mainly subjected to
flexural-tensile loads during their service. However, it should be noted that the
inclusion of 60% FA severely diluted the cement concentration in concrete mixes,
leading to an evident reduction in hydration product amounts and a retardation in

secondary hydration reactions. Consequently, both the early strength and the
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strength development after 28-day curing were significantly decreased. The 60-
day strength fitting curves (expressed by purple lines) exhibited in Fig. 5.16 also
indicated a more visible strength diminishment occurred in the case where 60%
of cement substitution was used. Thus, considering the sustainable development
in resources as well as the impact of FA addition on the mechanical behaviour of
FR-DUHPC at various ages, 50% cement substitution in line with the high-volume

concept was determined to be the most appropriate FA addition in this study.
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5.3.2 FR-DUHPC incorporating HVFA and CR

On the basis of the mix ratio with optimal FA content concluded above, the
performance of FR-DUHPC with partial silica sand substituted by CR particles
were further studied, concerning different substitution levels and combinations.
Table 5.7 shows the obtained mean density and compressive/flexural strength
values at corresponding ages, in which the meanings of f. and f; are the same as

those in Table 5.4.

Table 5.7

Density and mechanical results of FR-DUHPC containing HVFA and CR.

Sample Fibre Density (kg/m?) fo (MPa) f (MPa)
(%) 1-d 7-d 28-d 60-d 1d 7-d 28-d 60-d 1-d 7-d 28d 60-d
D-FA50- 0.5 2029 2035 2073 2074 333 351 432 520 73 83 114 15.0
RC10 1.0 2057 2070 2095 2081 37.7 406 529 657 89 104 14.7 194
15 2086 2084 2098 2122 441 492 646 815 114 13.7 193 249
D-FA50- 0.5 1811 1794 1820 1823 194 205 264 322 37 44 62 84
RCM25 1.0 1841 1842 1856 1861 213 229 304 384 46 54 79 10.8
1.5 1851 1864 1871 1878 241 256 36.3 459 59 6.9 10.5 13.8
D-FA50- 0.5 1659 1687 1699 1738 9.9 104 133 158 1.8 2.1 29 41
RCM35 1.0 1685 1721 1705 1761 109 120 152 182 22 27 40 54
1.5 1728 1769 1788 1786 120 133 179 220 29 36 5.1 6.6

5.3.2.1 Density
The variations in density of 0.5-1.5% FR-DUHPC with partial silica sand replaced
by CR are displayed in Fig. 5.17. The density of each mixture was considered as

the average of six samples on each testing days upon curing. A regular increase
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in hardened density was discerned with fibre addition due to the growing quantity
of steel fibres with higher density, irrespective of the combination and level of CR
substitution. However, compared with original FA50 DUHPC samples with 1.5%
fibre reinforcement, the addition of CR aggregate caused a notable reduction in
hardened density at all ages, especially for the mixtures with medium sand being
partially substituted. Specifically, the density of D-FA50 samples was obtained as
2310 kg/m3, while it reduced by 9.2% when all of the coarse sand was substituted
(samples D-FA50-RC10), and was further dropped by 19.2% and 23.5% after 40%
and 70% of medium sand were replaced (samples D-FA50-RCM25 and D-FA50-
RCM35), respectively. This reduction might be attributed to the existence of two
parallel effects, that is, the notably lower specific gravity of CR aggregate (listed
in Table 5.2) reduced the mass of the mixture per unit volume, together with the
entrapped air on the surface of CR aggregate facilitated the void formation inside
the mixture and brought down the overall compactness [176, 177]. It should be
noted that according to the definition of ACI 213.R3 guidelines [178] and Chinese
standard JGJ51-90 [179], samples D-FA50-RCM25 and D-FA50-RCM35 can be
classified as lightweight concrete (LWC) owing to their hardening densities less
than 1920 kg/m3, while samples D-FA50-RC10 can also be qualified as LWC by
virtue of the average densities not exceeding 2100 kg/m?3 at three fibre dosages,

according to the specification of Australian standard AS1379 [180].
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Fig. 5.17. Effects of CR substitution and fibre dosage on density of FR-DUHPC.

5.3.2.2 Compressive performance
The compression test results of 0.5-1.5% FR-DUHPC samples with partial quartz
sand replaced by CR particles are shown in Fig. 5.18. The columns represented
the average strength values obtained from three identical samples of each mix.
Compared with control FAS0 DUHPC samples with 1.5% fibre reinforcement, as
shown in Fig. 5.5, an evident reduction in compressive strength of all ages with
increasing CR substitution was noted at the same fibre dosage, and in particular,
the strength signally deteriorated after the medium sand was partially replaced.
For example, at 1.5% fibre reinforcement, original FA-mixed samples yielded 28-
and 60-day compressive strength of 106.6 and 126.7 MPa, respectively, which
diminished to 64.6 and 81.5 MPa (decreased by 39.4% and 35.7%) for D-FA50-
RC10 samples, and further diminished to 36.6 and 45.9 MPa (reduced by 65.7%
and 63.8%) as well as 17.9 and 22.0 MPa (reduced by 83.2% and 82.6%), for D-
FA50-RCM25 and D-FA50-RCM35 samples, respectively. The evident reduction
in strength was attributed to the weak bonding between cement paste and CR

aggregate, which was induced due to the water repelled by CR aggregate during
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mixing [181, 182] together with the low moisture content of dry concrete by nature,
leading to increased thickness of the ITZ as depicted in Fig. 5.19(a). In addition,
there was an incompatibility between the natural sand and rubber particles with
lower bearing capacity but higher elasticity. As a result, after sand was partially
substituted, CR aggregate was more easily deformed under compression load,
which in turn accelerated the development of initial micro-cracks within concrete
matrix [2, 183]. The aforementioned adverse impact would be more pronounced
with partial medium sand substituted by finer CR aggregate. In addition, it can be
noted that the compressive strength of the studied concrete enhanced gradually
with fibre dosage and curing age, regardless of rubber addition and combination.
However, the strength gain presented a visible decreasing trend with the increase
in the addition of finer CR aggregate (indicated by blue lines). For example, the
60-day compressive strength of D-FA50-RC10 samples enhanced from 52.0 to
65.7 and 81.5 MPa as the fibre dosage increased, with increments of 26.4% and
56.7%, respectively. But the increments reduced to 19.3% and 42.6% as well as
15.2% and 39.2% after finer CR aggregate was added, that is, the improvement
effect of steel fibres on the compressive strength was weakened. Reason for this
phenomenon might be that at higher CR contents, more entrapped air attached
to the finer rubber aggregate with a large specific surface area, which significantly
deteriorated the compactness of the mixture, as reported in Section 5.3.2.1. This
consequently resulted in poor anchorage between steel fibres and cement paste
as well as CR aggregate, as shown in Fig. 5.19(b), hence weakening the restraint

effect of fibres on concrete matrix under load.
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Fig. 5.18. Effects of CR substitution and fibre volume dosage on compressive strength of

FR-DUHPC.
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Fig. 5.19. Microstructure images in terms of ITZs between CR aggregate and (a) cement

paste as well as (b) steel fibres of rubberized dry concrete based on SEM.

Fig. 5.20 shows the typical compressive stress vs. strain curves associated with
1.5% steel FR-DUHPC incorporating various contents of CR aggregate after 28-
and 60-day curing, and the correlation curves for control 50% FA-mixed samples
are also displayed for comparison. As depicted, the incorporation of CR particles
to substitute partial natural sand caused a significant attenuation in bearing and
strain capability of hardened mixtures, specifically indicated by the peak stress

dropped from 107.6 and 126.0 MPa to 18.3 and 22.6 MPa and the peak strain
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(strain at the peak stress) deteriorated from 0.0048 and 0.0051 to 0.0015 and
0.0016 at 28 and 60 days, respectively. Moreover, the compressive stiffness prior
to the peak stress also tended to attenuate with the increase in CR substitution.
However, despite this, all the samples exhibited excellent post-peak compressive
performance regardless of CR addition and combination, that is, the ductility and
toughness of the prepared rubberized concrete after cracking were not evidently
degraded by the rubber incorporation. For example, at 60 days of age, although
the ultimate bearing capacity of samples D-FA50-RC10 reduced by 34.9% (from
126.0 to 82.0 MPa), their residual stress value at the strain of 0.025 was greater
than that of control samples, which might be attributed to the synergistic benefits
of fibre toughening as well as energy absorption induced by rubber deformation.
In addition, to further investigate the impact of fibre dosage on the stress-strain
relationship of rubberized concrete, the typical compression curves of 0.5-1.5%
fibre-reinforced samples were plotted, as shown in Fig. 5.21. It could be observed
from the curves that all samples exhibited obvious ductile failure characteristics
after the load exceeded their maximum bearing capacity, irrespective of the fibre
dosage, rubber addition and combination used. As expected, both the peak stress
and strain were increased with fibre dosage and this trend was pronounced at
CR additions of 10% and 25%, in the ranges of 43.8-65.2 MPa and 0.0024-0.0035,
26.7-37.2 MPa and 0.0017-0.0024 at 28 days of age, and 52.3-82.0 MPa and
0.0028-0.0038, 32.5-46.5 MPa and 0.0018-0.0026 at 60 days of age, respectively

for D-FA50-RC10 and D-FA50-RCM25 samples. Furthermore, the higher fibre
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dosages endowed rubberized concrete with better ductility and energy absorption
behaviour (expressed by the total area beneath the curves), which were mainly
manifested in higher residual stress value at the same strain and a plumper post-
peak curve contour. It was noteworthy that increasing the fibre addition from 0.5%
to 1.5% contributed to better positive impact on ductility improvement rather than
the load-carrying capacity for mixtures with 35% CR addition (D-FA50-RCM35),
resulting in the difference of residual stress at the same strain upon cracking was

almost evidently greater than that of the peak stress.
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Fig. 5.20. Typical (a) 28-day and (b) 60-day compressive stress-strain relationships of 1.5%

FR-DUHPC incorporating various contents of CR aggregate.
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Fig. 5.21. Typical (a) 28-day and (b) 60-day compressive stress-strain relationships of 0.5-

1.5% FR-DUHPC incorporating various contents of CR aggregate.

The variations in MOE associated with 0.5-1.5% steel FR-DUHPC incorporating
various contents of CR aggregate after 28- and 60-day curing are depicted in Fig.
5.22(a). The MOE was also calculated based on the initial slope of compressive
stress-strain curves plotted in Fig. 5.21, and the due range of the elastic branch
was shrunk to 40-80% of the peak force due to the degraded and inhomogeneous
microstructure of the rubberized mixtures as depicted in Fig. 5.19. As compared
to the MOE of control samples (1.5% fibre reinforcement) without rubber particles
exhibited in Fig. 5.9(a), a reduction in MOE was observed with the addition of CR
aggregate, especially for mixtures with medium sand being partially substituted.
For instance, the 60-day MOE reduced from 38.2 (control FA50 FR-DUHPC) to
33.1 (decreased by 13.4%) GPa when coarse sand was substituted, and it further
diminished to 27.5 and 21.1 (decreased by 28.0% and 44.8%, respectively) GPa
when 40% and 70% of medium sand was likewise substituted by CR aggregate
(RCM25 and RCM35). This was due to the lower MOE of rubber aggregate than
natural sand, along with the increase in rubber addition also notably deteriorated
the compactness of the concrete matrix [182]. For rubberized samples reinforced
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with different fibre dosages, the increase in fibre addition contributed to higher
MOE at two ages, but the increment gradually mitigated with the addition of finer
CR aggregate (indicated by blue lines), which was consistent with the variation
trend of compressive strength. As an illustration, samples D-FA50-RC10 with 1.5%
fibre reinforcement exhibited 16.6% and 14.9% increments in MOE after 28- and
60-day curing as compared to samples with 0.5% fibre reinforcement. However,
samples D-FA50-RCM35 only demonstrated 9.4% and 8.2% increments in MOE
under the identical conditions, which was related to the change in compressive
strength and the evidently weakened fibre effect due to the higher CR addition.
Furthermore, since the substitution of natural sand by CR (with notably different
intrinsic properties) caused the evident changes in compressive behaviour of the
studied mixtures, a new functional relationship between 28-/60-day compressive
strength and MOE was developed (Fig. 5.22(b)). As depicted, the enhancement
in compressive strength similarly led to a logarithmic increase in static MOE and

a desired correlation (MOE = 8,698:Inf; - 14,502) was derived with a goodness

of fit of 0.992.
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Fig. 5.22. (a) 28/60-day static MOE and (b) its relationship with compressive strength of

0.5-1.5% FR-DUHPC incorporating various contents of CR aggregate.
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5.3.2.3 Flexural-tensile performance

The flexural strength results obtained on 0.5-1.5% steel FR-DUHPC mixes with
various CR additions and substitution combinations are exhibited in Fig. 5.23. A
similar variation trend of flexural strength to compression can be discerned when
different contents of CR aggregate were incorporated into 1.5% fibre-reinforced
mixtures. For instance, the flexural strength of D-FA50-RC10 samples at 28 and
60 days were, respectively, 30.3% and 27.2% lower compared with original mixes
without CR, while for samples with partial medium sand being replaced (RCM25
and RCM35), the corresponding decline extended to 62.1% and 59.7% as well
as 81.6% and 80.7%, respectively. The reduction also attributed to the ITZ debility
of cement paste and CR aggregate within the matrix, and higher inclusions of the
finer CR increased the possibility of micro-cracks’ formation, causing these micro-
cracks easier to penetrate into larger cracks during load application [176]. It was
noteworthy that the foregoing adverse effect of CR addition was less serious on
flexural performance with a smaller strength attenuation in comparison with the
compression, which was in line with the findings reported by Sofi [184]. Moreover,
under the same CR substitution, the fibre dosage and curing age all contributed
to higher flexural strength and this positive impact was prominent for samples D-
FA50-RC10 and D-FA50-RCM25. As an illustration, the strength at 60 days was
enhanced by 28.4% and 27.8% as the fibre dosage increased from 1.0% to 1.5%
for these two rubberized concretes. However, the strength was only enhanced by
22.2% when 70% of medium sand was substituted by CR aggregate (RCM35).

The curing age exhibited a similar strength development impact. The primarily
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reason was also that the workability and compactness of dry concrete mixtures
with lower moisture content were significantly deteriorated after more finer rubber
particles were introduced, which brought down the bonding performance between
the fibres and matrix or rubber aggregate. Consequently, the fibres’ reinforcement
effect was weakened, although the mixtures were in the middle and later periods
when the cement hydration was relatively adequate. As expected, the positive
effect of fibre dosage on flexure was still better than that on compression, which
calculated as 24.1% (RC10), 19.5% (RCM25) and 20.9% (RCM35) as the fibre
addition increased from 1.0% to 1.5% after 60-day curing. This was attributed to
the preparation of layered compaction of the developed concrete rendered steel
fibres tend to be aligned parallel to the compacted direction, endowing fibres with
more effective restraint on matrix cracking under flexural-tensile load, as reported
in Chapter 3. All these benefits derived from the inclusion of CR aggregate and
steel fibres increase the opportunities for utilizing the developed mixtures in dry

concrete applications which are mainly subjected to bending loads during service.
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Fig. 5.23. Effects of CR substitution and fibre dosage on flexural strength of FR-DUHPC.
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Fig. 5.24 shows the typical flexural load vs. midspan deflection curves associated
with 1.5% FR-DUHPC containing various contents of CR aggregate after 28 and
60 days of curing, and the correlation curves for control 50% FA-mixed samples
are additionally plotted for comparison. Although an evident attenuation in flexural
bearing capacity of the hardened mixtures was noted (decreased from 14.8 and
18.2 kN to 2.8 and 3.6 kN at 28 and 60 days, respectively), the use of different
percentages and combinations of CR substitution did not adversely affect their
post-peak ductility. At 60-day age, as the midspan deflection extended to 4 mm,
the residual bearing capacity of all rubberized samples was greater than that of
the control one. In addition, the zigzag drop-off pattern appeared on the softening
part of the control curves also mitigated apparently or even disappeared with CR
addition, indicating that the development of flexural cracks tended to be stable.
These improvements could be ascribed to the fact that the ability of CR aggregate
to resist the large deformation and promote the energy absorption and dissipation
of concrete matrix together with the toughening effect of fibres, and consequently,
at large displacements the rubberized concrete still demonstrated greater flexural
capacity than the mixes without CR [185]. Additionally, it could be found that the
initial slope (flexural stiffness) of the curves’ ascending part visibly decreased with
the increase in rubber substitution, and the flexural strain capacity (deflection at
the peak load) of samples containing 10% and 25% CR aggregate (RC10 and
RCM25) was stronger than that of the control one. Specifically, the strain capacity

value increased from 0.599 and 0.633 mm to 0.607 and 0.645 mm and then to
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0.629 and 0.656 mm at 28 and 60 days, respectively. Alsaif et al. [185] and
Turatsinze et al. [186] attributed this mechanism to the fact that the CR aggregate
acting as the holes at the crack tip to mitigate the tip’s sharpness and stress
concentration, therefore effectively slowing down the kinetics of the micro-cracks’
coalescence and propagation. The addition of steel fibres could further enhance
the aforementioned benefits derived from rubber aggregate and help dry concrete
structures/units with large surface area to better resist the durability deterioration
caused by fatigue and shrinkage. In terms of rubberized samples reinforced with
different dosages of fibres, they all showed excellent post-cracking behaviour at
two ages, even for the cases with 35% CR addition and 0.5% fibre reinforcement,
as shown in Fig. 5.25. As expected, the higher fibre dosage contributed to greater
flexural load-carrying capacity and stiffness, as well as better strain capacity and
toughness (represented by the area under the curves). As an illustration, the peak
load increased from 8.0 and 4.5 kN to 13.5 and 7.4 kN, and the corresponding
peak deflection extended from 0.552 and 0.558 mm to 0.645 and 0.656 mm at
60 days, respectively for D-FA50-RC10 and D-FA50-RCM25 samples. In addition,
for samples containing 35% CR aggregate, the positive effect of fibre addition on
flexural post-cracking behaviour was apparently better than that on load-carrying
capacity, which was similar to the fibre effect on compressive ductility of identical
samples analysed above. Furthermore, the zigzag drop-off pattern tended to be
severe when less fibre reinforcement was employed, but they did not appear on

the softening part of the curves for samples with higher CR contents (RCM25 and
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RCM35), owing to the better synergistic effect between rubber and steel fibres.
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Fig. 5.24. Typical (a) 28-day and (b) 60-day flexural load-deflection relationships of 1.5%

FR-DUHPC incorporating various contents of CR aggregate.
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Fig. 5.25. Typical (a) 28-day and (b) 60-day flexural load-deflection relationships of 0.5-

1.5% FR-DUHPC incorporating various contents of CR aggregate.

Fig. 5.26(a) illustrates the variations in flexural cracking strength of 0.5-1.5% FR-
DUHPC containing various contents of CR aggregate after 28- and 60-day curing.
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The cracking strength was obtained in the same approach as that of FA-mixed
FR-DUHPC described in Section 5.3.1.3. As indicated by the figure, the increase
in fibre dosage and the prolongation of curing age both exhibited evident positive
impact on flexural cracking strength, while the increase in CR addition markedly
weakened their effects (indicated by blue lines). For instance, the 60-day cracking
strength enhanced by 22.1% and 24.9%, 18.2% and 19.2%, and 16.7% and 14.3%
as fibre addition increased from 0.5% to 1.5%, respectively for samples with 10%,
25% and 35% CR additions. Such mechanical changes could be justified by the
mechanism and explanation concluded previously regarding the variations in the
flexural strength. By comparing the 28- and 60-day flexural strength values for
samples with identical mix designs depicted in Fig. 5.23, all the fibre-reinforced
rubberized mixtures exhibited a robust deflection-hardening behaviour indicating
an improved ability to continuously undergo higher load after the crack initiation,
as shown in Fig. 5.26(b). Compared with the flexural strength ratio (61.6% and
54.2%) of control FA50 concrete samples exhibited in Fig. 5.14(b), the addition
of rubber aggregate also attenuated the ability of the assessed mixture to resist
the sustained external loads after initial cracking, specifically, the strength ratio
increased to 69.1% and 62.3%, 73.3% and 66.9%, and 76.8% and 71.1% as the
CR addition increased at 28 and 60 days. Furthermore, although the higher fibre
addition and longer curing age were both beneficial to better deflection-hardening
behaviour, a more positive effect of increasing fibre dosage (0.5-1.5%) was noted

on mixtures incorporating 35% CR substitution, with room for the improvement
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increasing from 4.7% and 13.6% to 23.2% and 28.9% after 28- and 60-day curing,
respectively.
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Fig. 5.26. (a) Flexural cracking strength and (b) its ratio to the ultimate strength of 0.5-1.5%

FR-DUHPC incorporating various contents of CR aggregate after 28- and 60-day curing.

5.3.2.4 Discussion

As reported above, as compared to original FA50 1.5% FR-DUHPC, the addition
of CR aggregate led to an evident reduction in density, compressive and flexural
strengths at all ages, especially for the cases where the medium silica sand was
partially replaced. The decrease in density was attributed to the existence of two
parallel effects, that is, the lower specific gravity of CR aggregate decreased the
mass of the mixture per unit volume, together with the entrapped air on the rubber
aggregate which facilitated the void formation inside the mixture and brought
down the overall compactness. It was therefore the mixtures’ strength behaviour
was notably affected. Fig. 5.27 depicts the correlations between the density and
compressive/flexural strengths of the evaluated rubberized DUHPC with 0.5-1.5%

fibre reinforcements. It could be noticed that the good relationships were existed
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with R? greater than 0.83, and the increase in density caused a power functional
enhancement in the two-strength behaviour. In addition, the samples D-FA50-
RC10 exhibited a more visible strength gain with increasing density owing to the
denser compactness, while the increment in flexural strength was greater than
that in compression at the same unit weight. This finding was consistent with the
development of flexural strength reported in Section 5.3.2.3, and could be further
demonstrated from Fig. 5.28, in which the compressive-flexural strength ratio at
different ages as well as the fitting relationship between the two strengths of the
rubberized concrete are presented. Compared with the strength ratios (within the
range of 3.70-4.27 up to 60 days) of the original FA50 1.5% FR-DUHPC exhibited
in Fig. 5.15(a), lower ratio values appeared on rubberized samples at the same
fibre addition, ranging from 3.27-3.91, 3.34-4.09 and 3.32-4.17, respectively for
D-FA50-RC10, D-FA50-RCM25 and D-FA50-RCM35 samples. In addition, the
power exponent within the functions was all greater than 1.0 (f; = 0.059-f,"-384 for
RC10; i = 0.135-f.1292 for RCM25/35), indicating a faster kinetics of flexural
strength development. Additionally, it could be found from Fig. 5.28(a) that the
lower fibre dosage and larger CR addition all evidently weakened the foregoing
flexural strength benefit, especially for the cases where the finer CR aggregate
and 0.5% steel fibres were used. It was noteworthy that the mixes 0.5% FR-D-
FA50-RCM25 as well as 0.5-1.5% FR-D-FA50-RCM35 could not be used for the
construction of RCCP since their 28-day compressive strength was lower than

the minimum strength requirement (27.6 MPa) as specified in the ACI guidelines
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[187], but they were capable to fabricate DCC components such as masonry units

and paving blocks with low strength requirements. For the mixes 1.0-1.5% FR-D-

FA50-RCM25, it could even be used as the construction material for the heavy-

duty pavements owing to the higher long-term strength. Furthermore, mixes 1.0-

1.5% FR-D-FA50-RC10, which could be identified as high-strength LWC as per

AS1379[180], were able to be used in the construction of structural LWC by virtue

of their 28-day compressive and flexural strengths respectively exceeding 50 and

14 MPa, and 60-day strengths exceeding 65 and 19 MPa.
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Fig. 5.27. Correlation between hardened density and (a) compressive as well as (b) flexural

strengths of FR-DUHPC incorporating CR aggregate.
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5.4 Eco-friendly assessment

As reported above, the use of two environment-friendly raw materials (FAand CR)
could evidently reduce the amount of cement and sand added in concrete mixes,

which effectively mitigated the consumption of natural resources while improving

the recycling of hazardous wastes. In this section, the eco-friendly benefit of the

developed DUHPC containing various mixing amounts of FA and CR aggregate

would be evaluated from two aspects of the cost and carbon footprint, so as to

better demonstrate its sustainable characteristics.

5.4.1 Cost analysis

Fig. 5.29 gives the variation in estimated cost per cubic metre for each concrete
mixture, where the cost is calculated on the basis of the mixture’s mix proportions
listed in Table 5.3 and the local market price for each raw material. As illustrated
in Fig. 5.29(a), steel fibre, silica sand and silica fume were the three primary
factors influencing the cost of 20-60% FA-mixed FR-DUHPC. As expected, the
incorporation of FA to substitute partial cement could reduce the production cost
of concrete due to the lower price of FA. The total cement cost per unit volume of
concrete mixtures dropped from 279.6 to 107.5 CNY as the incorporation of FA
increased from 20% to 60%, with a reduction of 61.6%. However, in the cases
where CR aggregate were additionally incorporated, as shown in Fig. 5.29(b), the
total expenditure per unit volume of rubberized concrete increased prominently
with increasing substitution percentage of natural sand using CR aggregate. For

example, the estimated cost, respectively, increased by 5.2%, 12.8% and 18.5%
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when 10%, 25% and 35% of silica sand was substituted by rubber aggregate, as
compared to original mixtures without CR at the same fibre reinforcement (1.5%).
Besides, for mixes D-FA50-RCM35 with 1.5% fibre reinforcement, CR aggregate
had become the second important factor influencing the concrete cost. This was
mainly because the price of CR was significantly higher than that of natural sand
owing to the operational process of the crushing, fibre separation and grinding of
the waste tyres into fine rubber particles. In fact, most countries around the world
used the processing methods of decomposition, crushing, pyrolysis and dumping
to reduce the serious pollution of waste tyres on the environment, resulting in a
huge amount of financial and resources losses. Thus, from the above perspective,
the cost of CR aggregate (represented by purple columns) could be considered
as zero, which was consistent with the viewpoint reported by Kazmi et al. [182].
In such instances, the total cost of rubberized dry concrete would change from
the increase reported above to a decrease of 3.1%, 7.7% and 11.1%, respectively,
as compared to original FA50 FR-DUHPC cost (2710.5 CNY). That is, the use of
CR aggregate was capable of constructing/fabricating higher cost-effective dry
concrete structures/components (including reduced raw material, maintenance
and life cycle costs) with improved flexural stiffness and strain capacity along with
enhanced resistance to fatigue and shrinkage. Moreover, as expected, steel fibre
was likewise the major factor affecting the production cost of rubberized concrete
owing to its higher material price. The increase in fibre dosage (0.5-1.5%) notably

increased the total cost of rubberized concrete with fibre price accounting for
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approximately 15.7-40.3%.
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Fig. 5.29. Estimated cost of FR-DUHPC incorporating various contents of (a) FA and (b)

CR aggregate.

5.4.2 Environmental impact analysis

The environmental impact of the developed DUHPC was evaluated with regard
to the embodied CO2 (ECO2) emission and index for each concrete mixture. Fig.
5.30 exhibits in detail with regard to the ECO2 emission values of a cubic metre
concrete with different contents of FA and CR aggregate, using expression (5.4).
ECO, emission = ¥]_,(M; x ECO,,) (5.4)
where i is the number of factors (including raw materials and curing) affecting the
ECO- emission in the concrete mix, M; is the content (kg/m?3) or duration (hour) of
the foregoing i-th factor, and ECO; is the equivalent ECO2 emission (CO2-kg/kg)
corresponding to the i-th factor, provided by references [188-190]. It should be
noted that the recycle of waste rubber crumbs could effectively reduce the baneful
effects on the natural environment and was also beneficial to the overall service
life of dry concrete structures/units, therefore the value of ECO,; of CR aggregate

introduced was negative [190]. As depicted in Fig. 5.30(a), the addition of FA to
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replace partial cement continuously reduced the carbon footprint per unit volume
of dry concrete mixtures. Specifically, FA respectively contributed 0.3%, 0.5%,
0.8%, 1.0% and 1.3% of the total CO2 emissions when the substitution level
increased from 20% to 60%, while the value of ECO- emission of cement and the
developed DUHPC decreased from 213.0 to 81.9 kg/m® and 479.1 to 351.1 kg/m3,
respectively, with a decrease of 61.6% and 26.7%. Generally, FA contributed to
zero carbon footprint since it was the by-product of the coal combustion in power
generation, and its ECO> originated from the energy consumption generated by
filtration, extraction, grinding and drying operations [18]. Not surprisingly, steel
fibre was still the major contributor to the environmental footprint of all mixtures,
accounting for approximately 35.9-49.0% of the total CO> emissions. In terms of
the rubberized concrete depicted in Fig. 5.30(b), it could be clearly seen that the
ECO2 emission value of all mixtures converted negative (negative ECO2 emission)
due to the inclusion of CR aggregate as a partial substitute for natural sand, with
mixtures D-FA50-RCM25 and D-FA50-RCM35 being the most prominent (-710.2
and -1197.7 kg/m?3). That is, the use of rubber particles could greatly mitigate the
consumption of natural resources and improve the environmental sustainability
via reducing toxic chemicals entering the environment (air and soil). In addition,
as for rubberized dry concrete with 0.5-1.5% fibre reinforcements, the higher fibre
dosages contributed to greater ECO> emission and this effect was pronounced
for the mixes containing 10% CR particles. Fig. 5.31 shows the variation in ECO-
index of DUHPC, calculated as the ratio of the foregoing ECO2 emission to 60-

day compressive/flexural strength of the corresponding mixtures. As displayed,
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the ECO2index in compression and flexure all prominently decreased as the FA
content increased up to 50%, that is, the carbon footprint caused by the increase
of unit strength tended to alleviate. This further supported the previous conclusion
regarding the optimal content of FA substituting cement. For rubberized concrete
with different steel fibre dosages, the values of the ECO.index were all negative,
manifesting that the enhancement in both strengths of the studied mixtures had
any adverse impact on the environment, especially when less steel fibres and

more rubber crumbs were introduced.
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Fig. 5.32 shows the correlation between ECO2 emission and 60-day compressive
strength of 20-60% FA-mixed FR-DUHPC, and compares its CO2 footprint with
other sustainable self-compacting UHPC [140-142, 188, 189, 191-193] and
conventional dry concrete [79, 83, 105, 143, 194] summarized in the relevant
literatures. As depicted, the enhancement in compressive strength led to a linear
increment in ECO2 emission with a satisfied goodness of fit of 0.915. Additionally,
it could be clearly observed that the developed FR-DUHPC exhibited much lower
CO2 footprint as compared to the self-compacting UHPC under the condition of
slightly lower or similar strength. Compared with the conventional dry concrete
with fibre reinforcement, it demonstrated prominently higher strength behaviour
with similar environmental impact. Therefore, the developed DUHPC is capable
of constructing/manufacturing high-strength dry concrete structures/units while
maintaining the fast-hardening, early-strength, and eco-friendly characteristics of

conventional dry concrete.
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5.5 Conclusion

This chapter focuses on assessing the mechanical behaviour and environmental

benefit of the steel FR-DUHPC containing high-volume recycled waste materials

(FA and CR), on the basis of the sustainable FR-DUHPC developed in Chapter

3. For this purpose, the mechanical property tests were performed on hardened

mixtures with various substitution levels of FA and CR, as well as different fibre

dosages. Afterwards, the eco-friendly assessment of these mixtures was carried

out in terms of the cost and environmental impact analysis. In summary, the main

conclusions are as follows:

1)

The compressive/flexural strengths of FR-DUHPC enhanced gradually with
curing age but reduced visibly with FA substitution level for cement, especially
for mixtures with more FA at earlier ages. The compressive MOE and flexural
cracking strength presented a similar variation trend. However, the strength
loss in flexure was weaker than that in compression, and the contribution of
FA effect to flexural strength gain was prominent.

Owing to the used moist/steam curing accelerated the early cement hydration
and pozzolanic reaction rate of FR-DUHPC mixtures, the contribution of FA
effect to both strengths at each age was evidently increased, particularly for
the cases where 50% and 60% of cement were replaced after 28-day curing.
Considering the sustainable development in resources and the effect of FA
addition on the mechanical behaviour of FR-DUHPC at various ages, 50% of

cement substitution conforming with the high-volume concept was determined
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5)

6)

to be the suitable FA addition in this chapter.

Compared with the original FA50 FR-DUHPC with 1.5% fibre reinforcement,
the use of CR aggregate resulted in a significant decrease in density, strength
and MOE at all ages, especially for the cases where the medium sand was
partially substituted. However, the adverse impact of rubber addition was less
serious on flexural behaviour with a smaller strength attenuation.

For rubberized DUHPC with 0.5-1.5% fibre reinforcements, the mechanical
properties enhanced gradually with fibre dosage and curing age, irrespective
of CR substitution and combination. As expected, the positive effect of fibre
dosage on flexure was still better than that on compression due to the used
preparation of layered compaction rendered the steel fibres tend to be aligned
parallel to the compacted layers, endowing fibres with more effective restraint
on matrix cracking under flexural-tensile load.

In the case of 1.5% fibre reinforcement, the post-peak ductility of the studied
mixtures under compression and bending loads was not evidently influenced
by the increase in FA addition and the incorporation of CR aggregate, but was
notably degraded with fibre dosage reduced from 1.5% to 0.5%. In addition,
the stiffness of rubberized concrete attenuated prominently with CR addition,
which was beneficial for dry concrete structures/units with large surface area
to better resist the durability deterioration caused by fatigue and shrinkage.
The flexural behaviour benefits derived from the incorporation of steel fibres,

FA and CR aggregate, as well as the eco-friendly benefits derived from the
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cost saving, energy conservation and carbon emission reduction, render the
developed LWC can be widely used in dry concrete applications with different
strength requirements that are primarily subjected to bending load during the
serviceability.
It was worth noting that in this section, the method of incorporating CR aggregate
involved replacing silica sand of the same mass (mass substitution), resulting in
an evidently higher amount of CR aggregate being incorporated as compared to
the method of volume substitution. Hence, it could be predicted that incorporating
CR aggregate at volumes ranging from 10% to 35% of the total silica sand volume
would lead to the production of LWC with higher strength and improved properties

at the same substitution levels adopted in this study.
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Chapter 6

Repeated Impact Resistance of Steel FR-DUHPC: Effects of Fibre
Length, Mixing Method, FA Content and CR Addition

6.1 Introduction

It is well known that the concrete-like brittle materials exhibit completely different
mechanical responses under dynamic loads from those under static conditions,
which evidently limits the application scenarios of such materials in engineering
practice and increases the failure uncertainty of structural components during the
service. Dry concrete, which contains the same raw material compositions but
less water content as conventional cement-based self-compacting concrete, will
inevitably be frequently suffered various types of dynamic loads in consideration
of the usage scenarios of its structures and members [123]. For instance, airport
runways need to withstand the repeated impacts from aircraft landings; overflow
surfaces of concrete dams need to endure the cutting impact abrasion caused by
flowing sandstones; and roof tiles need to resist the sustained impact load as well
as varying speeds of hailfall.

Wang et al. [120, 121, 195] studied the compression behaviour and failure pattern
of RCC under dynamic load via performing SHPB test considering material initial
damage and sample size (diameters of 50, 75 and 100 mm). Furthermore, in their
another research, the stress waves propagating between the interlayers were
also investigated exhaustively under the same strain rate conditions, considering

the layered compaction method commonly used in the construction of RCCD and
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RCCP [94]. It was indicated that the impact of the strain rate effect on DIF of RCC
strength was much weaker than that of self-compacting concrete, while the larger
sample size contributed to higher dynamic strength, which was obviously contrary
to the strength variation law under static loads. Moreover, the initial damage led
to a more severe attenuation in the dynamic strength and toughness, especially
at higher strain rates (= 60 s™), while its inherent stratification characteristic was
beneficial to resist the propagation of stress waves within interlayers. Lin et al.
[118] evaluated the seismic behaviour of a 132-meter-tall RCCD after Wenchuan
M8 earthquake, focusing on its post-seismic hazard and structure integrity. Based
on the spot survey and study, the dam’s main structure remained intact with no
visible cracking and failure despite the actual seismic load exceeding the design
criteria upon which the dam was built, benefitted from the abutment reinforcement
ensured the seismic stiffness throughout the dam, abutment and foundation. In
terms of the seismic response analysis of RCCD using FEM, Ghaedi et al. [196,
197] numerically explored the effect of the flexible foundation and different sizes
and shapes (circle, octagon and square) of galleries on the earthquake behaviour
of Kinta RCCD in Malaysia, and Gharibdoust et al. [198] evaluated the influence
of different base treatments (corresponded to different roughness) on the body
cracking and base sliding of RCCD via employing the proposed pseudo dynamic
testing method, followed by numerical verification on the above dam’s properties

through the sliding response analysis. In the analysis of the impact resistance of
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dry concrete, Sharbatdar et al. [143] carried out the drop-weight impact test on
RCC cylindrical samples (150 mm dia., 64 mm height) reinforced with four types
of fibres. It was indicated that the samples reinforced with mono Kortta Emboss
(2 kg/m3) and steel (25 kg/m?3) fibres showed a better enhancement in multi-
impact resistance (respectively, 2.7 and 2.9 times higher than the control case),
and the inclusion of 30 kg/m?3 of steel fibres exhibited the best effect on preventing
the rapid propagation of the multiple cracks from samples’ cracking to complete
rupture. Moreover, Hosseinnezhad et al. [199] and Adamu et al. [200] also used
the same test method to examine the impact resistance of RCC containing RCA
as well as CR particles and nano-silica material, respectively.

As reviewed above, a number of researches had been conducted for the dynamic
property of dry concrete. However, the experimental research on its multi-impact
resistance was undertaken in compliance with ACI guidelines, which focused on
the anti-compression-impact performance of concrete material. Considering the
characteristic of dry concrete structures/components that are mainly subjected to
flexural-tensile load during serviceability, it is essential to investigate their flexural
impact resistance under dynamic conditions. Hence, in this chapter, the foregoing
impact performance of steel FR-DUHPC, which was developed in Chapter 3, was
evaluated via performing a modified low-speed drop-weight impact test, drawing
on the test method from other researchers for the fibre-reinforced self-compacting

concrete [201-204]. The evaluation parameters include steel fibre length (6, 10
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and 13 mm), mixing method (mono and hybridization), FA content (20-60% mass
substitution for cement), and the addition of CR (10% mass substitution for silica

sand).

6.2 Experimental programme

6.2.1 Materials and sample preparation

6.2.1.1 Raw materials and mix proportioning

In this experimental study, the raw materials utilized to prepare DUHPC tested
samples consisted of Portland cement (P.C 42.5), silica fume, GGBS (Grade S95),
FA (Grade I), natural quartz sand (fine, medium and coarse sand with aggregate
size ranging 20-110 mesh), CR (20-40 mesh), straight steel fibre (diameter = 0.12
mm, tensile strength > 4 GPa), high-performance superplasticizer and water. Fig.
6.1 exhibits the appearance of the main raw materials (FA, CR and steel fibre)
that affect the impact resistance of FR-DUHPC concerned in this study, and the
detailed mix proportions for the investigated mixes are exhibited in Table 6.1. In
the group of D-F mixes, different steel fibre lengths (6, 10 and 13 mm) and mixing
methods (mono and hybrid) were considered as the major affecting factors. For
the designation of different mixes, F15 denotes the dosage of steel fibres, S, M
and L, denote 6-mm short-length, 10-mm medium-length and 13-mm long-length
steel fibre, respectively, and the item in the parenthesis indicates the fibre mixing
regime. For example, F15S represents the mixture with 1.5% 6-mm mono steel

fibre reinforcement, F10S05L denotes the mixture with 1.0% 6-mm and 0.5% 13-
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mm double-hybrid steel fibre reinforcement, and FO5SML corresponds to the
mixture with 0.5% 6-mm, 10-mm and 13-mm ternary-hybrid fibre reinforcement.
In addition, in the group of D-FA mixes, all the mixtures were reinforced with 1.5%
10-mm mono steel fibres, while the FA substitution content (20%, 30%, 40%, 50%
and 60% by mass) for cement was considered as the primary influencing factor.
In addition to the fibre dosage remained constant, the gradual increase in the
mass ratio of other materials to cement resulted from the increase in FA addition
substituting cement. Then, based on the optimal FA addition (50% substitution)
concluded in Chapter 5, CR particles were introduced into FR-DUHPC mixtures
as the completed replacement of coarse silica sand (20-40 mesh, accounted for
10% of the total mass of silica sand) to evaluate the influence of rubber aggregate
on the impact resistance of the developed dry concrete, that is, the FA50-R-F15M
mix. It should be pointed out that the mixes F15M and FA20-F15M, respectively
classified in the groups D-F and D-FA, contained the same constituent materials’
proportion, which was the optimal mixture proportion (including steel fibre dosage)

obtained from the experimental study summarized in Chapter 3.
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Fig. 6.1. Appearances of the major raw materials of FA, CR aggregate and steel fibre.
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Table 6.1

Mixture proportions of studied FR-DUHPC by weight.

Group Sample Cement SLF FA GGBS Sand CR Water Fibre (%)
D-F F15S, F15M, F15L  1.00 0.15 031 0.08 284 - 0.25 15
FO5S10M, 1.00 0.15 0.31 0.08 284 - 025 15
F10S05M,
FO5S10L,
F10S05L,
FO5M10L,
F10MO5L, FO5SML
D-FA FA20-F15M 1.00 0.15 031 0.08 284 - 0.25 15
FA30-F15M 1.00 0.18 0.55 0.09 336 - 029 15
FA40-F15M 1.00 022 0.89 0.1 410 - 0.36 15
FA50-F15M 1.00 029 143 0.14 528 -- 0.46 15
FA60-F15M 1.00 040 240 0.20 738 -- 0.65 15
D-R FA50-R-F15M 1.00 029 143 0.14 481 047 0.46 15

Note: “SLF” denotes silica fume and “%” denotes volume fraction.

6.2.1.2 Sample preparation and curing

The procedure of mixing FR-DUHPC with inclusions of various contents of steel

fibres and FA, as well as CR aggregate was primarily the same as that reported

in Chapter 5. Unlike the conventional self-compacting FR-UHPC, superplasticizer

and water were added after the cementitious materials, aggregate (including CR

particle) and steel fibres were uniformly dry-mixed in a concrete mixer. The use

of the foregoing mixing sequence could somewhat alleviate the agglomeration or

intertwining of steel fibres (especially for longer ones at higher dosages) in dry
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concrete mixture with lower moisture content and a more viscous appearance. In
addition, the real-time state of the fresh mixture should be paid attention to during
wet stirring to prevent the workability from being deteriorated due to the increased
water dissipation caused by the excessive mixing. Based on multiple preliminary
mixing, a satisfied mixture consistency and a uniform distribution of steel fibres
could be achieved via controlling the wet stirring duration within 6-8 mins. After
the stirring of the fresh mixture was finished, prismatic beam samples having 40
mm x 40 mm x 160 mm were poured in three layers via utilizing a shaking table
with a steel surcharge providing downward compaction to the mixture surface.
The vibrated duration of each layer was controlled at 30-40 s, and the cementing
paste derived from the vibrated compaction of the fresh mixture was conductive
to the interfacial bonding between the layers. Once the moulding of the beam
samples was completed, the plastic film was attached to the mixture’s surface
and 3 h later, the samples together with the moulds were put into an insulated
water tank for further moist/steam curing (50 °C) until 24 h. Subsequently, they
were demoulded and cured for another 6 and 27 days in room-temperature water.
Fig. 6.2(a) exhibits the detailed flow-process diagram of preparing FR-DUHPC
reported above. Totally 288 beam samples, consisting of 6 identical ones of each
mix at three ages, were moulded and cured. It should be noted that prior to the
impact test, the bottom mid-span area of the beam samples was ground flat and
tightly adhered with a 50-mme-length strain gauge to record the accurate flexural

impact test data, as depicted in Fig. 6.2(b).
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Fig. 6.2. (a) Detailed preparation flow and (b) typical FR-DUHPC beam samples prior to

impact test.

6.2.2 Testing procedure

6.2.2.1 Drop-weight impact test

For the aim of investigating the flexural impact responses of the developed FR-
DUHPC under low-speed impact loads, a modified instrumented impact testing
machine with a free-falling weight as the main component was used, as depicted
in Fig. 6.3. All beam samples were tested at the end of 1,7 and 28-day curing.
Prior to the impact, a beam sample having a length of 160 mm was fixed on roller
bearings with a spacing of 120 mm. Then, a concave steel gasket (thickness = 3
mm, width = 40 mm) was clamped at the centre of the upper surface of the beam
sample to prevent the local damage under impact load. The horizontal distances
between the edge of the steel gasket and support on both sides were all 40 mm.
Two column sliding tracks were symmetrically fixed by the drop weight to ensure
the hammer tup fall vertically and impact the mid-span of samples, while ignoring
the dynamic friction between the falling weight and two sliding tracks. The impact
load was induced by the falling weight with a steel dome-nosed tup falling freely

from a pre-set height and hitting the steel sheet, and it was measured in real time
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via a load cell mounted on the tup’s rear part. The overall mass of the drop weight
was 8.0 kg and the falling height was 120 mm, providing a constant strike velocity
of 1.53 m/s and a kinetic energy of 9.4 J per hit. During the impact test, the drop
weight was fallen repeatedly and the number of strikes causing the rupture of the
strain gauge, which was affixed to the bottom tension area of the concrete sample,
was considered the cracking resistance factor. It is noteworthy that the length of
the applied strain gauge was 60 mm, which was greater than the mid-span impact
bending area of the beam samples (40 mm). This consequently ensured that the
strain gauge effectively captured the impact cracks, enabling the measurement
of the cracking resistance factor to its maximum extent, as illustrated in Fig. 6.4(a).
Furthermore, the number of strikes when the macro-cracks propagated to the top
surface of the beam sample was designated as the final failure resistance factor,

as shown in Fig. 6.4(b).
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—
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Fig. 6.3. Low-speed drop-weight impact test: (a) testing machine overview and (b) setup

schematic diagram.
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Fig. 6.4. Judgment basis for (a) initial cracking and (b) ultimate damage of samples.

6.2.2.2 Residual strength test

After the drop-weight impact tests, the four-point bending test, as per Chinese
national standards GB/T50081-2019 [148] and CECS13-89 [149], was conducted
on damaged FR-DUHPC beam samples to assess their residual bearing capacity
(Fig. 6.5). During the test, a continuous compression load with a constant rate of
0.05 mm/min was applied to the beam sample using a 10-ton-capacity universal
testing machine to ensure the quasi-static condition. Loading would be stopped
when the sample reached its maximum bearing capacity, and the residual flexural

strength could consequently be obtained by applying the equation [149]:
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f. = PL/bh? (6.1)
where firis the residual flexural strength (MPa), P is the peak load (N), L is the
clear span between the roller supports (= 120 mm), b and h are the width and
depth of the beam sample (= 40 mm), respectively.

* Compression load

Rigid pressure plate

Impacted sample m Steel fibres
+ |

[]

40 mm

20 mm 40 mm 40 mm ] 40 mm 20 mm
Damaged strain gauge

[ 1
Rigid support

Fig. 6.5. Schematic of four-point bending residual strength test setup.

6.3 Results and discussion

6.3.1 Flexural impact behaviour

6.3.1.1 Cracking and ultimate failure resistance

As reported, low-speed drop-weight impact tests were performed on FR-DUHPC
samples (1.5% steel fibre reinforcement) upon curing. Data from the impact tests
is exhibited in detail in Tables 6.2 (mono/hybrid FR-DUHPC) and 6.3 (HVFA-/CR-
mixed FR-DUHPC), in which N is the initial crack resistance factor and Ny is the
ultimate damage resistance factor of the impacted samples. In order to minimize
the experimental error caused by the strong dispersion of the drop-weight impact
test data, 6 identical beam samples of each mixture were cast and moulded for

testing and then their average was taken as the final result.
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Table 6.2

Summary of drop-weight test results of mono/hybrid FR-DUHPC.

Samples Nc (number) Na (number) (Na-Nc)INc (%)
(Mono/Hybrid) 1-d 7-d 28-d 1-d 7-d 28-d 1-d 7-d 28-d
Control (No fibre) 1 (0.00) 1 (0.00) 1 (0.00) 1 (0.00) 1 (0.00) 1 (0.00) 0 0 0
Single F15S 1.0 (0.00) 1 (0.00) 1.3 (0.47) 1.8 (0.69) 3.0 (0.82) 4.8 (1.21) 80.0 200.0 269.2
F15M 1.9 (0.83) 2.2 (0.69) 2.6 (0.74) 7.7 (1.25) 12.7 (1.60)  18.7(3.35)  305.3 477.3 619.2
F15L 2.5 (0.50) 2.8 (0.37) 3.2(0.69) 16.5 (2.36) 21.0 (2.52) 28.5 (2.75) 560.0 650.0 790.6
Double FO5S10M 1.5 (0.50) 1.7 (0.75) 1.9 (0.62) 6.2 (1.57) 10.7 (2.21) 15.3 (5.62) 313.3 529.4 705.3
F10S05M 1.3 (0.47) 1.3 (0.47) 1.5 (0.50) 3.7 (1.49) 5.8 (1.07) 8.5 (3.45) 184.6 346.2 466.7
FO5S10L 2.0 (0.58) 2.2 (0.37) 2.5 (0.96) 8.8 (1.34) 12.2(1.86)  17.7(2.36)  340.0 4545 608.0
F10S05L 1.3 (0.47) 1.3 (0.47) 1.6 (0.52) 5.0 (1.53) 6.2 (1.77) 9.2 (3.18) 284.6 376.9 475.0
FOSM10L 2.3 (0.47) 2.5 (0.50) 2.8 (0.37) 15.8(3.08)  19.7(2.28)  25.8(3.80)  587.0 688.0 821.4
F10MO5L 2.2 (0.37) 2.3(0.75) 2.6 (0.58) 13.0 (2.16)  17.3(3.25) 222 (4.06)  490.9 652.2 753.8
Ternary  FO5SML 1.7 (0.75) 1.8 (0.69) 2.0 (0.69) 7.7 (1.59) 11.5(2.63) 14.8(279) 3529 538.9 640.0

Notes: items in parentheses denote standard deviation (SD) of measured parameters.
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Table 6.3

Summary of drop-weight test results of HVFA-/CR-mixed FR-DUHPC.

Group Samples Nc (number) Ng (number) (Na-Nc)INc (%)
1-d 7-d 28-d 1-d 7-d 28-d 1-d 7-d 28-d
D-FA  FA20-F15M 1.9(0.83) 22(069) 26(0.74) 7.7(1.25) 127(1.60) 18.7(3.35) 305.3 477.3 619.2
FA30-F15M 1.8(0.37) 2.2(0.37) 2.6(0.94) 6.8(1.34) 12.3(1.70) 18.5(3.04) 277.8 459.1 611.5
FA40-F15M 1.7 (0.47) 2.0(0.00) 25(0.76) 5.8(1.21)  105(1.61) 18.0(2.24) 2412 425.0 620.0
FA50-F15M 1.3(047) 1.7(047) 22(0.69) 37(1.11) 7.3(249) 17.2(1.68) 1846 329.4 681.8
FA60-F15M 1.0(0.00) 1.3(0.75) 1.8(0.69) 1.5(0.50) 4.2 (1.07) 15.3(1.89) 50.0 2231 750.0
D-R FA50-R-FI5M 1.0 (0.00) 1.0(0.00) 1.2(0.37) 1.3(0.47) 1.8(0.37) 3.8(0.69)  30.0 80.0 216.7

Notes: items in parentheses denote standard deviation (SD) of measured parameters.
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Fig. 6.6 shows the effect of steel fibre length and mixing method on the initial
crack and ultimate failure of mono and hybrid FR-DUHPC under impact load.
Compared with the reference mixture without fibre reinforcement, the use of any
length and mixing method of steel fibres could significantly improved the flexural
impact performance of the studied mixtures. For mono reinforcement, the optimal
multi-strike resistance belonged to F15L mixtures, followed by F15M and F15S
mixtures. The sequence was consistent with the result of static flexural behaviour
as reported in Chapter 4. However, it should be noted that in the static test, the
1-28-day flexural strength values of 6-mm FR-DUHPC were no more than 50%
different from those of 10- and 13-mm ones. But in the dynamic test, the impact
behaviour of short fibre reinforcement was markedly weaker than that of the other
two lengths of fibres. For example, the 28-day resistance factors of initial crack
and ultimate failure of F15L samples were, respectively, 2.5 and 5.9, as well as
1.2 and 1.5 times the corresponding factors of F15S and F15M samples. In terms
of hybrid FR-DUHPC, the use of any shorter steel fibres to replace partial longer
ones in the mixes would lead to an evident reduction in Ncand Ny, and the more
use of 6-mm fibres, the more severe the reduction was. As an illustration, samples
F15M and F15L subjected to final failure after 18.7 and 28.5 drop-weight strikes,
respectively, at the age of 28 days, while as the ratio of short steel fibres replacing
the other two ones increased, the prepared samples could only withstand 15.3

and 8.5 (decreased by 18.2% and 54.6%), as well as 17.7 and 9.2 (decreased by
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37.9% and 67.7%) impacts, respectively. It was reported by Wu et al. [152] that
the impact energy required to damage UHPC was mostly formed with two parts,
namely, the energy to destroy the concrete matrix along with the energy to pull
out/break the toughening materials. In this study, although 6-mm steel fibres at
the same dosage could shape a denser network microstructure within the matrix
relying on their quantitative advantage, the insufficient anchoring length between
fibres and matrix rendered it unable to effectively restrict the rapid development
of impact cracks under drop load. Consequently, the mixtures with more addition
of 6-mm fibres presented poor impact performance. Nevertheless, if the original
toughening network was optimized via incorporating the same dosage of steel
fibres with a slightly shorter length into the mixture (increased fibre quantity and
decreased reinforcement spacing), the mixtures exhibited an acceptably reduced
impact number. As an illustration, the impacts causing the cracking and failure of
samples FOSM10L at 28 days were, respectively, 2.8 and 25.8, approximately
12.5% and 9.5% lower than those of the original F15L samples. It was noteworthy
that whichever mixing method was adopted, the longer fibres contributed to a
better improvement in impact performance of the prepared mixtures with curing
age, which manifested by the larger resistance factor difference in the histogram

diagrams at different ages.
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Fig. 6.6. Impact number of (a) initial crack and (b) ultimate failure of mono/hybrid FR-

DUHPC after 1, 7 and 28-day curing.

Fig. 6.7 depicts the effects of FA content and CR addition on the initial crack and
ultimate failure of mono FR-DUHPC under drop-weight impact load. For HVFA-
mixed FR-DUHPC mixtures, the number of impacts at both initial cracking and
ultimate failure gradually decreased with increasing FA content up to 28 days, but
notably increased with curing age, especially for the mixtures incorporating higher
FA additions. It should be noted that the cracking resistance factor (Fig. 6.7(a))
exhibited an evident reduction at all ages when FA content exceeded 40%, which

was slightly different from the variations of static flexural property of identical FR-
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DUHPC mixtures reported in Chapter 5 (significantly deteriorated when exceeded
50%). The same variation could also be observed for 1-day failure resistance
factor shown in Fig. 6.7(b) (indicated by blue line). That is, the negative effect of
cement dilution on the early/long-term impact cracking and early impact failure of
FR-DUHPC was more evident. However, with the extension of curing time, the
positive impact derived from FA secondary hydration effectively compensated for
the foregoing adverse effect of cement dilution, rendering the failure resistance
factor of mixtures with higher FA contents significantly improved. For example,
the 1-day Nqy of FA50-F15M and FA60-F15M samples was reduced by 52.0% and
80.5%, respectively, as compared to FA20-F15M samples, while at 28-day curing,
the corresponding reduction was only 8.0% and 18.2%, respectively (indicated
by green line in Fig. 6.7(b)). That is, the influence of FA incorporation on the long-
term impact failure was basically the same as that on the static bending behaviour
of identical samples. In the case of CR-mixed FR-DUHPC, i.e., the mixture FA50-
R-F15M, the use of CR particles to substitute coarse sand significantly degraded
the impact resistance of the studied concrete. At the age of 1 day, 7 and 28 days,
the samples experienced initial cracking after 1.0, 1.0 and 1.2 impacts, which
decreased by 23.1%, 41.2% and 45.5%, and then suffered final failure after 1.3,
1.8 and 3.8 impacts, which decreased by 64.9%, 75.3% and 77.9%, respectively,
as compared to the control mixture FA50-F15M without CR addition. In a nutshell,

the pozzolanic effect of FA exhibited a weaker impact on improving the impact
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resistance (especially resistance to ultimate failure) of mixtures containing rubber
aggregate. Moreover, the Ny at three ages was only increased by 30.0%, 80.0%
and 216.7% in comparison with the corresponding N¢, which was far lower than
184.6%, 329.4% and 681.8% of control mixture. The palpable attenuation was
due to the debilitated ITZ caused by the weak bonding along with poor anchorage
between CR aggregate and cement paste as well as steel fibres, and the impact
load greatly accelerated the development/propagation of micro-cracks to macro-

perforate-cracks [2, 183].

@ 1-day cracking blow numbers @ 1-day failure blow numbers

s @ 7-day cracking blow numbers 3 24 @ 7-day failure blow numbers
Z“ @ 28-day cracking blow numbers é @ 28-day failure blow numbers
= -~ 1-day blow number variation e il T -®- 1-day blow number variation
'ﬁ 3 -@- 28-day blow number variation = -®- 28-day blow number variation
«® 27 =
= S -
s s ®
8 =
p=]
E £
= 2] =
< & 12 %
12 e |
ld-) %] =
2 g L

= 4
=
= 14 E 4 E
z = 7
=] |
A E Sl

m 0y

| | 7
. 0 i3 2 Q i i
FA20-F15M FA40-F15M FA60-F15M FA20-F15M FA40-F15M FA60-F15M
( ) FA30-F15M FA50-F15M FAS50-R-FI5M (b) FA30-F15M FA50-F15M FAS50-R-F15M
a Specimen designation Specimen designation

Fig. 6.7. Impact number of (a) initial crack and (b) ultimate failure of HVFA-/CR-mixed FR-

DUHPC after 1, 7 and 28-day curing.

In order to more intuitively demonstrate the ability of the studied FR-DUHPC to
continue to resist the impact until final damage after first cracking, the indicator
of impact ductility ((N4-Nc)/Nc) was adopted as depicted in Fig. 6.8. For mono fibre
reinforcement shown in Fig. 6.8(a), longer fibre length and curing age contributed
to better impact ductility up to approximately 8 times higher. It should be pointed

out that the contribution of 13-mm fibres on mixtures’ impact ductility seemed to

207



be prominent at an earlier age, but this positive impact gradually weakened with
curing time (decreased ascending slope for F15M and F15L samples from 7 to
28 days). Reason for this phenomenon might be that at the initial stage of curing,
the relatively poor bonding between steel fibres and matrix rendered the longer
ones to more effectively withstand the repeated impacts of the falling weight by
virtue of their anchorage length advantage. With the extension of curing age, 10-
mm steel fibres demonstrated a more evident improvement benefitted from the
quantitative advantage along with the enhanced bonding performance. For hybrid
fibre-reinforced samples, an evident attenuation in impact ductility occurred in the
cases where the 1.0% 6-mm fibres were introduced. Interestingly, for the mixtures
with little or no 6-mm fibres (FO5S10M, FO5M10L and F10MO5L), they presented
almost or even better ductility than original mono reinforcements (F15M and F15L)
at all testing ages. For instance, the 1- and 28-day impact ductility of FOSM10L
was, respectively, calculated as 587.0% and 821.4%, observably higher than the
corresponding values of original F15M samples (560.0% and 790.6%). In other
words, the optimized toughening network endowed the prepared mixtures with
excellent multiple impact resistance both at the initial stage of curing and during
service. In the cases where the FA content and CR addition were considered (Fig.
6.8(b)), the increase in FA content and the incorporation of CR aggregate both
reduced the impact ductility of the studied mixtures up to 7 days. As expected,
the flexural impact ductility at 28 days improved considerably with FA content by

virtue of the continuous contribution of FA pozzolanic effect on matrix strength,
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especially for mixtures with more FA. However, for CR-mixed FR-DUHPC, its 28-
day impact ductility (217.6%) was apparently worse than that of the control one
(FA50-F15M, 681.8%), indicating that the use of CR aggregate greatly weakened
the secondary hydration effect of FA and led to an evidently degraded multiple

impact resistance upon cracking.
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Fig. 6.8. Impact ductility of (a) mono/hybrid and (b) HVFA-/CR-mixed FR-DUHPC after 1, 7

and 28-day curing.

6.3.1.2 Impact force time history
The representative impact force time histories of FR-DUHPC after corresponding

first cracking and final failure are shown in Fig. 6.9. The force was measured via

209



a load cell mounted on the rear part of hammer tup. As could be observed that
the impact force time histories of the beam sample under drop-weight impact can
be roughly divided into four phases. During the first phase, the tup with a certain
mass fell freely from a fixed height and stroke the beam sample in a static state.
The contact force reached its maximum value once the sample gained maximum
acceleration along the hit direction. Then, the history entered the second phase,
in which the beam sample deflected with the falling tup along the hit direction and
continuously absorbed the impact energy. When the speed of the tup decreased
to zero, the second phase ended, at which point the sample’s deflection reached
its limit and the energy was fully absorbed. Subsequently, the sample recovered
partial deformation relying on its own stiffness along with the bearing support,
and thus causing the tup rebound. This process corresponded to the third phase
and ended with the tup separating from the impact surface. Finally, the concrete
sample vibrated freely until the residual impact energy was completely dissipated
(Phase IV). The overall time history was similar to that reported by Wei et al. [151],
who prepared the large-scale beam specimens (168 x 168 x 2000 mm) to resist
the impact of a drop hammer weighing 641.0 kg.

Compared with the impact force-time curve at initial cracking shown in Fig. 6.9(a),
the prepared concrete samples still exhibited the same four-phase time history
characteristics at ultimate failure (Fig. 6.9(b)), owing to the bridging effect of steel
fibres on matrix cracks. However, its peak force value reduced to a certain extent
due to the existence of the initial damage of beam samples, although the falling

tup speed was constant during each hit. In addition, the formation and continuous
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propagation/development of matrix cracks gradually deteriorated the stiffness of
the impacted samples, which resulted in a notable diminishment in the secondary
wave peak within the second phase. Moreover, the ability of the sample to recover

its own partial deformation in the third phase attenuated evidently.
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Fig. 6.9. Typical impact force-time curves at (a) initial cracking and (b) final failure of FR-

DUHPC samples.

Fig. 6.10 exhibits the 28-day time histories of the impact force of mono/hybrid FR-
DUHPC focusing on Phase I. For the peak force, it gradually increased from 9.2
to 10.5 kN with the use of longer steel fibres in the mono fibre reinforcement, as
shown in Fig. 6.10(a). The peak force then reduced to some extent after samples
were subjected to multiple impacts. Under the ultimate failure condition shown in
Fig. 6.10(b), the less force drop was samples F15L and F15M, whereas the F15S
samples exhibited the most reduction of approximately 12% comparative to the
cracking peak force. That is, the concrete reinforced with longer fibres had better
residual performance even after more impacts. For hybrid FR-DUHPC cases, the
variations in peak force after initial cracking and final failure illustrated a similar

attenuation trend to those of samples with mono fibre reinforcement. The evident
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reduction occurred in cases with more 6-mm fibre addition, to approximately 10.4%
and 13.4% for F10S05M (from 9.6 to 8.6 kN) and F10S05L (from 9.7 to 8.4 kN)
samples, respectively. Conversely, the degradation in stiffness of FOSM10L and
F10MOSL samples was not evident after being subjected to more hits. It should
be pointed out that the peak force of hybrid FR-DUHPC at the above two cracking
stages showed comparable, slightly higher/lower values than that of the original
cases with single-type steel fibres. However, their static compressive and flexural
strengths were slightly or significantly lower than those of the latter, as indicated
in Chapter 4, which could be explained by the research finding that the concrete

with hybrid reinforcement had a higher DIF under dynamic load [152].
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Fig. 6.10. Time histories of impact force of mono/hybrid FR-DUHPC at (a) initial cracking

and (b) ultimate failure.

Fig. 6.11(a) shows the typical 28-day impact force time histories of FR-DUHPC
with 50% of the cement substituted by FA (FA50-F15M). As displayed, the peak
force at the cracking was 9.5 kN after samples were subjected to approximately
2.2 strikes. Subsequently, as the number of impacts increased to approximately
17.2, the peak force at the ultimate failure dropped to 8.7 kN, with a decrease of
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8.4%. Compared with the original concrete samples (FA20-F15M) drawn as red
lines, in addition to a slight decrease in the number of hits, HVFA-mixed samples
demonstrated comparable peak impact force values and curve profile, which was
attributed to the enhancement of matrix strength as well as the improvement of
matrix-fibre anchorage benefited from the moist/steam curing and the following
FA pozzolanic effect [110, 205]. However, after rubber particles were incorporated
into FA50-F15M mixes to substitute partial silica sand (Fig. 6.11(b)), the 28-day
peak force of CR-mixed FR-DUHPC at both initial cracking and final failure stages
decreased notably with evidently reduced impact numbers (1.2 and 3.8 impacts),
respectively, from 9.5 to 4.6 kN (reduced by 51.6%) and 8.7 to 2.7 kN (reduced
by 69.0%). Additionally, the duration of force histories in Phases |, Il and Ill was
significantly shortened comparative to that shown in Fig. 6.9, and the secondary
peak value after the peak force was also observably diminished. That is, the use
of rubber aggregate attenuated the flexural stiffness of dry concrete and greatly
weakened its capability to resist the cracking and postpone the final failure, even

if the amount of CR incorporated was only 10% of the total mass of aggregate.

1 5
= F15M initial cracking = F15M ultimate failure = T T— FASO-R-F15M initial cracking o — FA50-R-F15M ultimate failure
+=+ FA50-F15M initial cracking +=+ FA50-F15M ultimate failure z ‘4 6 z !
9.7 = . = Z
2
9.5 9.0 4 =] A=
9- D 8.7 : Phasell | % =13
2 Average impact number S Average impact number 2 = | =
S 2 ) “«> >
< FI5M: 2.6 g x FI5M: 18.7 < 3 Phase IV Phase IV
S . FAS0-FI5M: 2.2 3 ) FAS50-F15M: 17.2 s ase 2.7 ! ase IV
& 69 XS 3 & !
= N\ ey i
¥ ) g . ‘
E- 4 * ) g- | Average impact number: 1.2 Average impact number: 3.8
. \ 8 | | |
1 \ d | |
Initial cracking A Ultimate failure \ Initial cracking | Ultimate failure
) i
1 . | |
Ay B 1 1l ly Il
\ ! Mo, M
| I
0 T T T T T T T 0 T T T T T T T
4.5 50 55 6.0 45 50 55 6.0 6.5 5 10 15 20 0 5 10 15 20 25
(a) Time (ms) (b) Time (ms)

Fig. 6.11. Time histories of impact force of (a) HYFA50- and (b) CR-mixed FR-DUHPC at

initial cracking and ultimate failure.
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6.3.1.3 Failure patterns and cracks propagation

The typical failure patterns of mono/hybrid FR-DUHPC beam samples after drop-
weight impact tests are displayed in Fig. 6.12. All beam samples remained intact
after repeated impacts and presented obvious flexural-tensile responses within
the mid-span area. It could be seen from Fig. 6.12(a-c), a relatively wide principal
crack gradually extending from the bottom to the top appeared on beam samples
with 6-mm fibre reinforcement. However, in addition to narrower principal cracks,
the samples reinforced with longer fibres (F15M and F15L) were accompanied
with many minor-cracks, and their tips were also bifurcated into several scattered
micro-cracks like “tree branches”. Reason for this might be that the short fibres
had low impact toughening efficiency under the repeated action of impact load.
Once the initial crack appeared on matrix, it rapidly widened and propagated to
the impact point and finally caused the samples to be damaged. It was reported
by Hao et al. [206] and Holschemacher et al. [207] that the pull-out of steel fibres
from the matrix was the primary failure mode of HPC under low-rate impact loads.
Therefore, at a higher fibre additions, longer steel fibres could rely on their size
advantage as well as the dense network to redistribute the flexural-tensile stress
between the matrix and fibres, and thus effectively restrain the rapid development
of impact cracks after cracking. In addition, the joint propagation of multiple minor-
cracks contributed mixtures to absorbing and dissipating more impact energy. For
the cases of hybrid reinforcement, the use of 6-mm fibres to replace any length
of longer ones caused a reduction in the number of minor-cracks and a widening

of the principal cracks, as shown in Fig. 6.12(d-e, h and k). However, the samples
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reinforced with hybrid 10-/13-mm fibres exhibited similar failure patterns to F15M
and F15L, and their bottom showed many minor/micro-cracks except for principal
cracks (Fig. 6.12(f-g and i-j)). This was mainly attributed to the optimization of the
original single fibre composition via fibre hybridization, in which more and longer
steel fibres could bridge the impact cracks by virtue of their excellent anchoring

performance with concrete matrix [204, 206, 207].

= (k)

Fig. 6.12. Typical ultimate failure patterns of (a-c) mono and (d-k) hybrid FR-DUHPC beam

samples after repeated drop-weight impacts.
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Fig. 6.13(a and b), respectively, shows the final failure patterns of HVFA50- and
CR-mixed FR-DUHPC after drop-weight tests. Compared with the original case
(FA20-F15M) exhibited in Fig. 6.12(b), the width of the principal crack of HYFA50-
mixed samples at failure was slightly wider, and the simultaneous appearance of
the multiple minor-cracks accompanying the principal crack was reduced. That s,
the relatively lagging secondary hydration (microstructure with obvious spherical
FA particles as displayed in Fig. 6.13(c)) rendered the HVFA-mixed cases not to
exhibit the most excellent impact resistance at 28-day age. After rubber particles
were added to partially substitute silica sand, although the test samples remained
intact at ultimate failure, its notably wider single crack rendered it to exhibit more
serious bending deformation, and the crack width at/above the neutral axis also
notably increased. Fig. 6.13(c) intuitively explains the reason for the attenuation
in the impact performance of the prepared rubberized mixtures. That is, the matrix
compactness and fibre anchoring were significantly deteriorated due to the weak
ITZ between the cement paste and CR aggregate, together with the poor bonding
between steel fibres and cement paste as well as CR aggregate. Under the action
of the multiple impact load, steel fibres were more susceptible to being pulled out,
so that they could not play a sufficient and effective toughening effect between

the original/impact cracks.
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Fig. 6.13. Ultimate failure patterns of (a) HYFA50- and (b) CR-mixed FR-DUHPC beam
samples after repeated drop-weight impacts along with (c) microstructure image of

prepared CR-mixed dry concrete.

6.3.1.4 Residual flexural behaviour

Table 6.4 and Fig. 6.14 respectively list and depict the residual flexural strength
values and their variations in mono/hybrid FR-DUHPC samples after final impact,
in which £ is the static flexural strength of identical undamaged samples obtained
from Chapter 4 and f is the residual flexural strength of damaged samples after
dynamic tests. The ratios of dynamic residual to static flexural strength were also
plotted to demonstrate the residual bending capacity. As can be observed that
both the residual flexural strength and bearing capacity were improved signally
with fibre length and curing age. Samples F15L, FO5M10L and F10MO5L showed
the highest residual flexural strength and an excellent 28-day residual bearing
capacity of more than 70% (indicated by the blue line). However, on the contrary,
the samples with poor performance above were F15S, F10S05M and F10S05L,
that is, the samples with more 6-mm fibre addition. Besides, the above samples
also exhibited a relatively slow increase in residual strength (indicated by bottle

green lines) in comparison with the static strength increment (indicated by light
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green lines), whereas other samples showed comparable strength enhancement.

Particularly necessary to be pointed out that the 28-day static strength of samples

FO5M10L and FO5SML was respectively 38.6 and 35.9 MPa, approximately 4.9%

and 11.6% lower than that of F15L samples, whereas the residual strength was

approximately 4.8% and 20.7% lower. The main reason was that the anchoring

disadvantages of 6-mm fibres, which were not prominent in static tests, rendered

them to be easily pulled out from concrete matrix under impact, and hence could

not effectively restrain the rapid propagation of micro-/macro-cracks. However,

the longer fibres could firmly hold/bridge the matrix on both sides of the impact

cracks by virtue of their quantity and anchorage length advantages, even though

the concrete samples had suffered more impacts.

Table 6.4

Static and dynamic residual flexural results of mono/hybrid FR-DUHPC.

Samples  fr (MPa) fr (MPa) feelfr (%)

1d 7-d 28d 1-d 7-d 28-d 1d 7-d 28d
F15S 207 241 28.2 8.8(1.27) 11.4 (0.62) 14.9(2.12) 425 473 528
F15M 261 314 350 159(1.10) 20.2(1.48) 25.1(1.91) 60.9 64.3 71.7
F15L 31.3 36.3 40.6 205(1.21) 253(1.85) 31.4(2.96) 655 69.7 77.3
FO5S10M 231 277 328 13.3(1.40) 174(1.38) 225(2.83) 576 628 68.6
F10S05M 21.8 26.0 30.1 11.6(1.01) 14.7(0.41) 18.3(2.62) 53.2 56.5 60.8
FO5S10L  27.4 309 352 16.5(0.76) 19.9(1.97) 24.7(246) 602 644 702
F10S05L 25.3 29.7 33.0 12.2(1.05) 16.3(1.21) 20.0(3.01) 482 549 60.6
FO5M10L 30.1 344 386 19.6(1.31) 24.2(1.35) 299(1.78) 651 704 77.5
F1OMO5L 295 33.0 375 18.5(0.68) 22.7(0.29) 27.6(2.03) 62.7 688 73.6
FO5SML 271 314 359 16.1(1.74) 20.2(1.41) 24.9(2.79) 594 64.3 69.4

Notes: items in parentheses denote standard deviation (SD) of measured parameters.
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Fig. 6.14. Residual flexural strength and capacity ratio of mono/hybrid FR-DUHPC samples

after impact tests.

Table 6.5 and Fig. 6.15 respectively list and depict the residual flexural strength
values and their variations in HVFA-/CR-mixed FR-DUHPC beam samples after
impact test, in which the meanings of f; (obtained in Chapter 5) and fir are the
same as those in Table 6.4. It could be observed that the residual strength and
bending capacity significantly enhanced with curing age but gradually reduced
with FA content at all ages (especially for samples with 50-60% of FA addition at
early ages). Additionally, the growth rate of the early residual strength (indicated
by bottle green lines) was evidently slowed down due to the continuous dilution
of the cement concentration, but the subsequent long-term strength development
was observably accelerated with FA addition owing to the progressive secondary
hydration reaction. Compared to the static strength development at different ages
(indicated by light green lines), the increment in residual strength of the identical
samples exhibited insignificant difference. However, for the mixtures with higher
FA additions, the attenuation in residual strength at the same ages was much
greater than that in static strength. As an illustration, the 28-day static strength of

concrete samples FA50-F15M and FA60-F15M was, respectively, 27.7 and 24.8
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MPa, approximately 20.9% and 29.1% lower than that of F15L samples, but the
residual strength was approximately 25.5% (18.7 MPa) and 36.3% (16.0 MPa)
lower. In the case where rubber addition was considered, the incorporation of CR
particles to substitute partial silica sand resulted in an evident attenuation in both
residual strength and bearing capacity. As an illustration, the residual strength
diminished by 46.8%, 47.6% and 43.9% at three ages, respectively, as compared
to original FA50-F15M samples. It should be pointed out that the residual strength
development of CR-mixed samples with curing age was far less than that of the
foregoing original samples, and was likewise slower than its own static strength
increment, specifically manifested by the increased residual capacity difference
with curing age between these two mixtures (from 44.3% to 54.3% and 52.1% to
67.6%). That is, the inclusion of CR aggregate weakened the contribution of FA
pozzolanic effect to strength improvement in the prepared FR-DUHPC, and this

adverse impact was particularly prominent under dynamic impact load.

Table 6.5

Static and dynamic residual flexural results of HVFA-/CR-mixed FR-DUHPC.

Samples f; (MPa) fr (MPa) feelfr (%)

1d 7-d 28d 1-d 7-d 28-d 1d 7-d 28d
FA20 261 314 350 159(1.10) 20.2(1.48) 25.1(1.91) 609 643 717
FA30 242 276 314 144(0.99) 175(1.62) 222(217) 59.7 63.3 70.8
FA40 214 251 296 122(1.39) 154 (1.21) 20.6(1.96) 57.0 612 69.6
FA50 18.0 22.0 27.7 94(1.13) 12.6 (1.06) 18.7 (2.05) 521 57.3 67.6
FAG0 13.3 17.7 24.8 6.0(1.33) 9.2 (1.46) 16.0(1.93) 451 521 644
FA50-R 114 13.7 193 5.0(1.47) 6.6 (0.88) 10.5(1.02) 443 479 543

Notes: items in parentheses denote standard deviation (SD) of measured parameters.
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Fig. 6.15. Residual flexural strength and capacity ratio of HVFA-/CR-mixed FR-DUHPC

samples after impact tests.

6.3.2 Weibull distribution analysis

As illustrated above, the prepared FR-DUHPC samples produced several initial
cracks and eventually failed after being subjected to multiple drop-weight impacts.
Hence, their failure mechanism was very similar to that within the bending fatigue
test [201, 208]. Although the considerable efforts had been made in the sample
preparation and experimental conduction to establish the same test conditions,
the obtained data often varied and showed evident dispersion. In such instances,
the statistical analysis method was highly necessary to investigate the foregoing
scattered impact results. In this section, the two-parameter Weibull distribution,
which was broadly utilized in the fatigue test data processing, was introduced to
explore the flexural impact performance of the prepared FR-DUHPC after drop-
weight impact tests. In considerations of the steel fibres possessed an excellent
restraining effect on cracks propagation, as well as the concrete structures were
normally used with multiple cracks during service, the used Weibull distribution

hence focused on analyzing the impact numbers (Ny) of beam samples after final
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failure. Besides, due to the poor impact resistance of CR-mixed FR-DUHPC with
lower impact numbers, the statistical analysis was conducted on mono/hybrid and
HVFA-mixed FR-DUHPC cases. The probability of survival function of the utilized
two-parameter Weibull distribution can be expressed as follows [201, 209, 210]:
Ln(n) = exp[(n/u)¥] (6.2)
where n is the specific impact number of the stochastic Weibull variable N ( = Ng
in this research) in drop-weight impact tests, « is the slope of the distribution
curve (shape parameter), and u is the characteristic life (scale parameter). After
taking two logarithms on both sides of the function simultaneously, the following
expression can be obtained:

In[In(1/Ln)] = adn(n) - adn(u) (6.3)
then, the expression can be simplified as follows after making Y = In[In(1/Ln)] and
X =1In(n):

Y = aX- an(u) (6.4)
hence, the linear relationships between X and Y can be tested to verify whether
the ultimate failure blow numbers (Ngy) of the prepared FR-DUHPC samples follow
the two-parameter Weibull distribution. The impact numbers are first ranked in an
ascending sequence, then the empirical survival function given below can be
used to calculate the values of Ly [209, 211, 212]:

Ln=1-[il(s+1)] (6.5)
where i is the sequence number of Ny, and s is the total number of the impacted

samples for each mixture ( = 6 in this study). Subsequently, the impact numbers
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at ultimate failure (Nr) under different levels of reliability can be predicted utilizing
the following expression combined with the corresponding Weibull distribution
parameters [213]:

N¢= ul-In(R)]("/@ (6.6)

where Ry is the required levels of reliability functions. Fig. 6.16 demonstrates the
correlations between the impact number Ny and empirical survival function value
Ln of the prepared FR-DUHPC at 28 days of age, and the related regression
parameters computed from the statistical analysis are collated in detail in Table
6.6. It could be clearly observed that the good linear relationships were existed
between Ng and Ly of all FR-DUHPC cases with coefficient of determination (R?)
greater than 0.85. That is, the number of impacts causing the ultimate damage of
mono/hybrid and HVFA-mixed FR-DUHPC under low-speed drop-weight impact
followed the two-parameter Weibull distribution, even though the ultimate drop-
weight blow numbers were not many within the range of 4.8-28.5 blows, as listed

in Tables 6.2 and 6.3.
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Fig. 6.16. 28-day linear regressions of ultimate failure impact numbers (Nq) for (a)

mono/hybrid and (b) HVFA-mixed FR-DUHPC in Weibull distribution.
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Table 6.6

Weibull regression parameters of the studied FR-DUHPC at final failure.

Mixes 28-day coefficients Mixes 28-day coefficients Mixes 28-day coefficients

a aln(u) R? a aln(u) R? a aln(u) R?
F15S 3.10 526 0909 FO05S10L 6.15 18.06 0.987 FA20 4.29 1297 0.955
F15M 429 1297 0955 F10S05L 240 564 0972 FA30 4.84 1453 0.953
F15L 7.38 2517 0.934 FO5M10L 5.16 17.19 0.952 FA40 6.62 19.54 0.922
FO5S10M 2.09 6.01 0.971 F10MO5L 4.26 1359 0.955 FA50 8.11 23.50 0.894
F10S0O5M 198 4.54 0974 FO5SML 4.34 12.09 0974 FA60 6.42 17.94 0.927

Fig. 6.17 exhibits the predicted failure impact number (Ny) of the evaluated FR-
DUHPC under different levels of reliability at 28 days of age, plotted by utilizing
Eq. (6.6) and the derived Weibull regression parameters shown in Table 6.6. For
mono/hybrid cases illustrated in Fig. 6.17(a-b), longer steel fibres endowed the
reinforced samples with better performance to withstand more falling impacts at
the same reliability. Taking the 0.9 reliability level as an example, the Nrvalues of
mono samples F15S, F15M and F15L were 2.7, 13.6 and 22.3, respectively, and
those of hybrid F0O5S10M, F10S05M, F05S10L, F10S05L, FO5M10L, F10MO5L
and FO5SML cases were 7.6, 3.2, 13.1, 4.1, 18.1, 14.3 and 9.7, respectively. In
terms of HVFA-mixed cases exhibited in Fig. 6.17(c), the increase in FA content
resulted in a degradation in concrete resistance to multiple impacts at the same
reliability, whereas the decrease was not evident benefitted from the continuous
secondary hydration effect. For instance, the Nrvalues at 0.8 reliability level were

16.0, 15.1 and 12.9, respectively for FA20-, FA50- and FAG60-F15M samples. In
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a nutshell, the obtained curves derived from the conducted Weibull analysis can
provide appropriate Nr values under different reliability levels, on the basis of
eradicating costs and saving time, and can also preliminary calculate the relevant

impact energy required for practical design requirements.
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Fig. 6.17. Predicted 28-day impact numbers at ultimate failure of (a) mono; (b) hybrid and

(c) HVFA-mixed FR-DUHPC in terms of different levels of reliability.

6.4 Conclusion

In this chapter, the modified low-velocity drop-weight impact test was carried out
on steel FR-DUHPC beam samples to evaluate the effects of steel fibre length,
mixing method, FA content and CR incorporation on the flexural impact resistance.
Subsequently, Weibull statistical technique was adopted to analyze the ultimate
failure impact number of mono/hybrid and HVFA-mixed samples in consideration
of the large value variation. The primary findings from the current study are listed

as follows:
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1)

4)

The use of any length and mixing method of steel fibres remarkably increased
the number of impacts at both initial cracking and final failure stages. Longer
steel fibres endowed the prepared samples with better impact performance,
whereas the 6-mm fibre reinforcement exhibited evidently decreased anti-
impact number as well as deteriorated impact ductility, which was significantly
weaker than its toughening effect under static conditions.

For HVFA-mixed samples, the number of impacts at initial cracking and final
failure gradually decreased with FA addition up to 28 days, but the impact
ductility improved considerably with curing age (especially for mixtures with
higher FA contents) attributed to the continuous contribution of FA pozzolanic
effect on matrix strength. However, as for CR-mixed samples, the addition of
CR aggregate greatly weakened the foregoing FA effect and resulted in an
evidently degraded multiple impact resistance upon cracking at all ages.
The peak impact force at first cracking and final failure gradually enhanced
with the mixing proportion of longer fibres increased, but remarkably reduced
after CR aggregate was added. The peak force of hybrid samples exhibited
comparable or slightly higher/lower values than that of the original samples
with single length of steel fibres, further demonstrating that the hybrid steel
fibre reinforcement yielded a higher DIF under dynamic load.

All the beam samples remained intact after multiple impacts and presented
obvious flexural-tensile responses within the mid-span area. As expected, 6-

mm fibres were easily to be pulled out from concrete matrix under impact,
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rendering the reinforced samples exhibiting a wide principal crack. However,
longer fibres contributed samples to cracking with many minor-cracks as well
as several scattered micro-cracks, which was conductive to absorbing and
dissipating more energy during impact.

The good linear relationship existed between the final failure impact number
and the probability of survival function of the studied FR-DUHPC cases with
fitting coefficient greater than 0.85. That is, the impact number resulting in the
ultimate failure of the mono/hybrid and HVFA-mixed FR-DUHPC under low-
velocity drop-weight impact followed the two-parameter Weibull distribution.
The impact energy value for practical structure design could be preliminarily
computed utilizing the derived Weibull parameters under different levels of

reliability.
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Chapter 7
Conclusions and Recommendations
7.1 Conclusions
In this study, a promising building material named DUHPC was developed on the
basis of retaining the advantages of traditional dry concrete. Compared with self-
compacting UHPC, the developed DUHPC had a low cement addition but notably
higher early strength. The cement and aggregate added could also be partially
replaced by a variety of recycled materials to effectively mitigate the consumption
of natural resources while improving the recycling of hazardous wastes. Relying
on its higher strength and better toughness/ductility, the developed DUHPC could
meet different requirements of various engineering applications, which markedly
expanded the application field of dry concrete material in practice. Based on the
analysis and discussions presented in the previous chapters, the primary findings
can be summarized as follows:

» The various mechanical properties of DUHPC were improved significantly with
steel fibre volume dosage at all ages. The fibre reinforcement demonstrated
more positive impact to the flexural rather than the compressive performance,
which was greatly beneficial for dry concrete structures/units that were mainly
subjected to flexural-bending loads during their serviceability.

« The increase in initial curing temperature via using moist/steam curing regime
caused an attenuation trend in various strengths of DUHPC, especially at 28-

day period. However, its strength development kinematics improved signally
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as the initial curing temperature increased at early ages. 50 °C moist/steam
curing was suggested for consolidating the pre-fabricated DUHPC units based
on the microstructure analysis performed.
The development rate of flexural strength under the identical fibre dosage was
faster than that of split-tensile strength attributed to the potential delamination
failure. In the case of comprehensive consideration of the cost and mechanical
performance of FR-DUHPC, volume fraction of 1.5% was considered to be the
most suitable steel fibre addition in this study.
Under the same fibre addition, longer steel fibres exhibited better effect on
enhancing the compressive strength, total energy absorption, toughness and
MOE of DUHPC. In the case of fibre hybridization, the utilization of shorter
fibres substituting part of the initial-sized ones attenuated the compressive
strength, but FO5M10L, F10MO5L and FO5SML samples demonstrated better
energy absorption ability and toughness.
The enhancement in flexural and split-tensile strengths of DUHPC with mono
steel fibre reinforcement was more prominent when the fibre length added
from 6 to 10 and 13 mm. Thus, the pronounced attenuation in flexural strength
occurred in hybrid FR-DUHPC cases in which longer fibres were partially
substituted by shorter ones at all ages. The substitution of longer fibres with
more 6-mm ones evidently deteriorated the flexural toughness and energy
absorption capacity of DUHPC after cracking.

The mixtures with hybrid 10- and 13-mm steel fibres as well as with hybrid 6-,
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10- and 13-mm ones were suggested to be used in the practical application
of DUHPC structures/components that were mainly subjected to static loads.
In addition, the length of steel fibres added was not recommended to exceed
13 mm on account of the easy agglomeration of longer steel fibres and the
lower moisture content of DUHPC.

The proposed multivariate regression models could well estimate the flexural,
compressive and split-tensile strength of mono FR-DUHPC at a given range
of steel fibre length (6-13 mm), volume dosage (0.5-2.0%) and curing age (1
day-28 days) with R? larger than 0.9 and D-W values close to 2.0. After the
compressive strength was introduced as an additional IV, the updated best-
fit models outperformed the original models in the prediction accuracy of both
flexural and split-tensile properties.

The compressive/flexural strengths of FR-DUHPC enhanced gradually with
curing age but diminished observably with FA substitution level for cement,
especially for the mixtures with more FA at earlier ages. Owing to the utilized
moist/steam curing, the contribution of FA effect to both strengths at each age
was evidently increased, and 50% of cement substitution in line with the high-
volume concept was determined to be the suitable FA addition in this study.
The use of CR aggregate caused a significant decrease in density, strength
and MOE at all ages, especially for the cases where the finer CR aggregate
was introduced. The fibre dosage exhibited more positive impact on flexural

behaviour of rubberized FR-DUHPC due to the adopted preparation method
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rendered fibres tend to be aligned parallel to the compaction layers, endowing
fibres with more effective restraint on matrix cracking under flexural-tensile
load.

The flexural behaviour benefits derived from the inclusion of steel fibres, FA
and CR aggregate, as well as the eco-friendly benefits derived from the cost
saving, energy conservation and carbon reduction, rendered the developed
LWC can be widely utilized in dry concrete applications with different strength
requirements that were mainly subjected to bending loads during service.
The use of any length and mixing method of steel fibre significantly improved
the impact performance of mono/hybrid FR-DUHPC, including the resistance
factors of initial crack and final failure, impact ductility and residual bearing
capability. Longer fibres endowed the prepared samples with better impact
resistance, but 6-mm fibres exhibited insufficient toughening effect, especially
when the dosage reached 1.0% and above.

The resistance factor, peak impact force and residual bearing capability all
gradually decreased with FA content up to 28 days, while the impact ductility
improved notably with curing age attributed to the continuous contribution of
FA pozzolanic effect. The use of CR aggregate greatly degraded the impact
performance at all ages and weakened the positive impact of foregoing FA
effect.

Hybrid medium/long fibre reinforcement was proposed for DUHPC units that

were mainly subjected to dynamic impact loads during service, while the FA
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content used to substitute partial cement was not recommended to exceed
40% due to the evident deterioration in the early impact performance. CR
aggregate was not proposed to be added to dry concrete mixtures since the
impact load would greatly accentuate the initial matrix defects caused by the
weak bonding with cement paste.

The good linear relationships were existed between ultimate failure impact
number and probability of survival function of all FR-DUHPC samples with R?
greater than 0.85. That is, the number of impacts causing the ultimate failure
of mono/hybrid and HVFA- mixed FR-DUHPC under low-velocity drop-weight
impact obeyed the Weibull distribution. The impact energy value for structural
design could be preliminarily computed using the derived Weibull parameters

under different reliability levels.

7.2 Recommendations for future work

The developed FR-DUHPC in this study not only possesses the characteristics

of fast hardening, low cement addition and rapid demoulding of conventional dry

concrete, but also has the advantages of ultra-high strength, excellent ductility

and energy absorption ability of UHPC. The current research has been dedicated

to investigating the static and dynamic mechanical properties of the developed

FR-DUHPC, therefore the suggestions for the following issues are elaborated for

future studies:

» The current research on the mechanical behaviour of FR-DUHPC is basically

carried out on specimens prepared/fabricated in the laboratory. However, the
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concrete mixtures with good performance under laboratory conditions may not
be desirable in the practical engineering applications. It is hence necessary to
carry out more mechanical performance investigations for actual applications,
and the raw material composition and structural configuration are needed to
be optimised.

The addition of steel fibres can markedly improve the various properties of the
developed DUHPC. However, owing to the special appearance of its mixture,
the distribution of steel fibres is much different from that in the self-compacting
concrete, and the fibres may be distorted under the vibration and mechanical
compaction. Efforts should be made to further explore the fibre reinforcement
mechanism and the effect of fibre deformation on FR-DUHPC performance.
The smart investigation of dry concrete is still in its infancy, that is, in the stage
of the theoretical analysis and experimental exploration. At present, the main
technologies for realizing the intelligentization of concrete are based on self-
compacting concrete, and whether they are equally feasible for dry concrete
with low moisture content and completely different preparation methods need
in-depth research. Additionally, considering the extensive use of dry concrete
roof tiles in Australia, the development of smart photovoltaic tiles with partial
properties of solar panels is also an important research topic in the future.
The durability performance is particularly important for dry concrete in some
cases since its structures and units may be damaged caused by the durability

deterioration rather than the strength loss. Hence, research on the durability
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performance (freeze-thaw resistance, fatigue resistance and impact abrasion
resistance) of the developed FR-DUHPC incorporating high-volume recycled
materials need to be focused.

The layer-by-layer vibrated compaction used in the preparation of FR-DUHPC
will inevitably influence the interlayer bonding strength of the mixture and the
anchoring/reinforcement effect of steel fibres. Further researches need to be
carried out to explore the impact of interlayer casting interval, thickness and
vibrated compaction load/duration on the permeability and sorptivity, as well
as the bond-slip performance between steel fibres and concrete matrix of the
developed FR-DUHPC.

The development of the new dry concrete material, as well as the study of its
static/dynamic mechanical property, aims to lay the foundation for its practical
application in structures. Hence, it is strongly necessary to continue conducting
investigations on the static/dynamic property and durability performance of dry
concrete units and structures manufactured with the developed DUHPC. This
includes studying aspects such as the resistance to hailstone hit on roof tiles,
the resistance to high-speed impact and abrasion damage on airport runways,

and the resistance to microbiological and acid corrosion on sewer pipes.
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