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ABSTRACT

Ultra-high-performance concrete (UHPC) offers superior mechanical
performance but remains limited by high cement content, sustainability

concerns, and the lack of reliable constitutive models capable of cap- OPEN ACCESS
turing its full stress—strain response including pre-peak and post-peak
behaviour. This study presents an integrated experimental and consti- Received: 13/12/2025

tutive modelling investigation of UHPC incorporating ultra-fine waste
glass powder, micro silica, fly ash, and different fibre reinforcement.

Accepted: 19/01/2026

Two UHPC mix designs with a water-to-cementitious material ratio of DOI

0.20 were developed, yielding 24 independent mixtures. Cement was 10.23967/j.rimni.2026.10.77623
partially replaced with 20% ultra-fine waste glass powder and com-

bined with either micro silica or fly ash. Fibre reinforcement was intro- Keywords:

duced independently using 2% straight steel fibres and 1.5% crimped Ultra-high-performance concrete
polypropylene fibres to evaluate flowability, viscosity, uniaxial compres- mechanical properties

sive strength, modulus of elasticity, splitting tensile strength, flexural constitutive modelling

strength and drying shrinkage behaviour. Experimental results demon- stress-strain curves

strate that UHPC with micro silica, UFWGP and steel fibres, prepared fibres
following the ACI 239 R-18 mix design, achieved the highest 28 days
compressive, splitting tensile and flexural strength of 144.8, 12.8 and
36.1 MPa, respectively. Steel fibre-reinforced mixes exhibited up to a 42%
increase in compressive strength and significantly enhanced post-peak
ductility compared to the control mix (without fibre). Crimped Polypropy-
lene fibre-reinforced UHPC attained compressive strength up to
129.7 MPa, provided improved strain capacity, and effectively reduced
drying shrinkage, highlighting their suitability for crack control and defor-
mation mitigation. The incorporation of UFWGP consistently improved
flowability, reduced viscosity, and enhanced mechanical performance,
while fly ash improved rheological behaviour but resulted in lower early-
age strength compared to micro silica-based mixes. To capture the com-
pressive response of UHPC, an elasto-damage model previously proposed
by Khan and Zahra was reformulated by recalibrating the compression
damage parameter (8) using experimentally derived and literature based
compressive strength and elastic modulus. The proposed model repro-
duces both pre-peak and post-peak stress—strain behaviour, with predic-
tion errors generally within +7% of experimental results ranging from 72.4
to 148.5 MPa. The findings provide robust experimental evidence and a
validated constitutive framework for the sustainable design and structural
application of UHPC.
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1 Introduction

Ultra-high-performance concrete (UHPC) is a modern concrete with exceptional performance,
including enhanced mechanical characteristics with ultra-high compressive strength (>120 MPa),
improved ductility, and superior durability [1]. Despite these advantages, UHPC remains limited by
high cement content, significant environmental burden, and heavy dependency on silica fume and steel
fibres, creating a need for more sustainable binder systems, alternative fibre types, and standardized
tools for evaluating binder system and fibres efficiency [2]. Additionally, accurately predicting the
mechanical behavior of UHPC requires robust constitutive models that can capture the effects of
fibre reinforcement, binder composition, and full stress—strain response including pre and post-peak
behaviour, which are critical for safe structural design and numerical simulations.

Although UHPC exhibits complex mechanical behavior, many experimental studies primarily
focus on compressive strength and compressive stress—strain response. This emphasis arises because
key parameters used in constitutive modeling such as peak compressive stress, peak strain, elastic
modulus, and damage evolution are predominantly derived from compressive behavior. Consequently,
accurate characterization of compressive strength is essential for reliable calibration and application
of constitutive models in numerical simulations and structural design, explaining the primary focus
on compression in UHPC investigation. Traditionally, in UHPC mix design, micro silica (MS or silica
fume) along with Ordinary Portland Cement (OPC) is used as a binder. Its ultrafine particle size and
pore-filling capacity contribute to high pozzolanic reactivity and microstructural refinement, which
results in early strength gain and matrix densification [3]. Shihada & Arafa [4] observed a 60% increase
in 28-day compressive strength of UHPC with an optimum 15% silica fume content of cement mass
compared to the specimens with zero content of silica fume, while Wu et al. [5] observed a significant
increase of 10-25 MPa in the 28 days compressive and flexural strengths of UHPC containing
15%-25% silica fume when compared to that of the reference sample. This strength enhancement
was attributed to a refined microstructure, which reduces the overall porosity of the concrete matrix.
Zheng et al. [6] reported that the addition of 10% silica fume in ultra-high performance fibre reinforced
concrete (UHPFRC) densified the matrix and interfacial transition zone (ITZ), leading to higher
peak load and fracture energy in four-point bending tests. Whereas matrix densification became the
main contributing factor at higher contents (>20%). Szcze$niak et al. [7] experimentally evaluated the
performance of UHPC mixtures with the addition of MS in the amount of 6.7%-14.7% and fly ash
(FA) in the amount of 8.3%-26.7%. The best strength properties were obtained for concrete containing
16.7% FA and 13.3% MS, achieving above 120 MPa and 150 MPa compressive strength after 28 and
90 days of standard curing, respectively. Collectively, these studies confirm the effectiveness of micro
silica or silica fume in achieving UHPC’s mechanical performance; however, its high cost, limited
availability, and environmental burden motivate the investigation of alternative and supplementary
binder systems.

In comparison, fly ash performance in UHPC remains limited. This is mainly due to its slow
pozzolanic reaction, which results in low early-age strength, along with variability in its composition.
Nevertheless, Jing et al. [§] found that FA enhances rheology and also provides long-term strength
benefits in UHPC mixtures. Bahedh et al. [9] observed an increase in the workability of the UHPC as
the dosage of FA increased from 0% to 40%. Mix with 40% FA as a replacement of cement showed a
notable strength gain of 122.4 MPa after 28 days of curing. Fu et al. [10] assessed the performance of
0%—-100% FA as a cement substitute on the drying shrinkage of UHPC. The results showed that adding
FA reduces the drying shrinkage of UHPC without compromising the compressive strength, and this
effect can be strengthened by increasing the dosage within the tested range. The sample containing
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100% FA exhibits the lowest drying shrinkage; compared to the sample without FA, the shrinkage was
reduced by 38.46% after 7 days and 14.57% after 28 days of curing. Recent research further supports
its value: Van Tuan et al. [1 1] developed a mix design for UHPC using high-volume fly ash (HVFA)
(>50%) in mix design. The experimental results showed achieving compressive strengths of >120 MPa
(standard curing) and >150 MPa (heat treatment), while reducing embodied CO, emissions by 56.4%.
These findings highlight the potential of FA to enhance sustainability and long-term performance;
however, achieving adequate early-age strength while maintaining reduced cement content remains a
key challenge in UHPC mix optimization.

From a sustainability point of view, reducing the high cement content in UHPC through SCM
replacement is a growing research priority. Waste glass powder (WGP), owing to its high amorphous
silica content and latent pozzolanicity, has attracted attention as a potential alternative. Soliman and
Tagnit-Hamou [12] investigated the properties of UHPC specimens by replacing cement with 10%,
20%, 30%, 40%, and 50% of glass powder (GP) by weight and 50% and 100% quartz powder with GP.
The UHPC specimens prepared with cement and silica fume were considered as the control specimens.
It was noted that the compressive strength of concrete specimens with GP exhibited slightly higher
strength compared to the control specimens. Mohamed et al. [13] investigated the use of 10%, 20%,
30%, and 40% of WGP, derived from grinding glass waste, as an SCM to replace OPC and silica
fume in UHPC. The specimens were tested following a three-point loading test. It was noted that the
flexural strength for the case of specimens having 0%, 10%, 20%, 30%, and 40% WGP was found
to be 18.2, 20.1, 27.9, 17.4, and 14.4 MPa. Thus, indicating that the 20% glass-cement replacement
specimen showed the highest flexural resistance. While Taha and Nounu [14] used recycled glass sand
(RGS) in 0%, 50%, and 100% replacement proportions, primarily as an inert filler, and observed no
significant differences in the compressive strength of the concrete. Sharifi et al. [15] investigated the use
of ground waste glass (GWG) microparticles as a partial replacement for cement in self-consolidating
concrete (SCC), examining various mechanical and durability properties. The study concluded that
incorporating up to 15% GWG microparticles enhances the workability and mechanical properties
of SCC. Several studies have used WGP in concrete; research on its high-volume application as a
reactive SCM, particularly in combination with MS or FA, remains limited. Recent studies, such as
Jalalinejad et al. [16] achieved the highest increase in the compressive, tensile, and flexural strengths
(16.99%, 23.53%, and 17.65%, respectively) of SCC, containing 22.5% glass powder and 10% silica
fume. In comparison, concrete with 30% glass powder showed a slight reduction in the strength
parameters. However, it still performed better than the control mix, emphasizing WGP’s potential
for sustainable UHPC mix designs. Despite these efforts, the high-volume application of WGP as
a reactive SCM in UHPC, particularly in combination with MS or FA has remained insufficiently
explored.

Fibres in UHPC play a critical role in enabling post-cracking toughness and strain capacity in
UHPC. Prem et al. [17] performed an experimental study to evaluate the mechanical properties of
UHPC by preparing specimens with the steel fibre percentage of 2%-2.5% and aspect ratios of 40 and
81 after 28 days of curing. It was observed that the compressive strength for different mixes was in
the range of 93-180 MPa. Wu et al. [18] evaluated the performance of three different types of steel
fibre (straight, hooked-end, and corrugated) and fibre volumes of 0, 1%, 2%, and 3% on the concrete
compressive strength. It was noted that the compressive strength of the specimens without fibre was
found to be 105 MPa, which increased to 150 MPa when specimens with a higher fibre volume of
3% straight steel fibres were used. Furthermore, it was also observed that the specimens with 3%
corrugated fibres and hooked end exhibited 59% and 48% higher compressive strength, respectively,
compared to the specimens with an equal amount of straight fibres. Sharobim et al. [19] studied
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the effect of steel fibre content in the range of 0%-3% by volume on the mechanical properties of
UHPC specimens. It was found that after 28 days of curing, the maximum compressive strength of
123.5 MPa, which was 23.5% higher than the specimen cast as a control. Prem et al. [20] conducted
an experimental study using different steel fibre volumes and aspect ratios (2.5% and 2.0% of 13 mm
and 6 mm length fibres with a diameter of 0.16 mm) to examine the stress-strain behaviour, tensile
behaviour, and flexural behaviour under various curing regimes. It was observed that a maximum 28-
day compressive strength of 144 MPa was achieved in the specimen with 2% steel fibres under water
curing. It was concluded that adding steel fibres to UHPC increased both toughness and strain at peak
stress and that this behaviour is directly proportional to the reinforcement index (RI). Le Hoang and
Fehling [21] examined the effect of steel fibre contents (1.5% and 3%) with different aspect ratios on
the uniaxial tensile and compressive behaviour of UHPC. It was observed that the incorporation of
steel fibre reduces the flowability with insignificant change in the compressive strength and the elastic
modulus. However, the post-peak branch in the stress—strain curve is substantially influenced by the
increase in the fibre content, and fibres with a higher aspect ratio may lead to a better improvement
of post-peak behaviour. The linearity of the stress—strain curve was found to be 79% and 80%—85%
of the compressive strength for UHPC and UHPFRC, respectively. These observations indicate that
fibre efficiency depends on both fibre volume fraction and aspect ratio, commonly calculated using
the reinforcement Index (RI), which provides a rational basis for comparing different fibre-reinforced
UHPC systems.

While steel fibres have been extensively investigated for strength enhancement in UHPC, synthetic
fibres such as polypropylene (PP) are primarily incorporated to control microcrack initiation and
propagation rather than to improve mainly compressive strength. Owing to their low elastic modulus,
PP fibres contribute marginally to load-carrying capacity; however, they are highly effective in
mitigating drying shrinkage and improving strain capacity through crack bridging and crack control
mechanisms. By restraining microcrack growth at early stages, PP fibres delay crack localization,
reduce crack widths, and enhance deformation capacity [22].

The performance of PP fibres is strongly influenced by fibre geometry. Crimped (wave-shaped) PP
fibres provide improved mechanical anchorage within the cementitious matrix compared to straight
fibres, resulting in higher pull-out resistance and more stable fibre-matrix interaction. This enhanced
bonding enables sustained stress transfer across cracks and more effective crack control, despite the
low stiffness of PP fibres [23].

Several studies have reported secondary improvements in compressive strength at limited PP fibre
contents. He et al. [24] experimentally evaluated the effect of different types of fibres, which include
high-performance polypropylene (HPP) fibre and glass fibre (GF), on the compressive strength of
concrete. After 28 days of curing, the maximum compressive strength of 108.24 MPa was achieved by
the HPP-UHPC specimen. It was observed that 2% fibre content in UHPC provides better mechanical
properties. Sohaib et al. [25] investigated the influence of 0%-4.5% PP on the compressive strength
of concrete. It was noted that after 7 and 28 days of curing, the addition of PP fibres increased the
compressive strength by 20% and 16%, respectively, when compared with control specimens. It was
also noted that the compressive strength increased when fibres of up to 1.5% were used in preparing
concrete specimens. However, beyond 1.5% the compressive strength decreases. Ramujee [26] studied
the compressive and tensile strength of PP fibre-reinforced concrete specimens using fibre in the range
of 0% to 2%. It was observed that the maximum increase of 34% in the compressive strength and
40% in the splitting tensile strength was achieved with the increase in volume ratios of PP fibres as
compared to the control specimen. Aly et al. [27] investigated PP fibre concretes (0%—0.5% volume)
and reported effective control of early-age shrinkage cracking.
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In high-strength concretes, Bouziadi et al. [28] experimentally investigated the total shrinkage and
mechanical properties of the high strength concrete (HSC) containing steel fibres, considering two
aspect ratios (55, 80), PP fibres, and hybrid fibres (HF). The results showed that PP fibres consistently
reduce visible shrinkage cracks even at low dosages (0.2%-0.5%) than the steel fibres. By the addition of
0.2% of PP fibres, the reduction is 31% under the curing temperature of 20°C. Although several studies
have examined the performance of straight or crimped PP fibres in normal and high-performance
concretes, their application in UHPC, particularly crimped PP fibres, has not been systematically
investigated. This leads to a limited understanding of their mechanical characteristics, fibre concrete
matrix interaction, and post-cracking behaviour in UHPC. Therefore, this gap highlights the need
to study the effect of crimped PP fibres in UHPC, with particular emphasis on their mechanical
performance, ductility, and crack bridging efficiency.

Globally, damage-based constitutive models have been extensively developed for conventional and
high-performance concretes. However, their direct application to the complex mechanical behavior
of fibre-reinforced UHPC, influenced by multi-type fibres and SCMs, have not be fully captured
by traditional stress—strain models. Most existing models fail to capture UHPC’s distinctive post-
peak ductility, fibre-bridging effects, and strain-hardening behaviour, or require extensive experimental
calibration, thereby limiting their predictive reliability and large-scale applicability. Guo [29] proposed
a principal stress—strain model for reinforced concrete, and Saenz [30] provided a continuous com-
pressive response, but both neglected stiffness degradation and microcrack evolution. Xiao et al. [31],
Jiao et al. [32], and Ju et al. [33] developed empirical or regression-based fibre-reinforced concrete
models, Al-Hassani et al. [34] developed constitutive model for reactive powder concrete, yet these
approaches are largely one-dimensional, focus solely on axial compression, and fail to capture post-
peak ductility, lateral strain, and fibre-matrix interactions. These limitations highlight the need for
constitutive models that can accurately capture multi-phase stress—strain behaviour, fibre-induced
effects, post-peak softening, and lateral deformation. In contrast, elasto-damage constitutive modeling
offers a robust framework to represent progressive stiffness degradation, microcracking, and fibre
bridging, reproducing both pre and post peak branches of the stress—strain curve. By introducing a
strain-dependent damage variable, such models account for variations in Poisson’s ratio, post-peak
softening, and the enhanced ductility provided by different fibres.

Hence, the development and validation of UHPC-specific constitutive models is essential to bridge
experimental research with practical design and simulation. Therefore, to address these limitations
of existing models, the present study modifies an elasto-damage constitutive model developed by
Khan and Zahra [35] and extends its applicability to UHPC containing 20% ultra-fine waste glass
powder, microsilica, fly ash, 2% steel fibres, and 1.5% PP fibres, enabling mechanistic predictions of
stiffness, ductility, and toughness. The proposed model predicts the monotonic compressive stress—
strain behaviour of UHPC using a strain-controlled incremental formulation, thereby enhancing
simulation accuracy while reducing experimental dependence. This approach overcomes the key
limitations of previous regression-based formulations and provides a reliable predictive tool for
numerical analysis, optimized structural design, and the development of sustainable UHPC mixtures.
To address these identified gaps, this study evaluates a new UHPC system using unconventional
supplementary cementitious materials (SCMs) and synthetic fibres. Research gap identified and novel
contributions of this study include:

e Systematic application of crimped PP fibres in UHPC to improve mechanical anchorage, pull-
out resistance, and crack bridging.
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e High-volume (20%) use of ultra-fine waste glass powder (UFWGP) as SCM systematically
combined with MS or FA to optimize binder performance.

e Extension of the reinforcement Index framework to synthetic fibres, enabling rational compar-
ison with steel fibres in UHPC.

¢ Independent testing of each fibre type in different binder mixes to avoid hybrid effects.

e A comprehensive experimental program of 24 UHPC mixes yielding robust data relating fibres
and binder formulations with rheology, mechanical properties, and long-term shrinkage.

e Development and validation of an enhanced elasto-damage constitutive model, adapted from
Khan and Zahra [35], specifically modified to capture UHPC’s monotonic compressive stress-
strain behaviour, concrete damage parameter, post-peak ductility, and fibre bridging effects.

2 Experimental Program
2.1 Mix Designs

This study aims to evaluate the mechanical properties including compressive, splitting tensile and
flexural strength of UHPC specimens. For this purpose, two mix designs, i.e., one based on the ACI
Committee 239-R 18 guidelines [36] (Mix Design A), and the other as proposed by Wu et al. [18] (Mix
Design B), were used as control mix designs for producing UHPC. The original ACI Mix Design (Mix
Design A) used mass proportions of OPC and silica fume as binders, quartz powder/silica flour, and
sand as fine aggregates, with steel fibre as reinforcement. The water-cementitious ratio (w/cm) of 0.20
and a sand-binder ratio (s/b) of 0.9 were proposed to achieve the compressive strength of 150 MPa
[36]. A second reference mix design, (Mix Design B), proposed a UHPC mixture containing OPC,
silica fume, and sand with a w/cm ratio of 0.2 and a s/b ratio of 1. The Mix Design also evaluated the
performance of different shapes of steel fibres and its content.

In the current study, these both original Mix Designs A and B were modified to further improve
the properties of the UHPC, by incorporating the micro silica (MS), class F fly ash (FA), and ultra-fine
waste glass powder (UFWGP) as SCMs. The physicochemical properties of all the binder materials are
provided in Table 1. UFWGP was used at a high replacement level (20%) as a chemically reactive SCM,
combined with either micro silica (MS) or fly ash (FA). Fig. | shows the particle size distribution curve
of UFWGP. Although the original Mix Design B included different steel fibre shapes, the present study
only investigated the influence of 2% straight steel and 1.5% crimped polypropylene fibres. Crimped
PP fibres were introduced in UHPC, with the hypothesis that their unique geometry enhances fibre
anchorage, pull-out resistance, and crack-bridging efficiency. Properties of straight steel fibres having
a length of 13 mm and a diameter 0.2 mm and crimped polypropylene fibres were 54 mm long and
0.9 mm in diameter were used in this study to cast UHPC. The properties of both type of fibres are
provided in Table 2. The Reinforcement Index (RI) was used to quantify the contribution of fibres to
concrete performance by incorporating both type of fibre’ content and geometry. It is defined as the
product of fibre volume content and aspect ratio (1/d), and is calculated using Eq. (1):

/
RI = - 1
fod (1)

where V 1s the fibre volume fraction, / is the fibre length, and d is the fibre diameter. For straight steel
fibres, the nominal length and diameter are used directly. For crimped or non-circular polypropylene
(PP) fibres, an equivalent diameter (d,,) is calculated by Eq. (2) based on the fibre cross-sectional area:

T

https://www.scipedia.com/public/Ayub_et_al_2026 6



https://www.scipedia.com/public/Ayub_et_al_2026

A. Ayub, A. R. Khan and S. Fareed,
Mechanical properties and constitutive modelling of UHPC with ultra fine

S I P E D I A waste glass powder (UFWGP), micro silica, fly ash and steel and polypropylene fibres,

Rev. int. métodos numér. calc. diseno ing. (2026). Vol.0, (0), 0

where A4 is the cross-sectional area of the fibre. The fibre length corresponds to the straightened
length of the crimped fibre to reflect its effective bridging and pull-out potential. The RI values for
all tested fibres were calculated using the properties listed in Table 2. The RI value of 2% straight
steel fibres is 1.30, while that of 1.5% crimped polypropylene fibres is 0.97, enabling one of the unique
quantitative cross-comparisons of synthetic and steel fibre efficiency in UHPC. The high-performance
superplasticizer REMICRETE PCSP [37] was also used in preparing the mix designs.

Table 1: Physicochemical properties of binders

Property OPC Micro Silica Class F Fly Ash UFWGP
Specific gravity 3.15 2.2 2.25 2.45
Specific surface area (m?/kg) 350 20,000 400 1000
d10 (um) 3 0.08 4.5 1
d50 (pm) 13 0.2 18 5
d90 (pm) 40 0.9 55 20
Blaine fineness (m*/kg) 330 — 350 600
BET surface area (m*/g) — 20 1.5 3
Loss on ignition (LOIL, %) 2 1.5 35 0.8
Si0O, (%) 22.1 94.4 55.3 73.2
CaO (%) 65.6 6.1 3.2 11.3
ALO; (%) 3.5 1.1 26.2 1.5
Fe,O; (%) 4.3 0.6 7.2 0.4
Na,O + K,0 (%) 0.87 1.2 2.1 13.5
MgO (%) 1.92 0.42 1.5 3.98
SO; (%) 2.35 0.21 0.5 0.26
TiO, (%) 0.21 0.3 0.5 0.05
Amorphous content Moderate Very high  High Predominantly amorphous
100
90
%ﬁ 80
£ 70
E 60
5 50
© 40
g 30
E 2
£ 10
S
0
0.1 I' Particle Size (um) 10 100

Figure 1: Particle size distribution curve of UFWGP
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Table 2: Physical properties steel and polypropylene fibres used

Fibres Steel fibre [38] Polypropylene fibre [39]
Unit weight 7850 kg/m® 910 kg/m®

Material Brass coated carbon steel Polypropylene polymer
Length 13 mm 54 mm

Diameter 0.2 mm 0.9 mm

Thickness - 0.6 mm

Width - 1.1 mm

1/d ratio 65 60

Area 0.0314 mm? 0.66 mm?

Tensile strength 2300 MPa >460 MPa

Modulus of elasticity 250 GPa 4 GPa

Alkali resistance High Strong

Max temperature 1000°C >160°C

Initially, specimens were cast with 100% micro silica without fibres. The same specimens were then
cast using 20% replacement of cement (by weight) with UFWGP. These mixes were considered control
specimens. After casting the control specimens, the next step involved adding 2% micro straight steel
fibres and 1.5% polypropylene fibres to the concrete mixes, as shown in Table 3. Finally, the same trials
were repeated, replacing micro silica with 100% fly ash. A high-strength polycarboxylic ether-based
water reducing superplasticizer was used to attain a mini-slump flow of >160 mm [40].

Table 3: Mix proportion of UHPC (kg/m?)

Mix Mix OPC MS FA UFWGP S W SP W/B Fibre
design ID —_—
SF PP
A Al 800 311.2 0 0 1111 222.2 22 0.2 0 0
A2 640 311.2 0 160.0 1111 222.2 22 0.2 0 0
A3 800 311.2 0 0 1111 222.2 22 0.2 157 0
A4 640 311.2 0 160.0 1111 222.2 22 0.2 157 0
A5 800 311.2 0 0 1111 222.2 22 0.2 0 13.7
A6 640 311.2 0 160.0 1111 222.2 22 0.2 0 13.7
A7 800 0 311.2 0 1111 222.2 22 0.2 0 0
A8 640 0 311.2 160.0 1111 222.2 22 0.2 0 0
A9 800 0 311.2 0 1111 222.2 22 0.2 157 0
A10 640 0 311.2 160.0 1111 222.2 22 0.2 157 0
All 800 0 311.2 0 1111 222.2 22 0.2 0 13.7
Al12 640 0 311.2 160.0 1111 222.2 22 0.2 0 13.7
B B1 792 264 0 0 1056 211.2 21.1 0.2 0 0
B2 634 264 0 158.4 1056 211.2 21.1 0.2 0 0
B3 792 264 0 0 1056 211.2 21.1 0.2 157 0
(Continued)
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Table 3 (continued)

Mix Mix OPC MS FA UFWGP S W SP W/B Fibre
design ID
SF PP
B4 634 264 0 158.4 1056 2112 21.1 0.2 157 0
B5 792 264 0 0 1056 2112 21.1 02 0 13.7
B6 634 264 0 158.4 1056  211.2  21.1 02 0 13.7
B7 792 0 264 0 1056  211.2  21.1 02 0 0
B8 634 0 204 158.4 1056  211.3 21.1 02 0 0
B9 792 0 2064 0 1056  211.2  21.1 0.2 157 0
B10 634 0 204 158.4 1056  211.3 21.1 0.2 157 0
B11 792 0 204 0.0 1056 2112 21.1 02 0 13.7
B12 634 0 264 158.4 1056  211.3 21.1 02 0 13.7

Note: OPC: Ordinary Portland Cement, MS: Micro Silica/ Silica Fume FA: Fly Ash, UFWGP: Ultra-fine waste glass powder, S: Sand, W:
Water, SP: Superplasticizer, w/b: Water-to-binder ratio, s/b: sand-binder ratio, SF: Steel fibres, PP: Polypropylene fibres.

2.2 Mixing Procedure

To ensure optimal mixing and consistency of UHPC specimens, the raw materials were mixed as
per the procedure outlined in the [41]. For the preparation of UHPC mix, a high-speed concrete mixer
was used. Sand was first added and mixed for about 90 s at a speed of 2 revolutions per second (rps)
to improve uniform particle dispersion and prevent agglomeration of fine sand particles, ensuring a
homogeneous mixture. The dry materials, including cement and SCMs, were then added and further
mixed for 90 s at the same speed to assure proper blending. This was followed by adding 90% of the
required superplasticizer in the 90% of the required water, and this solution was added and thoroughly
dispersed in the dry materials. The mixture was then mixed for 120 s at a speed of 4 rps.

Following that, the remaining superplasticizer and water were added and then mixed for another
240 s at the same speed until the UHPC transitioned from a dry powder to a fluid mixture. In the final
step, fibres were added gradually to make sure uniform distribution throughout the mixture to avoid
agglomeration. The UHPC mixture was then additionally mixed for 120 s at the speed of 6 rps. The
mixing process was carefully controlled so that the temperature of the UHPC did not rise considerably.
Chilled water was utilized in the mixing, and the mixing speed was maintained throughout to avoid
increasing the temperature, which could result in more stiffness than desired.

2.3 Casting and Curing

Specimens were cast into moulds as follows: cylinders (100 mm x 200 mm) for compressive and
splitting tensile tests, beams (100 mm x 100 mm x 500 mm) for flexural tests, and prisms (25 mm
x 25 mm x 275 mm) for drying shrinkage. Each mix had three specimens per test. Specimens were
compacted using vibration to remove entrapped air. All the specimens were then cured under standard
normal curing conditions for 28 days at 20 + 2°C and >95% relative humidity. Drying shrinkage
specimens were cast, cured and monitored for 98 days under controlled conditions.

2.4 Fresh State Tests
In this study, flow table and viscosity tests were carried out for all Mix Designs reported in Table 3.
The flow table test was conducted using ASTM C1437-20 [42] standard, whereas, the TBT-Z6 type
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F1 rotational viscometer was used to observe and measure the viscosity of the UHPC mixes using
standard ASTM D2196-18 [43].

2.5 Hardened State Tests

To evaluate the hardened state properties of the concrete specimens, compressive strength,
modulus of elasticity, splitting tensile strength and flexural strength tests were conducted after 28
days curing, using ASTM Standards C39/C39M-20 (2020) [44], ASTM C469/C469M-14 (2014) [45],
C496/C496M-17 (2017)[46], C78/CT8M-10 (2018) [47], respectively. The drying shrinkage test was also
performed following ASTM C157/C157M-17a [48] standard to investigate the behaviour of UHPC
during its drying and curing period.

3 Results and Discussion

Results of all the tests conducted to determine the fresh and hardened state properties are discussed
in the following sections.

3.1 Fresh State Properties
3.1.1 Flowability

Fig. 2 and Table 4 show the measured flows exhibited by UHPC mixes considered herein. It can
be noticed from Table 4 that mixes having micro silica and UFWGP (which has low water absorption
ability and smoother surfaces) exhibited increased flowability as compared to the corresponding mixes
without UFWGP. This behaviour is attributed to the fact that the flat surface of the UFWGP improves
the flowability, hence, allowing the concrete to flow easily [15]. Furthermore, the increased workability
is also associated with the addition of UFWGP which results in cement dilution that helps to reduce
the cement hydration products in the initial period of mixing [49].
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Figure 2: Flowability of different mixes of UHPC specimens
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Table 4: Fresh state properties of UHPC

Mix ID Flow (mm) Viscosity (Pa.s)
Al 206 31
A2 212 28
A3 171 48
A4 182 44
AS 193 36
A6 203 31
A7 227 22
A8 234 19
A9 198 34
Al10 213 27
All 216 26
Al2 225 23
B1 216 26
B2 223 24
B3 180 45
B4 193 37
B5 203 31
B6 214 27
B7 217 26
B8 222 24
B9 188 40
B10 199 33
B11 205 30
B12 212 28

It should be noted that micro silica content remained constant across these mixes. Micro silica
alone (without UFWGP) generally increases the water need due to its extremely fine particle size
and high specific surface area, which decreases the concrete mix flowability. Furthermore, it was also
observed that with the addition of steel fibres in the mixes, the flow value decreases compared to the
control mixes without steel fibres, as well as with PP fibres. This is due to the high RI and fibre density
of steel fibres, which reduces flowability due to higher rigidity compared to the PP fibres. This trend
is in line with the trend reported by Wu et al. [18].

It can also be observed from Fig. 2 and Table 4 that the use of fly ash in place of micro silica
resulted in increased flowability for all the mixes. This is attributed to the fact that the fly ash particles
are spherical in shape and have a lower density than the cement particles, thus enhancing the flowability
of the concrete mix by filling voids and decreasing friction between the particles.

3.1.2 Viscosity

The plastic viscosity exhibited by UHPC mixes investigated herein is shown in Fig. 3 and Table 4.
In general, for the UHPC mixes tested, the plastic viscosity decreases with the increase in flowability.
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It is vital to observe that with the inclusion of micro silica in the UHPC mixes, the flow of fresh UHPC
decreases due to its high fineness and surface area, resulting in an increase in plastic viscosity. As a
result, the highest plastic viscosity was attained in mixes Al to A6 and Bl to B6, which contained
micro silica. This conforms to the findings of Galobardes et al. [50], who reported that the addition of
micro silica significantly increases the water demand in cementitious mixes.
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Figure 3: Plastic viscosity of different mixes of UHPC specimens

In contrast, the spherical “ball-bearing” effect of fly ash improves flowability and reduces
viscosity, as observed in mixes A7 to A12 and B7 to B12 and shown in Fig. 3. To increase the flowability
of UHPC, fly ash can perform as an inorganic agent that reduces viscosity; however, the consistency
coefficient of UHPC paste steadily decreases with the addition of fly ash.

Furthermore, when OPC is partially replaced with the UFWGP, the paste exhibits a decrease
in plastic viscosity. This occurs because UFWGP possesses a lower specific gravity than cement. As
a result, the solid-to-water ratio (by volume) becomes greater in the UHPC blend containing both
cement and UFWGP, resulting in improved rheological characteristics compared to the blend with
only cement.

In addition, it was also noted that the UHPC mixes prepared with a steel fibres having high
RI exhibited a reduction in flowability, and a similar effect was observed in the case of crimped
polypropylene fibres, indicating that both types of fibre significantly influence the fresh rheology
of UHPC.

3.2 Hardened State Properties
Results of all the hardened state properties of UHPC i.e., compressive strength, modulus of
elasticity, splitting tensile and flexural strength are presented in this section.

3.2.1 Compressive Strength

The average compressive strength test results of all the UHPC mixes are given in Table 5. It can
be noticed from Table 5 that mixes with UFWGP exhibited higher strengths as compared to the mixes
without UFWGP, irrespective of fibre type and other SCM, i.e., micro silica and fly ash. Mixes with
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micro silica exhibited higher strength as compared to mixes with fly ash, irrespective of fibre type.
Furthermore, mixes with steel fibres exhibited higher strengths as compared to mixes with PP fibres.

Table 5: Compression strength test results of UHPC at curing age of 28 days

Mix ID % (MPa) Strain (mm/mm) Ductility Total E,(GPa)
() Toughness (mean +
Exp Pre Relative Peak Ultimate (MPa-strain) SD)
(mean + residual %
SD)
Al 96.5+24 95.8 0.69 0.002350  0.002530  1.08 0.141 42.50 +
2.76
A2 102.3 + 102.0 0.25 0.002408  0.002690  1.12 0.155 43.61 +
4.1 1.47
A3 134.1 £ 140.0 —4.19 0.003094  0.012360  4.00 0.782 47.30 +
3.7 2.16
A4 144.8 £ 141.3 245 0.003393  0.013856  4.08 1.021 49.77 +
4.1 2.55
AS 125.5 + 1324  —-5.20 0.002728  0.006200  2.27 0.344 44.86 £
4.7 3.29
A6 129.7 £ 136.5 —4.99 0.002770  0.007100  2.56 0.425 46.06 +
3.3 1.43
A7 764 +39 78.6 —2.80 0.002111  0.002392  1.13 0.122 38.74 +
2.25
A8 83.2+4.1 84.1 -1.09 0.002244  0.002468  1.10 0.148 40.01 +
3.53
A9 122.2 £ 129.6  —5.73 0.002636  0.010000  3.79 0.688 44.12 +
4.6 2.80
Al0 126.1 £ 1358 —7.16 0.002697  0.011000  4.08 0.939 44.89 +
2.8 2.03
All 1124 + 113.1 —0.60 0.002502  0.005600  2.24 0.283 41.32 +
4.2 3.46
Al2 117.3 £ 121.3 -3.34 0.002605  0.006460  2.48 0.363 42.57 +
3.3 3.53
B1 92.0 £ 3.6 91.0 1.09 0.002347  0.002482  1.06 0.135 41.33 +
3.87
B2 99.9+49 97.9 2.04 0.002373  0.002625  1.11 0.146 42.08 +
241
B3 125.1 £ 130.3  —4.00 0.002725  0.010090  3.70 0.693 45.60 +
4.5 1.12
B4 129.7 £ 136.5 —4.99 0.002806  0.011009  3.92 0.892 46.31 +
3.6 2.09
B5 117.0 £ 119.3 —1.91 0.002586  0.005466  2.11 0.276 44.03 +
3.3 3.45
B6 122.6 £ 126.9 —3.36 0.002657  0.006203  2.33 0.379 45.18 +
2.9 2.98
B7 724 £ 4.6 74.5 =2.77 0.002020  0.002227  1.10 0.115 37.12 £
2.18
B8 772 +34 77.2 —0.03 0.002221  0.002426  1.09 0.137 37.49 +
3.23
B9 112.1 £ 1124  —-0.25 0.002473  0.008607  3.48 0.598 40.82 +
2.1 2.11
(Continued)
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Table 5 (continued)

Mix ID f. (MPa) Strain (mm/mm) Ductility Total E,(GPa)
() Toughness (mean +

Exp Pre Relative Peak Ultimate (MPa:strain) SD)
(mean + residual %
SD)

B10 120.3 £ 126.2  —4.66 0.002612  0.010144  3.88 0.845 43.68 +
39 1.99

B11 105.0 £ 102.0  2.90 0.002430  0.004813 1.98 0.276 40.89 +
33 2.30

B12 114.1 £ 1158 —1.50 0.002562  0.005719  2.23 0.354 42.33 +
2.7 2.27

For mixes A1 to A6, the maximum strength was achieved by A4, having micro silica, UFWGP and
steel fibres. The gain in strength was 50% more than Al and 41.5% more than A2, the mixes without
fibres. Similar trend was observed for mixes A7 to A12, where maximum strength was attained by
A10, having fly ash, UFWGP and steel fibres, with 65% more strength than A7 and 52% more than
AS8. In Mix Design A, the specimens reinforced with fibres achieved compressive strength more than
120 MPa (A3 to A6 and A9 to A10), which is the minimum criterion of UHPC in ACI [36], except the
specimens with PP fibres (A1l & A12).

For mixes Bl to B6, maximum strength was achieved by B4, having fly ash, UFWGP and steel
fibres (41% more than Bl and 30% more than B2). Similar trend was observed for mixes B7 to B12,
where maximum strength was attained by B10, having fly ash, UFWGP and steel fibres. The increase
in strength was 66% more than B7 and 58% more than B8 mixes. In Mix Design B, the specimens
reinforced with fibres achieved compressive strength greater than or close to 120 MPa (B3 to B6),
which is the minimum criteria of UHPC in ACI [36], whereas, in mixes, B9 to B12, only B10 attained
the minimum desired strength of 120 MPa.

While comparing the results of Mix Design B specimens prepared with micro silica and fly ash, a
trend similar to Mix Design A was observed. This is attributed to the fact that the micro silica having
high pozzolanic activity led to the higher level of C-S-H gel and resulting in the denser microstructure,
thus increasing the concrete compressive strength [6]. Fig. 4 shows the compression test specimens
reinforced with steel and PP fibres, and the stress-strain relationships of all the mixes are presented in
Fig. 5.

Overall, the stress-strain response of mixes with similar materials used was found to be similar as
can be seen in Fig. 5. Mixes with no fibres showed a brittle failure after reaching peak stress with no
strain softening in post-peak region. Mixes with PP fibres exhibited low peak stresses as compared to
mixes with steel fibres. Both showed strain softening, with mixes containing steel fibres showed higher
ductility. Mixes with micro silica demonstrated high peak stresses as compared to the mixes with fly
ash. Mixes without fibres showed low initial stiffness as compared to mixes with fibres, irrespective
of the fibre type. Mixes with fibres showed almost similar pre-peak response, irrespective of the fibre
type used.
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Figure 4: Compressive strength test specimens of UHPC (a) steel (b) PP fibres
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Figure 5: Compressive strength results of UHPC mixes: (a) Mix A-microsilica, (b) Mix A-Class F fly
ash, (c¢) Mix B-microsilica, and (d) Mix B-Class F fly ash
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It can be noticed from Fig. 5a, that the mixes with steel fibres exhibited higher strains at failure
resulting in higher ductility as compared to the control mixes without fibres. This can be attributed to
the fact that straight micro steel fibres prevent rapid propagation of cracks and effectively bridge cracks
within the concrete mix, which allows UHPC specimens to deform more before failure. Mix designs
with PP fibres also demonstrated similar pattern with peak strains and ductility lower as compared
to mixes with steel fibres but higher than control mixes. Fig. 5a—d shows that steel fibres increased
ductility and peak strain, while PP fibres provided moderate improvements compared to control mixes.
Both Mix Designs A and B followed similar trends.

When comparing the performance of mix designs, A and B, it was observed that the Mix Design
A performed better. This may be attributed to the higher density of Mix Design A, as density directly
affects the concrete compressive strength due to its denser, void less structure. It is important to note
that out of all the specimens investigated, a maximum 28 days compressive strength of 144.8 MPa was
obtained by mix A4 which was prepared with micro silica, UFWGP and steel fibres, followed by a
compressive strength of 129.7 MPa that was obtained by mixA6, prepared with micro silica, UFWGP
and PP fibres.

When comparing the results achieved in the present study with those from the adopted mix designs,
it was observed that the specimens cast using the ACI mix design achieved a maximum compressive
strength of 144.8 MPa, which was less than the reported strength in the original study. This difference
may be due to the factors such as change in fibre shape and dosage. Furthermore, differences may
also be attributed to curing methods (normal curing vs. heat curing in the reference study). while the
ACI mix design specimens were subjected to heat curing. In comparison, the second mix design in
the present study attained a maximum compressive strength of 129.7 MPa, whereas the original study
reported 150 MPa. This difference in strength may be attributed to variations in material quality and
chemical composition, including difference in cement, SCMs, aggregates and/or fibres.

3.2.2 Modulus of Elasticity (MOE)

The modulus of elasticity (MOE) is defined as the slope of the stress—strain curve (o—¢) in the
elastic deformation region [51]. The modulus of elasticity at 28 days of all the specimens cast using mix
designs A and B was determined based on ASTM-C469/C469M-14 [45] and is presented in Table 5.
A trend like compressive strength can be noticed from Table 5, where both mix designs with UFWGP
exhibited higher MOE as compared to the mixes without UFWGP, irrespective of fibre type and other
SCM, i.e., micro silica and fly ash. Mixes with micro silica exhibited higher MOE as compared to mixes
with fly ash, irrespective of fibre type. Furthermore, mixes with steel fibres exhibited higher MOE as
compared to mixes with PP fibres. Both the mix designs A and B demonstrated a similar trend.

3.2.3 Splitting Tensile Strength (STT)

Splitting tensile strengths (STT) exhibited by the mix designs A and B are presented in Table 6.
Fig. 6 shows the splitting tensile test specimens reinforced with steel and PP fibres. Fig. 7, demon-
strating the influence of the different types of SCMs and fibres on the splitting tensile strength of
UHPC specimens. Generally, the tensile strength of UHPC is around 8§ MPa, but the inclusion of
fibres increases this value, enhancing the strength up to approximately 15 MPa [52]. From the results
of all the UHPC mixes given in Table 6, it is evident that the fibre type and volume fraction have an
important effect on the splitting tensile strength of concrete.
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Table 6: Splitting tensile and flexural strength test results of UHPC at curing age of 28 days

Mix ID Splitting tensile strength Flexural strength £, (MPa)
(f)) (MPa) (mean + SD) (mean 4 SD)

Al 8.0+ 0.7 11.7+0.7
A2 8.8+0.5 129 £ 0.8
A3 11.5+0.6 248+ 1.5
A4 12.7+ 0.4 30.1 £1.8
AS 9.6 £0.5 13.0 £ 0.8
A6 10.6 = 0.4 1524+0.7
A7 6.0 £ 0.7 7.3+£0.6
A8 6.8+04 10.6 £ 0.5
A9 7.9+0.6 159+1.0
A10 8.5+£0.5 18.7+0.9
All 6.9+0.3 10.9 £ 0.7
Al2 7.8 £0.5 12.3£0.6
B1 7.6 +£04 11.1 £0.8
B2 8.3+0.6 12.1 £0.7
B3 10.1 £0.5 230+ 1.4
B4 11.2+04 28.8 1.7
B5 8.9+0.7 11.7+0.7
B6 9.9+0.6 12.9 £ 0.8
B7 50+0.5 6.2+04
B8 59+04 9.3+£0.5
B9 6.4+0.6 154+1.0
B10 7.8 £0.7 17.5+0.8
B11 58+0.5 9.7+£0.5
B12 7.0+0.4 11.8 £0.9

() (b)

Figure 6: Splitting tensile strength test specimens of UHPC (a) steel (b) PP fibres
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Figure 7: Splitting tensile strength test results of UHPC specimens

A trend like compressive strength and MOE was again observed in the case of STT. Steel fibres,
due to their higher tensile strength and stiffness than PP fibres and their ability to effectively bridge
cracks under tensile load, resulted in a substantial improvement in the tensile strength as compared
to PP fibres. PP fibres, being less stiff and having lower tensile strength, primarily help to control
micro-cracks and improve ductility rather than significantly enhancing the tensile strength. Overall,
the results are in good agreement with previous studies, highlighting the significant role of fibre type
and content in improving the STT of UHPC specimens.

3.2.4 Flexural Strength

Flexural strength test results of specimens prepared using mix designs A and B, was determined
using a three-point bending test in accordance with ASTM C78/C78M-10 [47], is presented in Table 6,
with corresponding load-displacement curves in Fig. 8. Flexural strength followed a trend like other
mechanical properties. Specimens with steel fibres exhibited higher flexural capacity than those with
PP fibres, irrespective of the SCM used. This improvement is attributed to the higher tensile strength
and crack-bridging ability of steel fibres. The use of steel fibres also improves fibre distribution in the
concrete matrix [52], leading to controlled crack propagation. In contrast, PP fibres likely reduced
flexural strength due to strong interactions between the longer fibres, which disrupt alignment and
reduce their ability to carry the flexural load [53]. Fig. 9 shows the flexural strength test specimens
reinforced with steel and PP fibres.

The overall load-displacement response of the specimens with the same materials showed similar
behaviour. Specimens without fibres exhibited low initial stiffness, brittle failure after peak load, with
the load-carrying capacity dropping to zero, unlike specimens with fibres. Specimens containing fly
ash showed lower flexural strength than those with micro silica due to the slower early-age strength
development of fly ash. Micro silica specimens demonstrated high peak loads compared to fly ash,
with an almost similar post-peak response. The addition of UFWGP further improved the flexural
response in both pre and post-cracking regions.

The area under the curve and displacements also increased for the specimens prepared with
steel fibre. For both Mix Designs A and B, the slope of the ascending branch of the curves was not
significantly affected when using different fibre type and content; however, the descending branch for
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specimens containing steel fibres showed significant improvement, demonstrating enhanced post-peak
ductility and energy absorption capacity.

Flexural Load (kN)

Flexural Load (kN)

45

= DN W W B
S L O Lt O L ©O Wn O

—_— = DN W W s A
bn O B O LK O LB O W

1.5

1 1.5 2
Deflection (mm)

(c)

Flexural Load (kN)

0 0.5 1 1.5 2 25

(b)

Flexural Load (kN)

(d)

Figure 8: Load-deflection curves of UHPC mixes: (a) Mix A-microsilica, (b) Mix A-Class F fly ash,

(c) Mix B-microsilica, and (d) Mix B-Class F fly ash

3.2.5 Drying Shrinkage

(b)
Figure 9: Flexural strength specimens of UHPC (a) steel (b) PP fibres

The influence of different types of SCMs, fibre type, and fibre content on the drying shrinkage
(deformation due to air-drying) of UHPC specimens is shown in Fig. 10. It was observed that
the drying shrinkage was increased rapidly till 14 days of air drying, which increased more slowly
and remained nearly constant after 56 days for the case of specimens prepared with micro silica
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(Fig. 10a,c) and after 70 days for the case of specimens prepared with fly ash (Fig. 10b,d). This
behaviour may be due to an increase in the stiffness of the concrete matrix over time. As concrete ages,
its microstructure densifies, and the material becomes stiffer. It was also observed that the specimens
prepared with micro silica initially exhibited higher drying shrinkage, which could be primarily due to
its high fineness, high pozzolanic property, and over 90% SiO, content, which accelerates the hydration
and refines pore structure of concrete. This reaction with Ca(OH), forms C-S-H gel, which may
increase capillary tension in fine pores under drying conditions, leading to higher shrinkage at early
ages [3,6].
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Bt .:
= 400 2
a0 300 o0
= =
200 =
1 S
2 100 =
Oo+—/F—m——F—T T T 0O +—TTT"T—"T"T"T
0 7 142128354249 56637077 849198 0 7 142128354249 56637077 849198
Air-drying time (days) Air-drying time (days)
(a) (b)

1000 - 1000 -

’g 900 E 900 -

E 800 T 800

2 700 < 700
D

2 o0 600

E 500 £ 500

;5) 400 5 400

w0 300 s0 300
= =

=, 200 =, 200
1 S

a 100 /A 100

o +H—TTTT"T"—"T"T"T" O e e
0 7 14212835424956637077 849198 0 7 14212835424956637077 849198
Air-drying time (days) Air-drying time (days)
(c) (d)

Figure 10: Drying shrinkage results of UHPC mixes: (a) Mix A-microsilica, (b) Mix A-Class F fly ash,
(c) Mix B-microsilica, and (d) Mix B-Class F fly ash

The addition of fibres effectively restrained the deformation upon drying. Steel fibre-reinforced
specimens showed less shrinkage than PP fibres and control specimens possibly due to their better
ability to resist crack formation and improved crack bridging under tensile stresses. In contrast,
PP fibres are better at reducing plastic shrinkage during early stages but provide limited long-term
restraint due to their lower stiffness and tensile strength [22]. It should be noted that the 54 mm
long PP fibres used in this study exceed the cross-section of the shrinkage prism (25 x 25 mm).
Consequently, some fibre bending and preferential alignment along the prism length may occur,
introducing potential wall effects. However, the high flexibility of PP fibres ensures bending occurs
without breakage, and the influence on drying shrinkage is expected to be minor. Therefore, the results
are interpreted comparatively, focusing on trends among mixes rather than absolute shrinkage values.
Similar discussions have been reported in the previous studies [54—58].
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The use of fly ash in UHPC specimens reduced the drying shrinkage at initial stages of hydration,
which may be due to its relatively low reactivity delaying hydration and shrinkage development. As the
curing process continues, its pozzolanic reaction could contributes to pore refinement, further reducing
shrinkage. In addition, the specimens prepared with UFWGP were found to exhibit less shrinkage than
the specimens without it. Silica in the glass powder may acts as a pozzolanic material, leading to the
formation of additional C-S-H gel, which could help mitigate shrinkage in the binder matrix. The
results found herein are consistent with previous findings [10,59].

4 Constitutive Modelling

The work presented here is the initial step towards the development of a global constitutive
model for UHPC subjected to multiaxial states of stress. A uniaxial constitutive stress—strain model
is formulated within the framework of elasto-damage mechanics by incorporating the effects of OPC,
SCMs, w/b ratio, reinforcement index (RI), and fibre content (F) in UHPC, using the framework
of elasto-damage mechanics for the uniaxial compression state of stress. The previously developed
stress-strain model for concrete by Khan and Zahra [35] was considered as the basis and reformulated
for UHPC.

To attain this objective, predictive equations for compressive strength (f,) and Young’s modulus
(E,) were first developed using both experimental data from this study and relevant data from existing
literature. Initially, the model was evaluated using the 8 parameter proposed in the original Khan and
Zahra model [35]. However, based on the stress-strain behaviour observed in the UHPC specimens, it
was evident that the existing parameter 8 was not valid for predicting the stress-strain curves of UHPC.
Therefore, a new equation for 8 was proposed, which provided significantly improved correlation with
the experimental stress-strain curves of UHPC. A brief background of the original elasto-damage
model for concrete, proposed by Khan and Zahra [35], is provided in this section, followed by the
modified proposed model for UHPC

4.1 Elasto Damage Model for Concrete

The clasto-damage model of Khan and Zahra [35], proposed for predicting the behaviour
of concrete under multi-axial loading conditions, uses continuum damage mechanics within the
thermodynamic framework. The model is based on the associated flow rule and has restrictions in
applying to different loading situations. Khan et al. [60] present a damage model that incorporates
the theoretical aspects of this work. The key features of the model are as follows: fundamental
surfaces are defined in the strain energy release space as given in Eqs. (3)—(5) (originally presented
in Suaris et al. [61].

R,
f=(RR)" - 5= 0 (3)
F=(RR)”»—-R, =0 “4)
f; = (RiRi)l/z - Ro =0 (5)

where, f is the loading function surface, F is the bounding surface, and f, is a limit fracture surface.

The loading function surface f is defined in terms of thermodynamic-force conjugates, R; in
Eq. (6), where,
A
R =p— (q-,-, a),-) (6)

ow;
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where w;, i = 1, 2, 3 are principal damage components. Also, dA is the complementary energy density
with p being the mass density. R; is an image point on F' = 0 associated with a given point R, on f =0
defined by a mapping rule Eqs. (7) and (8). A schematic view of these three surfaces used in the model
is shown in Fig. 11.

R, = bR, (7
b=R./(RR)" (®)

with the mapping parameter b ranging from an initial value of co to a limiting value of 1 on growth
of the loading surface to coalesce with the bounding surface. R, the critical strain energy release rate,
is a parameter of the model that is calibrated to the standard uniaxial compression test. Damage is
hypothesized to accumulate at levels of strain energy release rate, resulting in the loading surface f
traversing the limit fracture surface f, and rupture in the damage sense is said to occur when f grows
large enough to coalesce with the bounding surface F fixed in the R, space. For damaged materials,
the constitutive equation may be expressed as in Eq. (9).

oA (0, w)

€= ——
do

where C is the effective compliance matrix for damaged material in the principal coordinate system

and o is the stress vector in the principal coordinate system. E is the elastic modulus and v is the
poisson’s ratio. The complementary energy of a damaged material can be expressed as in Eq. (10).

= C(E (»),v (w))o )

! T. .
A(o,w):ia :C:o (10)
Ry/R_ 4
& 4
. S/

Bounding surface (F = 0) R

1 &,
S/
N
Loading surface ./ Additional damage
(f=0) ,/ induced elastic

zone

B

Bounding limit
fracture surface

Limit fracture 1
surface (f, = 0)

Figure 11: Limit fracture, loading and bounding surface (Khan and Zahra [35])
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Based on physical insight and phenomenological evidence, the following elements of the com-
phance matrix C are postulated in the principal coordinate system. The detailed formulation of C
is provided in [60]. In this framework, three calibrated material parameters, namely «,8, and y, are
introduced to reproduce the experimentally observed peak stress and volumetric dilatation behaviour
of concrete, while E, represents the initial elastic modulus. Parameter o governs the damage evolution
under tensile stress states, B controls the damage growth under compressive stress states, and y
accounts for volumetric change associated with dilatancy. In addition, R, is introduced as the critical
strain energy release rate to regulate the overall damage growth rate in this model. The parameters «,
B, and y are represented as functions of the initial modulus of elasticity (E,) and compressive strength
(f)) of the concrete in the uniaxial state and the strain invariants (I, & J/,). Final forms of o, 8, and y
for uniaxial compression are given in Eqs. (11)—(13). It is to be noted that they are unit sensitive, and
“psi” should be used for f, "and E, in calculating these parameters.

a=0 (11)
B = 0.643665 — 4.69309 x 10~° x f = 7.71 x 10° x E, + 6.022 x 102 x f/ x E, (12)
y =3.1344 — 11826 x 10 x ' —2.903 x 10”7 x E, + 128434 x 10" x f x E, (13)

For the uniaxial state of compression, the constitutive model uses the strain-controlled incremen-
tal stress-strain relationship as given by Eq. (14). Details can be found elsewhere, (Khan et al. [60]).

8 (B2e2E2 (1 — Bw)") "
(H+3(B€E (1 - o)) )

where H is the damage modulus, which is expressed as a function of the distance between the loading
and the bounding surface, and its value varies from oo to 0.

do = (E (1 - Bw)' — (14)

4.2 Proposed UHPC Elasto-Damage Model

As observed extensively in the published literature, UHPC mechanical properties such as com-
pressive strength (f,) and modulus of elasticity (E,) are significantly influenced by mix constituents,
including OPC, SCMs, w/b ratio, RI, and fibre content. Furthermore, the elasto-damage model
proposed by Khan and Zahra [35] for predicting the behaviour of concrete incorporates the parameters
a,f8, and y, which are functions of f and E,. Therefore, to consider the material-specific effects in the
constitutive framework, empirical relationships for predicting f, and E, were developed to use in the
constitutive equations. Subsequently, the parameters for controlling the behaviour in compression
was recalibrated through regression analysis using both experimental and published data as given in
Appendices A and B.

4.2.1 Compressive Strength (f.) Prediction of UHPC

The parameter “8”, a compressive parameter controlling damage growth under compressive stress
states, is expressed as a function of /. and E, and varies according to the mix parameters. As discussed
in preceding sections, the variables OPC, SCMs, w/b ratio, fibre content (F), and reinforcement index
(RI) have a significant effect on the compressive strength of UHPC. All variables have a positive
effect, except for the w/b ratio, as a substantial reduction in f, is observed with an increase in the
w/b ratio. Therefore, to quantify these effects, experimental data from the present study, together with
the literature data comprising 105 UHPC mixes with varying OPC, SCMs, w/b ratio, fibre content
(F), and reinforcement index (RI) as given in Appendix A, were used to develop predictive equations
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for /7 using nonlinear least-squares fitting regression technique. The independent variables were OPC,
SCMs (kg/m?), w/b ratio, fibre content (F, kg/m?), and reinforcement index (RI), and the dependent
variable was the compressive strength (f7). All the input variables were used in kg/m®, while the
output compressive strength /. was expressed in psi; therefore, the regression coefficients implicitly
incorporate the unit conversion and scaling effects. The model is valid when the input parameters are
used in the same units as adopted during model development. The proposed predictive equation for
/. of UHPC is given in Eq. (15). The equation was validated against this combined dataset, showing
high accuracy (R? = 0.8815), root mean square error (RMSE) = 10.1 MPa, and mean absolute error
(MAE) = 7.4 MPa. Fig. 12 compares the predicted and experimental compressive strengths values
for all the mixes provided in Appendix A. Iterative optimization minimized the difference between
predicted and experimental compressive strengths.

OPC+ SCM

0.5
fc/ (psi) = 2146.56 + 162.44 x ( ) +319.08 x F** +899.24 x RI +8.70 x F x RI (15)
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Figure 12: Comparison of experimental and predicted compressive strengths

4.2.2 Modulus of Elasticity (E,) Prediction of UHPC

As discussed earlier, f; " has a significant effect on the concrete MOE. An increase in /. " results in a
significant increase in MOE. Therefore, experimental data from this study and published literature
were used, and nonlinear regression model was developed of UHPC, given by Eqs. (16) and (17).
Fig. 13 shows the comparison between the predicted and experimental MOE of UHPC. The predicted
MOE for all the mixes is provided in Appendix B.

E. (MPa) = 3780,/f + 8000 (16)
E, (psi) = 548243.64,/1" + 1160304 (17)
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Figure 13: Comparison of predicted and experimental MOE

4.2.3 Compressive Parameter “f" Prediction for UHPC

The proposed parameter g for UHPC is defined as a function of compressive strength (f7) and
Young’s modulus (FE,), reflecting the material’s compressive stress-strain behaviour in Eq. (18).

B =0.286573 —2.1133034 x 10~° x f — 2.834071 x 10~* x E, 4+ 2.491057 x 1072 x f. x E, (18)

4.3 Discussion on Stress-Strain Curves

EDUHPC (Elasto-Damage Model for Ultra High Performance Concrete), a modified version
of EDMON3D, a computer program developed by Khan and Zahra [35], is employed to predict the
uniaxial stress strain behaviour of UHPC. Accordingly, the effects of fibres and SCMs on the elasto-
damage constitutive model were evaluated by employing the experimentally obtained values of f, and
E, of the UHPC specimens in the model equations. A comparison between the experimental results
and model predictions was then carried out. The experimental and predicted results of /. of this study
are presented in Table 5, while the stress—strain curves of all the mixes of Mix Design A and Mix Design
B are compared with the model in Figs. 14 and 15. The validation of model with existing literature was
also carried out and is illustrated in Fig. 16.

The predicted stress-strain curves are presented in Figs. 14 and 15 and compared against the
experimental results of this study and the previous model [35]. For validation, UHPC studies were
considered, and the properties of concrete are summarized in Table 7. It was observed that the
proposed model is predicting the stress-strain response better, particularly in capturing peak stresses,
which has been attained as observed experimentally. In contrast, the previous model overestimated the
compressive strength response. Furthermore, the predicted stress-strain curves correlate well with the
experimental data, validating the robustness of the model.
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frameworks. Also, it is experimentally difficult to measure the strains accurately in the post-peak
softening regime due to crack localization, further complicating model validation.

The proposed model accurately predicts the stress—strain response up to peak compressive stress,
closely matching experimental observations, whereas the previous model consistently overestimated
peak strength. Despite these challenges, the proposed EDUHPC model proves to have a satisfactory
ability to reproduce the key features of the UHPC behaviour, including peak strength and softening
phase. This verifies its applicability as a reliable tool for modelling the performance of UHPC and
establishes a foundation for future enhancements to include more detailed interactions between the
fibre-matrix.

5 Conclusions
The following conclusions can be drawn based on the results from this study:

e Fresh and Hardened state properties of UHPC are strongly influenced by the combined effects
of fibres, SCMs and following the optimized mixing procedures.

e Flowability of UHPC strongly depends on the type of fibres its geometry and SCMs used. Steel
fibres significantly reduce the flowability due to increased interparticle friction as compared to
crimped PP fibres. Fly ash enhances flowability by decreasing plastic viscosity, whereas micro
silica increases density and cohesiveness, resulting in increased plastic viscosity and reduced
flowability. Addition of UFWGP helps improve flowability due the spherical particles which
reduces internal friction, acting as a lubricant between sand and fibres.

e The mechanical properties parameters including compressive, splitting tensile and flexural
strengths, as well as the MOE are enhanced when steel fibres are combined with microsilica
and UFWGP.

e Micro silica contributes to superior strength, mixes containing fly ash exhibit improved drying
shrinkage resistance. The difference arises from the reaction kinetics: micro silica accelerates
early hydration and increases shrinkage, whereas fly ash slows hydration, leading to reduced
shrinkage at early ages.

e The proposed constitutive model is capable to predicts the stress-strain behaviour of UHPC
with strong agreement to experimental results of this study and published data with prediction
errors generally within £7% of experimental results ranging from 72.4 to 148.5 MPa. Thus,
providing a reliable framework for design and numerical simulation.

e Tailoring fibre types and SCM combinations is essential for optimizing strength, stiffness,
flowability, and shrinkage, offering practical guidance for UHPC design in structural
applications.
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Appendix A

Table Al: Properties of UHPC used

Authors w/b OPC SCM F RI f. Exp f. Pre

(kg/m®) (MPa)

Tayeh et al.[65] 0.157  811.000 1092.000  69.000 0.325 122.000 123.655
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Table A1 (continued)
Authors w/b OPC SCM F RI f. Exp f. Pre

(kg/m?) (MPa)

0.157  802.000 1078.000 148.000  0.975 150.000 138.615
0.158  792.000 1057.000  226.000 1.625 158.000 157.752
0.157  811.000 1092.000  69.000 0.325 124.000 123.655
0.158  792.000 1057.000  226.000 1.625 167.000 157.752
0.157  811.000 1092.000  69.000 0.325 135.000 123.655
0.158  792.000 1057.000  226.000 1.625 170.000 157.752

Heetal. [24] 0.173  750.000 1103.000  4.550 0.261 101.200  109.909
0.173  750.000 1103.000  18.200 0.522  108.200  115.014
Zhang et al. [66] 0.208  800.000 1152.000  156.000  1.300  139.100  134.896
Wuetal. [67] 0.170  472.200 1049.000  0.000 0.000  97.500 102.861
0.170  472.200 1049.000  156.000  1.300  135.000  139.672
Chen et al. [68] 0.195 1005.000  1005.000  0.000 0.000  90.000 95.200
Choietal.[69] 0.200  891.000 1071.300  0.000 0.000  90.100 96.820

0.160  931.000 1119.000  0.000 0.000  112.000  108.475
0.170  832.000 1084.100  0.000 0.000  102.000  104.311
0.160  842.000 1096.900  0.000 0.000  97.400 107.668
0.170  832.000 1084.100  156.000  0.867  128.000  134.380

Prem et al. [17] 0.176  788.000 985.000 0.000 0.000  93.000 98.675
Sharobimetal. [19]  0.160  950.000 1187.500  0.000 0.000  100.000  111.288
Wuetal. [70] 0.180  863.000 1079.000  78.000 0.650  124.000  121.154

0.180  863.000 1079.000 156.000 1.300 140.000 138.326
0.180  863.000 1079.000  234.000 1.950 150.000 160.486
Robertietal.[71] 0.200  970.000 970.000 59.700 0.488 109.200 108.861
0.200  970.000 970.000 119.300  0.975 115.700 120.719
Renetal. [63] 0.162  700.000 940.000 0.000 0.000 102.200 100.193
0.162  700.000 940.000 39.000 0.325 114.700 112.493
0.162  700.000 940.000 78.000 0.650 121.500 119.833
0.162  700.000 940.000 117.000  0.975 121.700 127.864
0.162  700.000 940.000 39.000 0.250 113.500 111.853
0.162  700.000 940.000 78.000 0.500 120.500 118.201
0.162  700.000 940.000 117.000  0.750 118.300 124.889
0.162  700.000 940.000 156.000 1.000 121.200 132.337
Wuetal.[18] 0.164  809.000 1079.000  0.000 0.000 105.000 105.635
0.164  800.000 1067.000  78.000 0.650 127.500 124.776
0.164  792.000 1056.000 156.000 1.300 147.000 141.532
0.164  784.000 1045.000  234.000 1.950 157.000 163.274
0.164  800.000 1067.000  78.000 0.650 132.000 124.776
0.164  792.000 1056.000 156.000 1.300 150.000 141.532
0.164  784.000 1045.000  234.000 1.950 165.000 163.274
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Table A1 (continued)

Authors w/b OPC SCM F RI f. Exp f. Pre
(kg/m?) (MPa)
0.164 784.000 1045.000 234.000 1.950 174.000 163.274
Fangetal.[72] 0.186 829.000 1045.000 156.000 1.182 135.070 133.802

0.186  829.000 1045.000  234.000 1.773 138.450  154.213
0.186  829.000 1045.000  156.000  1.455 135.090  138.047
0.186  829.000 1045.000  156.000  1.280  134.860  135.330
0.186  829.000 1045.000  156.000  1.300  135.740  135.641
Nguyenetal. [73] 0.145  800.000 1000.000  117.000  0.750  132.300  132.571
0.145  800.000 1000.000  117.000  0.975 132.800  135.545
0.145  800.000 1000.000  117.000  1.620  141.100  144.072
0.145  800.000 1000.000  117.000  1.125 145.400  137.528
0.145  800.000 1000.000  39.000 0.625 135.100  122.737
0.145  800.000 1000.000  117.000  1.875 157.600  147.443
Abbasetal. [74] 0.184  800.000 1000.000  468.000  2.400  171.000  205.374
0.184  800.000 1000.000  234.000  1.800  166.000  153.303
0.184  800.000 1000.000  234.000  2.400  165.000  165.447
Yinetal.[75] 0.160  800.000 1000.000  78.000 0.650  119.830  122.984
0.160  800.000 1000.000  156.000  1.300  145.270  140.155
Al-Osta et al. [76] 0.146  900.000 1120.000  157.000  1.300  149.500  149.984
Yanetal. [77] 0.180  790.000 1053.000  0.000 0.000  112.000  100.464
0.180  790.000 1053.000  156.000  1.300  150.000  137.275
0.180  790.000 1053.000  234.000  1.950  160.000  159.435
0.180  790.000 1053.000  312.000  2.600  163.000  187.137
0.180  790.000 1053.000  156.000  1.600  142.000  141.943
Smarzewskietal.[78] 0.239  670.500 745.000 9.000 4.800  118.500  114.991
0.239  670.500 745.000 13.500 7.200  115.800  134.044
Qadiretal. [79] 0.120  998.800 1175.050  71.700 0.375 146.000  141.722
0.120  998.800 1175.050  107.550  0.563 148.000  147.040
0.120  998.800 1175.050  143.400  0.750  150.000  152.769
0.120  998.800 1175.050  179.250  0.938 154.000  159.058
0.120  998.800 1175.050  215.100  1.125 155.000  165.983
0.120  998.800 1175.050  250.950  1.313 158.000  173.588
0.120  998.800 1175.050  286.800  1.500  162.000  181.901
0.140  998.800 1175.050  71.700 0.375 140.000  133.500
0.140  998.800 1175.050  107.550  0.563 142.000  138.819
0.140  998.800 1175.050  143.400  0.750  145.000  144.547
0.140  998.800 1175.050  179.250  0.938 149.000  150.837
0.140  998.800 1175.050  215.100  1.125 152.000  157.762
0.140  998.800 1175.050  250.950  1.313 157.000  165.367
0.140  998.800 1175.050  286.800  1.500  160.000  173.679
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Table A1 (continued)

Authors w/b OPC SCM F RI f. Exp f. Pre
(kg/m?) (MPa)
Mengetal. [80] 0.200 654.000 1104.700 234.000 1.950 158.000 157.010
0.200 648.000 1094.300 312.000 2.600 150.000 184.320
Present 0.200 800.000 1111.200 0.000 0.000 96.510 98.291
Study 0.200 640.000 1111.200 0.000 0.000 102.350 98.291

0.200  800.000 1111.200  157.000  1.300  134.090  135.223
0.200  640.000 1111.200  157.000  1.300  144.780  135.223
0.200  800.000 1111.200  13.700 1.200  125.500  112.985
0.200  640.000 1111.200  13.700 1.200  129.660  112.985
0.200  800.000 1111.200  0.000 0.000  76.440 98.291

0.200  640.000 1111.200  0.000 0.000  83.190 98.291

0.200  800.000 1111.200  157.000  1.300  122.220  135.223
0.200  640.000 1111.200  157.000  1.300  126.050  135.223
0.200  800.000 1111.200  13.700 1.200  112.420  112.985
0.200  640.000 1111.200  13.700 1.200  117.310  112.985
0.200  792.000 1056.000  0.000 0.000  92.010 96.183

0.200  634.000 1056.400  0.000 0.000  99.860 96.214

0.200  792.000 1056.000  157.000  1.300  125.050  133.115
0.200  634.000 1056.400  157.000  1.300  129.680  133.146
0.200  792.000 1056.000  13.700 1.200  117.010  110.877
0.200  634.000 1056.400  13.700 1.200  122.600  110.908
0.200  792.000 1056.000  0.000 0.000  72.420 96.183

0.200  634.000 1056.400  0.000 0.000  77.240 96.195

0.200  792.000 1056.000  157.000  1.300  112.090  133.115
0.200  634.000 1056.400  157.000  1.300  120.270  133.127
0.200  792.000 1056.000  13.700 1.200  105.020  110.877
0.200  634.000 1056.400  13.700 1.200  114.120  110.889

Appendix B
Table A2: Properties of UHPC used
Authors w/b  OPC SCM F RI f E,Exp E,Pre
(kg/m?) (MPa) (GPa)
Heetal. [24] 0.173 750.000 1103.000 12.700  0.650 115.100 44.500 48.554

0.173  750.000 1103.000 50.800  1.300 131.700 45.800 51.380
0.173  750.000 1103.000 13.650  0.975 95.100  40.900 44.862
0.173  750.000 1103.000 18.200  1.300 108.200 44.300 47.319
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Table A2 (continued)

Authors w/ib  OPC SCM F RI f. E,Exp E,Pre
(kg/m?) (MPa) (GPa)

Zhang et al. [66] 0.208 800.000 1152.000 0.000 0.000 113.400 45.100 48.253

Choietal.[69] 0.200 891.000 1071.300 0.000 0.000 90.100 43.773  43.880

0.160 931.000 1119.000 0.000 0.000 112.000 48.043 48.004
0.160 842.000 1096.900 0.000 0.000 97.400  41.231 45.305
0.170  832.000 1084.100 78.000  0.650 100.000 43.506 45.800
0.170  832.000 1084.100 156.000 1.300 128.000 46.867 50.766
0.170  832.000 1084.100 234.000 1.950 113.000 46.656 48.182
0.160 842.000 1096.900 156.000 1.300 108.000 47.502  47.283
Robertietal.[71] 0.200  970.000 970.000  0.000 0.000 106.800 47.400 47.064
0.200  970.000 970.000  59.700  0.488 109.200 47.300 47.501
0.200  970.000 970.000  119.300 0.975 115.700 46.800 48.659
Renetal.[63] 0.162  700.000 940.000  0.000 0.000 102.200 43.700 46.214
0.162  700.000 940.000  39.000  0.325 114.700 45.400 48.483
0.162 700.000 940.000  78.000  0.650 121.500 48.300 49.666
Al-Osta et al. [76] 0.146  900.000 1120.000 157.000 1.300 149.500 49.330 54.218
Smarzewski et al. [78] 0.239  670.500 745.000  0.000 0.000 139.800 48.600 52.694
0.239  670.500 745.000  4.500 0.325 134.100 50.200 51.773
0.239  670.500 745.000  78.000  0.650 135.100 50.700 51.936
0.239  670.500 745.000  117.000 0.975 138.700 51.100 52.517
0.239  670.500 745.000  156.000 1.300 139.600 51.600 52.662
Present 0.200  800.000 1111.200 0.000 0.000 96.510  42.540 45.135
study 0.200 640.000 1111.200 0.000 0.000 102.350 43.580 46.242
0.200  800.000 1111.200 157.000 1.300 134.090 49.250 51.771
0.200 640.000 1111.200 157.000 1.300 144.780 49.780  53.483
0.200  800.000 1111.200 13.700  0.975 125.500 49.200 50.346
0.200 640.000 1111.200 13.700  0.975 129.660 49.180 51.042
0.200  800.000 1111.200 0.000 0.000 76.440  38.670 41.049
0.200 640.000 1111.200 0.000 0.000 83.190  39.990 42477
0.200  800.000 1111.200 157.000 1.300 122.220 48.890 49.789
0.200 640.000 1111.200 157.000 1.300 126.050 49.380 50.439
0.200 800.000 1111.200 13.700 0.975 112.420 48.210 48.079
0.200 640.000 1111.200 13.700 0.975 117.310 49.000 48.941
0.200  792.000 1056.000 0.000 0.000 92.010  41.720 44.258
0.200 634.000 1056.400 0.000 0.000 99.860  43.140 45.774
0.200  792.000 1056.000 157.000 1.300 125.050 48.860 50.270
0.200 634.000 1056.400 157.000 1.300 129.680 49.150 51.046
0.200 792.000 1056.000 13.700  0.975 117.010 48.790  48.889
0.200 634.000 1056.400 13.700  0.975 122.600 48.590 49.854
0.200  792.000 1056.000 0.000 0.000 72.420  36.630 40.168
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Table A2 (continued)
Authors w/ib  OPC SCM F RI f. E,Exp E,Pre

(kg/m?) (MPa) (GPa)

0.200 634.000 1056.400 0.000 0.000 77.240  38.320 41.221
0.200 792.000 1056.000 157.000 1.300 112.090 48.440 48.020
0.200 634.000 1056.400 157.000 1.300 120.270 49.250 49.454
0.200  792.000 1056.000 13.700  0.975 105.020 46.950 46.737
0.200 634.000 1056.400 13.700  0.975 114.120 48.290 48.381
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