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Abstract

Ultra-high-performance concrete (UHPC) incorporating supplementary cementitious materials
(SCMs) presents a novel and promising material with remarkable mechanical and durability
properties. However, the utilization of silica fume in such SCMs is hindered by its high cost while
that of class F fly ash by its availability. Towards exploring alternative economical and eco-
friendly SCMs, as well as reduce the quantity of silica fume and cement in UHPC, this study
reports on the benefits of using metakaolin (MK) and diatomaceous earth (DE) as replacements
for fly ash in non-proprietary UHPC blends. MK and DE were added to replace fly ash (FA), up
to 100% in 25% increments, without changing the silica fume (SF) content. In separate mixtures,
MK and DE were added 100% each to replace both FA and SF. The resulting mixtures were
extensively characterized for their flow, rheological properties, compressive strength, flexural
strength, split tensile strength, and modulus of elasticity, under two curing conditions. Scanning
electron microscopy, BET surface area, and particle size analysis were performed to investigate
the size and shape, surface area, and morphology of the cementitious powders. Results indicate
that the addition of MK and DE resulted in increased apparent viscosity and shear stress with rising
shear rate, while yield stress values decreased (p < 0.05). The flow curves of all the modified
UHPC mixtures fitted well (R> > 0.99) with the linear Bingham Plastic, modified Bingham Plastic,
and Herschel-Bulkley models. UHPC mixtures with 100% replacement of FA with MK and DE
achieved compressive strength values of 139 MPa and 128 MPa, respectively. At 28 days, MK,
DE, and MK-DE mixtures showed 3.5% — 10% higher compressive strengths than the control
mixture (p <0.05). MK-DE mixture showed compressive strength improvements of 9% and 17.5%
over the control and DE-modified mixtures, respectively (p < 0.05). The greatest modulus of
rupture (MOR) value of 10.9 MPa at 28 days was observed in the control mixture, while DE
modified UHPC exhibited the lowest MOR values among all the cases. At net deflection of L/150,
the MK-DE modified UHPC mixture exhibited the greatest toughness value of 52.5 Joules at 28
days, which is 5% greater than that in control UHPC mixture. Both MK and DE modified UHPC
mixtures showed toughness values similar to the control UHPC mixtures at 28 days. In conclusion,
the MK-DE modified UHPC mixtures that were prepared, without SF and FA, exhibited
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characteristics comparable to the control mixture, showcasing potential alternatives for non-
proprietary UHPC mixtures.

Keywords: UHPC; Alternative SCMs; Rheology; Mixture development; Experimental
optimization, Mechanical properties.

1. Introduction

Ultra-high-performance concrete (UHPC) is an advanced construction material known for its
exceptional mechanical properties, durability, and versatility, making it a key innovation in
modern infrastructure development. It exhibits compressive strengths greater than 120 MPa,
flexural strengths greater than 15 MPa, and excellent durability characteristics in terms of
resistance to chloride penetration, freeze-thaw resistance, and resistance to sulfate attack [1, 2, 3].
As the demand for high-performance and sustainable infrastructure continues to rise, UHPC is set
to shape modern construction, enabling a safer and more resilient built environment. UHPC is
typically comprised of cement, fine sand, silica fume (SF), quartz flour, high-range water reducing
admixtures (HRWRA), and steel fibers [4, 5]. It is used in diverse construction projects, including
bridge decks, high-rise buildings, precast elements, and seismic-resistant structures. Beyond
infrastructure applications, this material can also be used in nuclear applications such as
encapsulating solid and liquid radioactive waste and disposal infrastructure [3, 6, 7]. These
exceptional characteristics are achieved by enhancing homogeneity, eliminating coarse aggregate,
optimizing particle packing density, refining microstructure, and integrating fibers. Its superior
material properties have opened new possibilities in structural design, enabling the construction of
thinner and more intricate elements with reduced maintenance requirements. However, UHPC
faces challenges such as high initial cost and the limited availability of key constituents like steel
fibers and SF in the United States. Aggregate costs are often increased due to the processing of
high-quality sands, such as clean quartz, to achieve a precise gradation with a narrow particle size
distribution [8]. Additionally, the high cement content in UHPC mixtures poses sustainability
challenges due to the energy-intensive nature of cement production and its significant CO2
emissions. Non-proprietary UHPC presents opportunities for enhanced sustainability and reduced
initial cost by incorporating local aggregates, even those with suboptimal quality and natural
particle size distributions. Additionally, non-proprietary UHPC can make use of cost-effective
supplementary cementitious materials (SCMs) that are readily available locally, despite being of
lower quality compared to the high-grade SCMs like SF used in proprietary UHPC formulations

[8].

SF is the primary SCM in UHPC, comprising 5% to 25% of the binder volume [9]. SF enhances
UHPC's particle packing density, improving workability due to its fine particle size. However,
exceeding 10% SF by weight can significantly reduce workability due to its high surface area,
leading to water and HRWRA absorption, particle agglomeration, and inhibition of cement
reaction [10, 11]. With SiO2 content above 90%, SF stimulates cement hydration and refines
UHPC microstructure, enhancing mechanical strength and durability [12]. Despite its
effectiveness, use of SF in UHPC mixtures is expensive compared to other SCMs since it is mostly
imported in the United States [13]. The high quantities of cement and expensive SF significantly
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increases the cost of UHPC and is less desirable from an environmental standpoint. Besides its
higher cost, exposure to SF in occupational settings increases the risk of developing pulmonary
diseases [14]. Therefore, exploring feasible alternatives to SF is crucial for UHPC production
sustainability.

Several alternative SCMs commonly used in UHPC, in lieu of SF, include fly ash (FA), ground
granulated blast furnace slag (GGBS), metakaolin (MK), and rice husk ash (RHA) [15, 16, 17, 18].
Among these, FA has gained significant recognition in the construction industry as a key SCM.
Numerous researchers have formulated UHPC mixtures incorporating FA due to its potential to
lower the environmental impact when substituted for cement [19, 20]. Despite a slight reduction
in mechanical properties [21], FA-based UHPC improves workability [22], and particle packing,
potentially enhancing durability [23]. However, the production of class F fly ash has experienced
a significant decline recently due to the shift towards renewable energy technologies for electricity
generation as well as decommissioning of coal-burning power stations. Consequently, the
construction sector is grappling with difficulties in procuring a sufficient supply of FA for concrete
manufacturing [24, 25]. Hence, it becomes imperative to identify an alternative SCM to FA to
ensure sustainability.

One promising alternative is MK, produced by calcining kaolin clay. It is commonly utilized as a
SCM in concrete, replacing 8% to 10% of cement, and enhancing concrete durability while
reducing cement usage [26, 27]. MK reacts with calcium hydroxide during cement hydration,
forming secondary calcium silicate hydrate (C-S-H) gel, enhancing concrete microstructure and
durability by reducing porosity and improving permeability and chloride ion diffusion [28, 29].
Studies have shown MK can replace up to 20% of cement, improving compressive and split tensile
strengths starting at 16% replacement. However, MK and SF addition decrease concrete
workability. Yet, at 15% cement replacement, compressive strengths remain comparable to control
samples (SF is the only SCM) after 91 days, exhibiting excellent corrosion resistance and reduced
shrinkage [19]. Others have investigated various types of concretes and mortars replacing cement
and SF with MK [30, 31, 32], but there is a lack of research specifically focused on UHPC
incorporating MK to replace FA. This gap in the literature fails to highlight the beneficial impact
of MK on the mechanical and durability properties of UHPC, as well as its contribution to the
sustainability [33, 34].

Similarly, DE which is a natural pozzolan has emerged as a potential alternative SCM, given its
high silica content. DE, a sedimentary and biogenic material, forms from the fossilization of algae
shells due to silica deposits on diatom skeletons [38]. According to the U.S. Geological Survey,
2.3 million metric tons of DE were mined globally in 2021, with vast but currently unquantifiable
reserves unexplored, and the United States produces approximately 36% of the world's supply [35,
36]. Its high open porosity (50% to 70%), large specific surface area, and high water absorption
capacity (up to 1 kg/kg) make it useful in filtration, drilling mud thickening, and chromatography
applications [37]. In cementitious materials, DE is often recommended for use in conventional and
high performance concretes as a source of internal curing water and SCM [38, 39, 40, 41]. It is
also used in fireproof cement, insulation materials, and as an absorbent in explosives due to its
resistance to heat and chemicals [42]. The results from studies dealing with the use of DE as an
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SCM replacing cement up to 10% by mass in UHPC mixtures are promising. Studies by Hasan et
al. [38] and Du [41] reported that incorporating DE in UHPC and high performance concrete
mixtures affected the flow, improved compressive, split tensile, and flexural strength. However,
as current studies on its ability to enhance mechanical and durability performance are limited,
further research is needed to elucidate the optimal use of DE as an SCM, particularly in UHPC
formulations, to fully assess its potential benefits and drawbacks.

Thus, this study explored the potential for replacing FA and SF with cost-effective and
environmentally friendly alternatives for UHPC mixtures. MK and DE were chosen as alternative
SCMs to replace SF and FA due to their lower cost, reduced health risks, and promising
performance in UHPC. SF, while effective, is expensive and poses health hazards due to its fine
particulate nature, making MK and DE more sustainable, especially given the declining
availability of FA and the need for environmentally friendly and cost-effective SCMs in UHPC
formulations. The resulting rheological and mechanical properties of UHPC mixtures were
evaluated and reported here. Additionally, the durability properties of UHPC modified with MK,
DE, and MK-DE combinations are currently being investigated to assess their resistance to
freezing-thawing cycles, chloride ion ingress, and sulfate attack. Preliminary observations suggest
that the addition of MK and DE improves the durability of UHPC by enhancing resistance to
chloride penetration and improving microstructural refinement.

2. Materials and Methods
2.1 Materials

Type 1L portland limestone cement (PLC) was utilized here. Class F FA was used as SCM along
with SF in the control mixture. MK and DE were considered as alternatives for FA and SF. Table
1 presents the physical and chemical properties of these materials. The particle size distributions
on the as-received particles of the five precursors — cement, FA, MK, DE, condensed SF, were
measured using a particle size analyzer (Anton Paar PSA 1190 model).

Local sand conforming to ASTM C33 [43] was used. Its specific gravity and absorption values
determined as per ASTM C128 [44] were found to be 2.78% and 2.35%, respectively. Sand was
sieved through ASTM No. 4 sieve (maximum particle size of (4.75 mm) and was oven-dried at
110 °C to achieve 0% moisture content. To enhance the tensile ductility of the UHPC, straight
steel fibers measuring 13 mm in length, with an aspect ratio of 65, were used. To attain the desired
workability, a commercially available polycarboxylate-based high-range water-reducing
admixture (HRWRA; Master Builders Solutions, Cleveland, OH, USA) was added into the
mixtures.

2.2 Development of UHPC mixtures
2.2.1. UHPC mixtures

Control UHPC mixture was developed using cement, SF, and FA as cementitious materials.
Several trial batches were made to optimize the SF/FA ratio that would produce UHPC class
material as defined by ASTM C1856 [45]. In these trials, different water-to-cementitious ratios
(w/cm) and HRWRA dosages were used for a specific SF/FA ratio.



160 Table 1. Chemical composition and physical properties of cementitious materials used in this

161 study.
Materials Composition (%)
gye;elnLt Clas::; Fly SF MK DE
(PLC)
CaO 63.1 3 0.7785 - 1.24
Si0» 18.9 45.8 83.85 49.35 82.16
ALO; 4.4 22.8 0.56 45.03 4.85
Fex0s 2.5 22.6 3.63 0.5 1.66
MgO 1.6 0.8 4.74 - 0.45
Na:0 0.34 0.47 - - 0.54
K20 - 1.76 L.12 0.42 0.72
;é TiO» - - - 2.19 0.24
é; MnO - - 0.3 - 0.01
3 P20 - - - 0.097 0.06
g SrO - - 0.02 0.02 0.02
5
S Br - - 0.74 0.7
BaO - - - 0.03
SO; 3 0.86 0.06 0.05 -
Cr0s - - 0.05 - 0.01
Limestone 12.1 - - - -
CO» 5.4 - - - -
CaCO; 91 - - - -
Loss of Ignition 54 1.9 2.96 0.83 7.41
SGPTZ‘;II?; 3.15 2.48 22 2.5 22
g Specific
08)' Surface arca 549 .4 575.7 25,000 22,000 908.2
& (m’/kg)
é Mg?;eﬁrgle 14.951 15.786 9.814 10.738 14.488
(a9}
e | oo | o | - -

162

163  Preliminary tests such as workability and compressive strength were performed for each trial
164  mixture and the optimum w/cm and SF/FA ratios, and HRWRA dosage were found to be 0.2, 1,
165  and 34.65 L/m’, respectively. Based on these results, UHPC mixture with 16% SCM - 8% SF -
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8% FA by mass of cementitious materials, 0.2 w/cm ratio, 1.52% by total volume of steel fibers,
and 34.65 L/m®> HRWRA was selected as control mixture in this research. Figure 1 depicts the

mixture development process.
(  Trialbatch )
| I
Revise mixture T-day
varying HRWRA | Flow \ compressive
dosage

strength

203 to 229 mm
No : flow
7day compressive
strength =103 MPa

Yes )
"~ Optimized
mixture

Figure 1. Optimization process of UHPC mixtures used in this study.

Table 2 presents the 10 UHPC mixture proportions developed in this study. Given our primary
objective of substituting FA and SF with alternative SCMs, the control UHPC mixture with FA
and SF are the SCMs were further modified. MK and DE were employed to replace FA
incrementally, up to 100% in 25% increments, without changing the SF content. This process
aimed to identify the optimal level of FA replacement. Subsequently, once the ultimate FA
replacement levels with both MK and DE were established, the SF content was also modified
utilizing MK and DE.

Table 2. Mixture proportions for UHPC mixtures developed in this study. The letters indicate the
SCM type in the mixture, FA for fly ash, SF for silica fume, MK for metakaolin, and DE for
diatomaceous earth.

PLC SF FA MK DE Sand |Steel Fibers| Water [HRWRA[ w/cm Flow
Mixture a/m® 3 3 3 3 3 3 3 3
g/m kg/m kg/m kg/m kg/m kg/m kg/m kg/m /m mm
Control UHPC SF8-FA8-MKO/DEO | 890 89 89 0 0 939.7 118.7 213.6 | 34.65 0.2 254.0
SF8-FA6-MK?2 890 89 66.7 22.24 0 950.7 118.7 209.0 | 34.65 0.2 228.6
. SF8-FA4-MK4 890 89 44.5 44.5 0 935.6 118.7 204.7 44.6 0.2 228.6
MK Modified UHPC SF8-FA2-MK6 890 89 22.24 66.7 0 946.6 118.7 200.2 44.6 0.2 228.6
SF8-FA0-MK8 890 89 0 89 0 944.5 118.7 195.8 49.5 0.2 228.6
SF8-FA6-DE2 890 89 66.7 0 22.24 | 9345 118.7 209.0 39.6 0.2 2159
. SF8-FA4-DE4 890 89 44.5 0 44.5 929.2 118.7 204.7 44.6 0.2 2159
DE Modified UHPC SF8-FA2-DE6 890 39 22.24 0 66.7 924.1 118.7 200.2 49.5 0.2 2159
SF8-FA0-DES 890 89 0 0 89 867 118.7 195.8 74.3 0.2 2159
MK-DE Modified UHPC [ SFO-FA0-MKS8-DE8 | 890 0 0 89 89 879.7 118.7 195.8 74.3 0.2 215.9
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UHPC mixtures belonging to each category were assigned specific designation based on their
composition. The number following each letter indicates the percentage of the SCM in the mixture.
For instance, the control mixture SF8-FA8-MK/DEO contained 8% of SF and 8% of FA out of
total cementitious materials and in the case of mixture SF8-FA6-MK2, 25% of FA was replaced
with MK, resulting in a mixture that contains 6% FA and 2% MK out of total cementitious
materials content.

To achieve a homogenous UHPC mixture with uniform dispersion of fibers, a step-by-step mixing
process was employed (Figure 2). A vertical shaft mixer with a 38-rpm paddle speed was used to
mix the constituents of UHPC. The procedure commences with a two-minute mixing of the dry
components, followed by the gradual addition of two-thirds of the required water, and mixed for
an additional three minutes. Subsequently, HRWRA and the remaining portion of water were
introduced, and mixed for another three minutes. At the end, steel fibers were added during the
mixing process. The total mixing time varied from 15-20 min. The fresh UHPC was then poured
into molds and covered with plastic sheets to prevent moisture loss. They were then left at room
temperature for 24 h. Following this period, the specimens were removed from the molds and
subjected to designated curing conditions as described in section 2.2.3.

2.2.2 Specimen preparation

Each batch of UHPC produced was used to cast 50 mm and 100 mm cubes for compression testing,
75 mm x 100 mm x 400 mm beams for flexural testing, and 100 mm x 200 mm cylinders for split
tensile testing and modulus of elasticity measurements. A high frequency vibration table was used
for consolidation. The time of vibration was selected based on the consistency of the individual
mixture that ranged between 15 sec to 30 sec.

Add dry Add 3/4% of Add Add remaining
materials into . . 1/4™ of mixing Add fibers
. mixing water HRWRA
the mixer water
Mix for 2min . Mix for Mix for 3
. Mix for 3 Mix for 3 . o 3 . .
until all the ] q . = min until min until
min until min until . .
Start powders are . reaching reaching
. water is balls are q
uniformly . the desired homogeneous
dispersed formed q
blended flow mixture

Fresh
UHPC

Figure 2. Mixing sequence for the UHPC constituents used in this study.

2.2.3 Curing regimens
Specimens were cured under the two curing regimens (Table 3) to investigate the effect of curing
temperature on mechanical properties.
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Table 3. Curing Regimens used in this study.

Curing

condition Specification

Air cured in the molds for 24 h. After demolding, the specimens were
Moist curing (MC)  placed in a moist room with ~100% relative humidity and temperature 23.5
+ 1.5 °C until the day of testing.

Air cured in the molds for 24 h. After demolding, specimens were cured
Warm bath (WB) in a water bath at 90 °C until the time of testing. This curing method
simulated the steam curing method employed in precast plants.

2.3 Experimental methods
2.3.1 Particle size distribution and surface area

Anton-Paar Model PSA 1190 particle size analyzer (using dry jet dispersion and laser diffraction
techniques) was used to determine the particle size distributions. Cement and FA were analyzed
using dry measurement mode. The detection limit of this mode is 0.1 um. SF, DE, and MK were
analyzed using liquid measurement mode with small volume unit. The detection limit of this mode
is 0.04 um. Anton Paar Nova 600 BET analyzer was used for surface area measurement of cement,
SF, FA, MK, and DE.

2.3.2 Flow table test

Fresh UHPC was poured into the mold in two layers, with each layer being tamped 20 times.
Following this, the top surface was smoothened. The mold was then lifted and immediately
dropped onto the table 25 times within a 15-second period. Subsequently, the diameter of the fresh
sample was measured in two diametrically opposite directions, and the average flow recorded as
outlined in ASTM C1437 [46].

2.3.3 Compressive strength testing

In this study, four 50 mm cube specimens and two 100 mm cube specimens, cured under MC and
WB regimens, were tested at each age (3, 7, 28, 56, and 91 days), according to ASTM C109 [47]
and average compressive strength reported.

2.3.4 Flexural strength testing

75 mm x 100 mm x 400 mm prismatic specimens were cast from each batch of UHPC and cured
under MC and WB regimens. Flexural strength tests were conducted at ages 7 and 28 days in
accordance with ASTM C16009 [48]. Three prismatic specimens were tested at each age. Strengths
and deflections at first peak load, peak load, residual strengths at net deflections of span/600 and
span/150 (f&o and ), and toughness values corresponding to net deflections of span/600
(Th) and span/150 (TL,) were determined.
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2.3.5 Split tensile strength testing

100 mm % 200 mm cylinder specimens were cast from each batch and moist cured until 28 days
and were tested for split tensile strength according to ASTM C496 [49]. Two-cylinder specimens
from each batch were tested and average split tensile strength was reported.

2.3.6 Modulus of elasticity testing

100 mm x 200 mm cylinder specimens cured for 28 days in MC regimen were subjected to axial
compressive loading to determine the modulus of elasticity and Poisson’s ratio according to ASTM
C469 [50].

2.3.7 Rheology tests on cement paste

Rheology tests on aggregate-free cement pastes were performed to assess viscosity, shear stress,
shear thickening, and shear thinning behavior in UHPC mixtures. The pastes were characterized
at room temperature using a Physica MCR 301 Rheometer (Anton Paar, Ashland, VA) using a
concentric cylindrical geometry (CC27, 26.66 mm diameter) with smooth surfaces. After the
cement pastes were loaded in the cup, they were pre-sheared at 10%> s™! for one minute, rested for
five minutes, followed by a constant shear rate of 1 s™! for one minute, and then rested again for
five minutes. Viscosity (1, Pa.s) measurements were performed by setting the shear rate within 1
— 100 s range. Shear stress vs. shear rate curves were evaluated to determine the paste
characteristics.

2.3.8 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was conducted using a TGA/DSC 3+ thermogravimetric
analyzer (Mettler Toledo) under nitrogen atmosphere. The temperature range for all samples was
set from 30 °C to 900 °C at a constant heating rate of 10 °C/min. This analysis was performed to
evaluate the thermal stability and mass loss characteristics of the cementitious materials.

2.3.9 Scanning electron microscopy

Scanning electron microscopy (SEM) imaging was systematically carried out on dry cementitious
powders. The primary objective was to meticulously explore and analyze the distinct
microstructure inherent to each individual material. This detailed examination provided valuable
insights into the fine-scale features such as particle shape and morphology of the cementitious
powders under consideration. SEM imaging was performed using a field emission scanning
electron microscope (FEI, model Inspect F50) equipped with an Everhart-Thornley detector. The
dry powder samples were affixed to the aluminum specimen mounts using conductive carbon tape.
Prior to imaging, the samples were gold coated using a vacuum-based sputter coater (SPI Sputter
Coater from SPI Supplies Inc.) to prevent electrostatic charging of the surface during imaging.

2.4. Statistical analysis

At least n = 3 samples were used per test unless otherwise noted. Results were plotted using
GraphPad Prism 10 software. A one-way ANOVA with post hoc Tukey’s test was used for
comparisons of the results from multiple experiments, with statistical significance set at p < 0.05.
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3. Results and Discussion
3.1. Thermogravimetric analysis of cementitious materials

Thermogravimetric analysis was performed on cement, SF, FA, MK, and DE and the result was
depicted in Figure 3.

105
e
» 100k — Cement
é — SF
= — FA
= — MK
= 90t
() — DE
e
85 1 1 | 1 |

0 200 400 600 800 1000
Temperature, °C

Figure 3. Thermogravimetric analysis of dry cement, SF, FA, MK, and DE

Cement exhibited a residual mass of 94% at 900 °C, with approximately 6% mass loss primarily
occurring in two stages. The initial minor loss below 200 °C can be attributed to the evaporation
of free and physically absorbed moisture. The major mass loss between 400 °C and 550 °C
corresponds to the decomposition of calcium hydroxide (CH) into calcium oxide (CaO) and water,
while further decomposition of calcium carbonate (CaCOs) to CaO and CO: takes place above 600
°C. This decomposition profile highlights the stability of cement up to high temperatures, while
its thermal transformations are crucial for hydration reactions in UHPC systems. SF demonstrated
the highest thermal stability among the analyzed materials, retaining 97.5% residual mass at 900
°C. The minimal mass loss reflects its chemically inert nature and lack of decomposition products.
The slight mass loss below 200 °C can be linked to surface-adsorbed moisture, while no significant
decomposition occurs at higher temperatures. This stability, combined with its fine particle size
and high amorphous silica content, makes SF a key pozzolanic material for enhancing the
microstructure of UHPC.

FA retained 94% residual mass, showing gradual mass loss across the temperature range. The
initial loss below 200 °C is due to the evaporation of moisture, while minor losses observed
between 300 °C and 500 °C could result from the decomposition of carbonaceous impurities and
other volatile components. FA’s moderate thermal stability and pozzolanic reactivity arise from
its glassy phases, which contribute to strength development in UHPC. Metakaolin exhibited the
highest residual mass, retaining 99% at 900 °C. The primary mass loss occurred below 400 °C,
can be attributed to the dehydroxylation of kaolinite, where chemically bound water is released as
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the material transforms into an amorphous aluminosilicate. The absence of significant
decomposition at higher temperatures highlights the exceptional thermal stability of MK, while its
high reactivity makes it an attractive SCM for UHPC applications. However, while MK can
complement FA, its characteristics suggest it is better suited to replace SF rather than FA, as its
high reactivity and fine particle size align more closely with SF’s role in refining UHPC
microstructure.

DE showed the lowest residual mass, retaining 89.7% at 900 °C, with significant mass loss
occurring between 100 °C and 500 °C. This behavior is attributed to the release of adsorbed water
and decomposition of organic impurities. The residual mass beyond 500 °C reflects the thermal
stability of its silica framework. Although DE exhibits the highest mass loss, its high silica content
and porous structure suggest potential reactivity, especially when processed or modified to
enhance its performance.

The TGA analysis highlights significant differences in thermal stability and decomposition
behavior among the materials. SF and MK demonstrated the highest stability, with MK’s
dehydroxylation indicating superior pozzolanic reactivity. FA showed moderate stability and
reactivity, while DE’s high mass loss reflects lower stability but suggests potential as a reactive
SCM due to its silica content. Based on these observations, MK is an excellent candidate to replace
SF in UHPC, while DE could serve as a sustainable alternative to FA when properly engineered
to optimize its performance.

3.2. Rheology of pastes containing different cementitious materials

Representative SEM images of the milled dry powder samples and cumulative size distribution
analysis of the particles obtained from particle sizing is shown in Figure 4. The SEM images allow
the visualization with submicrometer precision of the morphology of the SCMs used in this study,
giving insights on the particles’ shape, surface structure, and geometrical parameters distribution.
Based on the distribution analysis the average particle sizes were 14.951 um, 14.488 um, 15.786
um, 10.738 um, and 9.814 um for PLC, DE, FA, MK, and SF, respectively. Similarly, the specific
surface area of the particles were 549. 4 m?/kg, 908.2 m*/kg, 575.7 m*/g, 22,000 m*/kg, and 25,000
m?/kg for PLC, DE, FA, MK, and SF, respectively. All the particles sizes followed normal
distribution.

11
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Figure 4. Representative SEM images of raw materials indicating representative particles of (A)
cement, (B) FA, (C) MK, (D) DE, and (E) SF. (F) The cumulative particle size distribution for
each of these types of particles.

The shear stress vs. shear rate data were obtained from the flow curves obtained on these four
pastes — control, MK, DE, and MK-DE. These samples correspond to compositions described in
Table 2, i.e., SF8-FA8-MKO0-DEO, SF8-FA0-MKS8-DEO, SF8-FA0-MKO0-DES, and SFO-FAO-
MKS-DES, respectively. The trends are represented in the shear stress vs. shear strain rate plots
shown in Figure 5. The data were fit to the commonly used [51] two-parameter linear Bingham
plastic model given by Eq (1):

T=To+Upy (1

where 7 (Pa) is the yield stress that the paste needs to overcome before it flows and up is the
sample apparent viscosity (Pa.s). Expectedly, the model fitted very well to the data, as evident
from the R? values (Table 4). It could be seen that the sample apparent viscosity increased when
MK or DE was added to the control samples to completely replace FA, or when both MK and DE
were added to completely replace SF and FA. In contrast, the yield stress values decreased with
the addition of MK, DE, or both MK and DE.
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Figure 5. Shear stress vs. shear rate plots for the four pastes — controls, MK, DE, and MK-DE,
corresponding to SF8-FA8-MKO0-DEO, SF8-FA0-MKS8-DEO, SF8-FA0-MKO0-DES, and SFO-FAO-
MKS8-DES, respectively, whose compositions were shown in Table 2. The data were fit to three
different models: (a) a linear Bingham Plastic model, (b) a quadratic modified Bingham Plastic
model, and (c) a Herschel-Bulkley model.

Table 4. Parameters from the three models fitted to the shear stress vs. shear rate data from
rheological studies on respective pastes. In all the cases, R? > 0.98 indicating the strength of the
fit, with all model parameters also being significant (p < 0.001).

Control MK DE MK-DE
w,Pa  15.69 13.54 12.65 10.6
up, Pa.s 4.161 8.514 12.22 13.78
R? 0.99 0.99 0.99 0.98
wn,Pa 4245  -6.175 -2439 -58.85
Modified Bingham up, Pa.s 4.906  7.449 14.63 18.3
Plastic Model C -0.0073 -0.0105 -0.0238 -0.0447
R? 0.99 0.99 0.99 0.99
m,Pa 1415 1.223 -26.1 -58.01
Herschel-Bulkley A4, Pa.s  6.854 5.221 19.44  27.58
Model n 0.8955 1.104  0.9027 0.8551
R? 0.99 0.99 0.99 0.98

Bingham Plastic
Model

Since the viscosity vs. shear strain rate data could exhibit shear-thinning or shear-thickening
behavior for fresh cementitious pastes, the apparent viscosity would not remain constant, which
indicates a non-linear relationship between the shear stress and shear strain rate under steady flow
state. To accurately describe the non-linear rheological behavior of fresh pastes, the shear stress-
shear strain rate curves were fitted to a modified Bingham plastic model based on a 3-parameter
quadratic equation, and the Herschel-Bulkley model containing an exponential term [52, 53, 54,
55, 56, 57, 58], given by equations (2) and (3), respectively:

T=10+upy +Cy° (2)
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where 7 (Pa) is the yield stress that the paste needs to overcome before it flows, up is the sample
viscosity (Pa.s) and C (Pa.s?) is the coefficient of a second-order correction term in the shear strain
rate. It is worth noting that C > 0 indicates shear thickening, C < 0 indicates shear thinning, and C
= 0 results in linear Bingham plastic model described in Eq (1). The modified model fitted very
well to the data, as evident from the R* values (Table 4). For the cementitious pastes developed
here, C was less than zero for all the samples. The sample viscosity steadily increased when MK
or DE or both MK and DE were added to the control samples. In contrast, the yield stress values
steadily decreased with the addition of MK, DE, or both MK and DE.

T =1y +Ay" 3)

Where 7 (Pa) is the yield stress that the paste needs to overcome before it flows, A4 is the sample
consistency coefficient (Pa.s) and » is the flow behavior index. If n = 1, the Herschel-Bulkley
model equals to the linear Bingham Plastic model described in Eq (1). The Herschel-Bulkley
model also fitted well to the data, as evident from the R? values (Table 4). For the pastes developed
here, n varied between 0.8551 to 1.104, whereas A values steadily increased when DE alone or
both MK and DE were added to the control samples. In contrast, the yield stress values steadily
decreased with the addition of MK, DE, or both MK and DE.

The apparent viscosity was in the order: control < MK < DE < MK + DE, whereas the yield stress
was in the order: control > MK > DE > MK + DE. All the samples exhibited shear-thinning
behavior with increasing shear rate. In the control sample, the cement pastes at rest require large
stress to break the 3D structure formed between FA, SF and other ingredients, and thus exhibited
higher yield stress. Once the structure was broken down, the paste flowed easily as indicated by
low apparent viscosity and shear thinning behavior. MK addition (to replace FA) likely led to
higher water absorption of the layered compounds (alumina and silica) in MK that induces
flocculation of the paste [59] , thus increasing the apparent viscosity while reducing the yield
stress, compared to control pastes. DE is a highly porous fossilized matter containing mostly silica,
with high surface to weight ratio and abundant Si-OH groups, and acts mostly as a filler in the
cement paste [60, 61]. DE might react with the calcium hydroxide in the mixture to form calcium
silicate, which lowers the flowability of the paste upon shear [62]. Due of this, it contributes
primarily to increase in apparent viscosity, with little impact on yield stress, unlike MK. Finally,
the pastes containing both MK and DE which replaced SF and FA, exhibited the lowest yield stress
and highest apparent viscosity most likely due to the nature of these two compounds acting
primarily as fillers.

3.3 Optimization of UHPC mixtures

The control mixture described in section 2.2.1 served as the baseline for further optimization. This
involved substituting FA with MK and DE, as well as replacing SF with MK in the DE-modified
UHPC mixture. Final mixtures were identified based on the flow and seven-day compressive
strengths.
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3.3.1 Metakaolin as SCM to replace fly ash

The process aimed to reduce FA content by replacing it with MK at levels from 0% to 100% in
25% increments. Figure 6 depicts the impact of MK content on the HRWRA dosage and seven-
day compressive strengths of UHPC mixtures cured under MC and WB regimens. As MK
increased, UHPC flow decreased, requiring increased HRWRA dosage to maintain the target flow
of 203.2 mm to 228.6 mm (Figure 6). Various trials were conducted to determine the optimal
HRWRA dosage. Once the HRWRA dosage was determined, 50 mm cube specimens were cast,
cured under both MC and WB regimens, and tested at seven days to assess the compressive
strength of MK-modified UHPC mixtures.
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Figure 6. Effect of MK content on HRWRA dosage and seven-day compressive strength of UHPC
mixtures.

The results clearly indicated an increase in the dosage of HRWRA as MK dosage increased from
0% to 100%, replacing FA (Figure 6) to maintain the required flow. This observation aligns with
evidence that incorporating MK reduces concrete workability, likely due to the larger surface area
of MK particles compared to FA particles [59, 60]. SEM imaging (Figure 4) on raw MK powder
reveals that particle shape can influence the water demand of a material. Finer and more irregularly
shaped particles, as observed in MK (Figure 4(c)), may contribute to a higher water demand
compared to the coarser and more spherical particles typically found in FA (Figure 4(b)) [61].

Furthermore, Figure 6 illustrates that the seven-day compressive strengths of all the UHPC
mixtures cured under MC and WB regimens gradually increased up to 6.75% and 2.2%,
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respectively, with the increase in MK content replacing FA. Specimens produced from the UHPC
mixture produced with 100% FA replaced with MK (SF8-FA0-MKS), cured under WB regimen
demonstrated a compressive strength of 139 MPa. The increase in compressive strength due to
higher MK content is likely because MK's finer particles and more reactive surface area enable
better packing, improved compaction, reduced porosity, and the formation of additional
cementitious phases, enhancing strength development [62, 63, 64].

Based on these preliminary results, mixture SF8-FA0-MKS, which represents a 100% replacement
of FA with MK designated as MK modified UHPC, successfully met the required flow and
compressive strength properties for UHPC class material. As a result, this mixture has been
selected as one of the final mixtures for further testing and development.

3.3.2 Diatomaceous Earth as SCM to replace fly ash

FA was replaced by DE in a similar manner as in the case of MK replacement (section 3.2.1).
Figure 7 illustrates how DE content affects the HRWRA dosage and the seven-day compressive
strengths of UHPC mixtures cured under MC and WB conditions. A decrease in the flow was
observed as the DE content increased, which resulted in an increase in HRWRA dosage (Figure
7). The increased water demand with higher DE content is due to DE's water-absorbing
characteristics and porous microstructure, as well as the greater quantity of finer DE particles
needing more water to become wet compared to FA particles [65, 66]. As shown in the scanning
electron microscopy imaging of DE (Figure 8), its micro components are characterized by a highly
dense porous structure resulting from the shells of fossilized diatoms, with submicrometer open
pores ranging from 0.3 to 0.8 um in diameter.

It is also evident from Figure 7 that the UHPC mixture with 25% replacement level of FA with
DE (SF8-FA2-DE6) cured under WB regimen exhibited greatest compressive strength among all
the replacement levels while the UHPC mixture with 100% replacement of FA with DE (SF8-
FAO0-DES) exhibited a compressive strength 128 MPa when cured under WB regimen. Although
SF8-FA0-DES did not have the highest compressive strength compared to other mixtures in its
group, it met the target workability and compressive strength. Consequently, to achieve the
primary research goal of complete FA replacement, SF8-FA(0-DES was selected for further testing
and development as the DE-modified UHPC.
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469  Figure 8. Representative SEM images of DE powder containing different diatoms with
470  microporous structures associated with the intrinsic diatom shell structure and macropores
471  resulting from the granular nature of the powder.

472
473  3.3.3. Metakaolin as SCM to replace silica fume in DE modified UHPC mixture

474  After developing DE modified UHPC by replacing FA with DE, an attempt was made to
475  completely eliminate SF along with FA, as SF is not only expensive but can also cause health
476  issues. MK was used to replace SF in the DE modified UHPC to produce a new MK-DE mixture
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formulation (SFO-FA0-MKS8-DES). This formulation exhibited the desired compressive strength
and workability. The desired flow of 203 mm to 229 mm was achieved without changing the
HRWRA dosage that was used for DE modified UHPC mixture. Figure 9 compares the
compressive strength of MK-DE mixture SFO-FAO-MKS8-DES8 with that of the control UHPC
mixture (SF8-FA0-MK/DEOQ) and DE modified UHPC mixture (SF8-FAO-DES).
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Figure 9. Seven-day compressive strengths of control UHPC, DE-modified UHPC, and MK-DE
modified UHPC mixtures cured under both MC and WB curing regimens.

In the MC regimen, the MK-DE mixture exhibited greater compressive strengths than the control
mixture and DE modified mixture by 9% and 17.5%, respectively. However, decrease in
compressive strength was observed in MK-DE mixture cured under WB curing regimen when
compared to control and DE modified mixtures that contain SF by 8.7% and 9.1%, respectively.
This decreased compressive strength in MK-DE mixture when cured under WB curing regimen
can be traced back to the accelerated strength development of the control UHPC mixture during
WB curing. This is facilitated by the highly reactive pozzolanic properties of SF, that are especially
effective at elevated temperatures. The increased temperature hastens the hydration process, with
SF particles actively engaging in chemical reactions with portlandite and water. This interaction
leads to the formation of extra C—S—H gel through secondary reactions, that is instrumental in
densifying the cement matrix and, as a result, boosting compressive strength in mixtures containing
SF [67, 68, 69, 70]. The absence of SF in MK-DE mixtures could be the reason for lower
compressive strength when cured under WB curing regimen.
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Based on the results from preliminary investigation as discussed above, four final UHPC mixtures
were selected for further investigations: Control, MK-modified UHPC, DE-modified UHPC, and
MK-DE-modified UHPC. These formulations were used for further testing, including assessments
of compressive strengths up to 56 days, flexural performance, modulus of elasticity, and split
tensile strength and were discussed in detail below.

3.4. Compressive strength
3.4.1. Effect of the type of SCM, cured under both MC and WB curing regimens

Average compressive strengths at 3-, 7-, 28-, and 56- days for six 50 mm cubes from each of the
four final mixtures cured under both MC and WB regimens are presented in the Figures 10 and
11, respectively. In MC curing regimen, the greatest compressive strength of 142 MPa was
exhibited by MK modified UHPC mixture at 56-days. However, at 28 days, all the three modified
UHPC mixtures (MK, DE, and MK-DE) showed greater compressive strengths than the control
mixture by 10%, 5%, and 3.5% respectively. Under WB curing regimen, the greatest compressive
strength of 146 MPa was observed in MK modified UHPC mixture at 56 days. Also, at 28 days,
MK modified UHPC mixture exhibited marginally greater compressive strength (by 3.6%) than
the control UHPC mixture, whereas DE and MK-DE modified UHPC mixtures exhibited lower
compressive strengths than to the control mixture by 1.14% and 7.19%, respectively. This suggests
that FA can be completely replaced by MK, leading to enhanced compressive strengths. This could
partially be due to the size of MK particles (usually under 2 microns), which is significantly smaller
than cement particles but larger than the particles of SF [71]. The utilization of MK is known to
have a substantial impact on the pore structure and calcium hydroxide content of the hardened
cement matrix in concrete, owing to its superior purity and pozzolanic reactivity [72, 73]. While
DE modified UHPC led to a slight decrease in compressive strength than control UHPC (by 1.14%;
p > 0.05), it remains a viable replacement for FA. Additionally, the MK-DE modified UHPC,
without SF and FA, yielded comparable results to the control UHPC mixture whose results are
consistent with [30].
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Figure 10. Compressive strength of MK, DE, and MK-DE- modified UHPC mixtures cured under
MC curing regimen.
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Figure 11. Compressive strength of MK, DE, and MK-DE- modified UHPC mixtures cured under
WB curing regimen.

3.4.2. Effect of age on compressive strength of UHPC mixtures cured under both MC and
WB curing regimens

The ratios of compressive strength at 3, 7, and 56 days with respect to 28-day strength are depicted
in Figure 12. This assumes compressive strength at 28 days is 100% of all the UHPC mixtures
cured under both MC and WB curing regimens. The compressive strengths of all the mixtures
cured under MC and WB regimens increased with age, but at a reduced rate of increase. The reason
was that the reaction rate of cement hydration and the number of hydration products dominated
the early strength of concrete mixtures, and were gradually retarded and reduced with increasing
time [74].
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Figure 12. Relative gain of compressive strength with time in MC curing regimen.

When compared to all the mixtures cured under the MC regimen, the control mixture exhibited a
remarkable early age compressive strength at three days, achieving 73.9% of its 28-day
compressive strength. This was expected because FA reacts more quickly than MK and DE [8,
75]. It can also be observed from Figure 12 that FA in the control mixture contributes to later age
strength gain more than any other UHPC mixture that contain alternative SCM in this study. This
is attributed to the fact that, despite the slow pozzolanic reaction, FA can refine the microstructure
over the long term [76]. However, MK, DE, MK-DE modified UHPC mixtures showed significant
early strength development, reaching approximately 62%, 67%, and 62% of their 28-day
compressive strength in three days, respectively. After 28 days, there was a little strength gain (less
than 10%) in all the UHPC mixtures.

Under the WB regimen, 90% of the 28-day compressive strength was attained at three days in all
the mixtures except in DE modified UHPC mixture. DE modified UHPC mixture exhibited 88%
of its 28-day strength at three days. The reason for the greater compressive strengths at three days
in these mixtures can be attributed to accelerated hydration reactions and reduction in nanoscale
pores compared to specimens cured at ambient temperatures [77, 78, 79] and therefore, more
hydration products were available to fill up the micropores. Furthermore, it is interesting to note
that the 28-day compressive strength of the specimens produced from control UHPC mixture and
cured under WB regimen is only 11.3% greater when compared to the MC cured specimens at 28
days, while all the other three modified UHPC mixtures had only 5% greater strengths in WB
when compared to MC.

21



564
565
566
567
568
569
570
571
572
573

574
575
576
577
578
579
580

581
582
583
584
585
586
587
588
589
590
591

592

593
594

595
596
597
598
599

600
601
602

A one-way ANOVA test was performed to assess the statistical significance of the difference in
compressive strengths between specimens cured in MC and WB at the age of 56 days. However,
in terms of the 56-day compressive strengths, no statistically significant difference (p > 0.05) was
noted in compressive strength between the two curing regimens for all UHPC mixtures, except in
the case of the MK-modified UHPC mixture. This indicates that MK alleviated the potential
adverse effects of elevated temperatures on the properties of UHPC. The incorporation of MK
mitigates any detrimental impacts of heat treatment on the microstructure, eliminating any
observable interfacial transition zone (ITZ) between the aggregate and the matrix [80]. Hence,
based on the SCMs utilized in this research, it can be concluded that MK assists in mitigating
concerns such as thermal cracking, ensuring the long-term integrity of the concrete.

The convergence in compressive strengths observed in control, DE- and MK-DE modified UHPCs
at later ages between WB and MC regimens highlights a key factor in their similarity. The
accelerated hydration facilitated by WB curing at early ages is primarily attributed to elevated
temperatures. However, as time progresses, the influence of these heightened temperatures
gradually diminishes. By the 56" day, UHPC cured under both WB and MC methods has had
ample time to attain comparable strengths, as the temperature-related effects become less
pronounced.

This finding suggests that, from a sustainability perspective, the water bath curing regimen may
not be essential for longer curing ages. The reduced reliance on elevated temperatures in the later
stages of curing implies that more environmentally friendly or energy-efficient curing methods
could be explored without compromising the ultimate compressive strength of the UHPC. This not
only enhances the sustainability profile of the curing process but also opens avenues for the
adoption of practices that align with eco-friendly principles in the production of UHPC mixtures.
One of the energy-efficient curing methods could be combined curing, i.e., combination of short
term (three days) of WB and MC until the day of testing [81, 82]. This would help in accelerating
the pozzolanic reaction and enhanced microstructure of UHPC in the initial days as UHPC contains
a high concentration of cementitious materials and fine aggregates, which require thorough
hydration to achieve the desired mechanical properties.

3.4.3. Effect of specimen size on compressive strength of UHPC mixtures cured under both
MC and WB curing regimens

As the size of the specimen increases, the compressive strength tends to decrease due to the larger
volume being more likely to contain an element of low strength [83]. While there is ample research
available on the effects of specimen size on the compressive strength of conventional concrete,
limited data exists for UHPC mixtures. Therefore, the effect of specimen size on compressive
strength of UHPC was investigated in this study.

In this study, compressive strengths of 50 mm and 100 mm cube specimens were compared to
study the effect of specimen size on UHPC compressive strength (Figure 13). To enable a
straightforward comparison, ratios for the compressive strength ratios of 50 mm and 100 mm cubes
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from all the UHPC mixtures were computed and presented in Table 5. The ratios obtained in this
study were in consistent with the literature [84].

Statistical analyses have been conducted to assess the impact of specimen size using one-way
ANOVA. The results indicate a statistically significant difference (p < 0.05) in the compressive
strength of UHPC mixtures between 50 mm and 100 mm cube specimens. This difference holds
true irrespective of the SCM used, curing regimen, and the testing age.
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Figure 13. Compressive strength of 50 mm and 100 mm cube specimens cured under MC and
WB regimens for 3, 7, 28 and 56 days.
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Table 5. Compressive strength ratios of 50 mm to 100 mm cubes, for different UHPC mixtures
cured under MC and WB regimens, for 3, 7, 28, and 56 days.

. 3 days 7 days 28 days 56 days
Mixture
Designation MC WB MC WB MC WB MC WB
Control 1.09 1.10 1.08 1.08 1.09 1.09 1.09 1.10
MK 1.09 1.09 1.09 1.09 1.09 1.09 1.12 1.09
DE 1.11 1.21 1.08 1.24 1.10 1.17 1.09 1.12
MK-DE 1.10 1.08 1.09 1.09 1.09 1.08 1.09 1.09
3.5. Flexural Strength

Flexural tests were conducted on 75 mm x 100 mm x 400 mm prismatic UHPC specimens. From
these tests, various response parameters were obtained and analyzed. The load-deflection
relationship emerged as a critical metric, offering comprehensive insights into both pre- and post-
cracking behaviors of UHPC mixtures incorporating alternative SCMs. The average first peak
strength (modulus of rupture- MOR), peak strength, toughness, residual strengths at L/600 (f5,)
and L/150 (f{2,), and equivalent flexural strength ratios at L/600 (R o) and L/150 (R?50) of
all the UHPC mixtures were calculated and presented in Table 6.

Table 6. Flexural strength results from 75 mm x 100 mm x 400 mm prismatic UHPC specimens.

Curing Regimen MC WB
Mixture Control | MK DE MK-DE Control | MK DE MK-DE
First peak strength 7 day 10.1 9.4 8.4 9.3 9.6 9.3 8.3 9.1
(MPa) 28 day 10.9 9.8 8.9 10.2 10.2 11.7 10.5 11.3
Peak strength (MP3) 7 day 11.7 12.2 10.1 10.3 11.7 13.3 12 12.1
28 day 12 12.7 11.1 11.6 14.8 14.5 11.8 13
Toughness at 28 days | L/600 13 13.8 13 12.4 11.9 14.42 10.7 11.9
(Joules) L/150 49.9 49.3 48.6 52.5 46.3 48.4 39.4 38.4
Residual strengthat | 7 day 5.9 7.7 4.6 7.2 7.4 7.7 4.1 5
L/150 (MPa) 28 day 7 8.7 6.4 7.9 7.6 8 4.5 5.9
Residual strengthat | 7 day 10.7 11.4 9 11.2 10.2 12.8 8.5 9.9
L/600 (MPa) 28 day 11.4 11.9 11.2 11.8 11.3 14.1 10.3 10.2
Equivalent flexural 7 day 72.5 71.2 82.1 84.1 75.6 77.5 69.6 79.5
strength at L/150 (%)| 28 day 81.2 72.8 79.2 86.3 63.4 80.3 66 77.2
Equivalent flexural 7 day 82.4 83.5 84.7 90.5 83.2 83.4 78.7 88.7
strength at L/600 (%) | 28 day 85 84.1 83.8 92.6 67.8 86.8 76 82.5

Figure 14 shows the load-deflection curves for all the UHPC mixtures cured under MC and WB
curing regimen tested at seven and 28 days. Each load-deflection curve initiates with a steep linear
segment, signifying prominent initial stiffness. Following this, the curve demonstrates nonlinearity
until encountering the first cracking point, signifying a decline in initial stiffness due to the
formation of internal microcracks. At the first cracking point, the load-deflection curve
experienced a drop in all the mixtures, with a more pronounced decrease evident in specimens
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cured under MC regimen compared to those cured under WB. All the mixtures exhibited a smooth
tension stiffening region after the initiation of first crack with a deflection capacity beyond L/150.

0 0.2 0.4 0.6

40
=3
=
-]
©
]
|
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Net deflection (mm)
——Control, 7days ——Control, 28 days MK, 7 days
MK, 28 days ——DE, 7 days ——DE, 28 days
——MK-DE, 7days ——MK-DE, 28 days
(a)
=
=
=
(]
o
-1

0.8 1 1.2
Net deflection (mm)

1.4

1.6 1.8 2

Control, 7 days Control, 28 days MK, 7days
—— MK, 28 days —— DE, 7days —— DE, 28 days
——MK-DE, 7 days MK-DE 28 days
(b)

Figure 14. Load-deflection curves for (a) MC cured specimens at seven and 28 days (b) WB cured

specimens at seven and 28 days.

Figure 15 presents the main flexural properties first peak strength (MOR) and peak strength. In
terms of MOR values, the control UHPC mixture performed better than the modified UHPC
mixtures. The greatest MOR values of 10.13 MPa and 10.92 MPa at seven and 28 days,
respectively, were obtained by the control mixture cured under MC regimen. On the other hand,
DE modified UHPC exhibited the lowest MOR values under MC curing regimen. DE modified
UHPC cured under MC regimen resulted in the reduction of MOR by 17.5% and 14.9% at seven
and 28 days, respectively when compared to control UHPC mixture.
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All the mixtures cured under both MC and WB curing regimens exhibited greater MOR values at
28 days compared to those at seven days (Figure 15). The WB curing regimen resulted in a
decrease in the MOR values at seven days compared to 28 days for all mixtures, with values
marginally lower than those cured under the MC regimen. In contrast, at 28 days, when cured
under WB, there was a substantial increase in the MOR values in all the mixtures except the control
mixture. MOR values of MK, DE, and MK-DE modified mixtures were 17.65%, 16.75%, and
9.61% greater when compared to those cured under MC regimen. The initial decrease in MOR
values at 7 days under WB curing compared to MC regimen may be attributed to slower hydration
rates and potential drying of samples, while the subsequent increase in MOR values at 28 days
under WB curing suggests enhanced microstructure strengthening through prolonged hydration
[85, 86]. However, the control mixture exhibited marginally lower MOR value at 28 days in WB
curing compared to MC regimen. This can be attributed to slower pozzolanic reactivity and less
efficient hydration kinetics inherent to FA [87], whereas the greater MOR values exhibited by
UHPC mixtures containing MK or DE in WB curing might be the result of their higher pozzolanic
reactivity and finer particle sizes, which facilitate enhanced flexural strength [30, 65].

Figure 15. Comparison of seven and 28-day (a) first peak strength (MOR) and (b) peak strengths
of control, MK, DE, and MK-DE modified UHPC mixtures cured under MC and WB regimens.

This significant improvement in MOR values can be attributed to the enhanced microstructure of
the UHPC mixture resulting from the hydration of both MK and DE at later ages. The peak
strengths at seven and 28 days of all four UHPC mixtures cured under MC and WB regimens were
depicted in Figure 15 (b). All the WB cured UHPC specimens had greater peak strengths than the
MC cured specimens. The greatest peak strength of 14.8 MPa was exhibited by control UHPC
mixture at 28 days when cured under WB curing regimen followed by MK modified UHPC. DE
modified UHPC exhibited the lowest peak strengths when compared to control UHPC mixture by
14.9% and 8% at seven and 28 days respectively under MC curing regimen.

The residual strengths at deflections L/600 (f5,) and L/150, deflections ( fi2,) were depicted in
Figure 16. Among all the mixtures, MK modified UHPC cured under WB regimen for 28 days
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exhibited greatest residual strengths of 14 MPa and 8 MPa at L/600 and L/150 deflections,
respectively, with DE modified UHPC being the least. As in the case of MOR, there is no
improvement in residual strengths of control mixture when cured under WB. Similarly, the WB
cured UHPC mixtures containing DE displayed residual strengths lower than those of the MC
cured DE modified UHPC at seven and 28 days. This trend suggests that the presence of DE does
not contribute positively in terms of residual strengths.

Figure 16. Residual flexural strength (a) at L/600 deflection; and (b) at L/150 deflection.

3.6. Toughness

To properly understand the energy absorption capacity of UHPC mixtures produced with different
SCMs and cured under MC and WB curing regimens, toughness values were calculated for all the
developed mixtures at deflections L/600 and L/150 and are presented in Figure 17. At L/600
deflection, MK modified UHPC showed better performance than the control UHPC mixture by
6% and 14.4% in MC and WB curing regimens, respectively, while, MK-DE modified UHPC had
the least toughness values at L/600. However, at deflection of L/150, the MK-DE modified UHPC
mixture, cured under MC regimen, exhibited the greatest toughness value of 52.5 Joules at 28 days,
which is 5% greater than that of the control UHPC mixture. Both MK and DE modified UHPC
mixtures showed toughness values similar to the control UHPC mixtures at 28 days cured under
MC curing regimen, with decreases of 1.2% and 2.6%, respectively. Whereas, in the WB curing
regimen, at 28 days, MK-DE modified UHPC mixtures exhibited the lowest toughness value, with
the DE modified UHPC mixture following closely. This suggests that DE has a negative effect on
toughness when cured under WB conditions.
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Figure 17. Toughness of UHPC mixtures at 28 days measured at L/600 and L/150 deflections.

3.7. Equivalent flexural strength ratios

Equivalent flexural strength ratios (R7.,,) were calculated in accordance with ASTM 1609 [48] to
further characterizing the flexural performance of UHPC mixtures containing alternative SCMs:

nTp
RR, = ——.100%
" f,bd?

where, n = deflection ratio corresponding to the toughness measured (e.g., 150 at the deflection of
L/150), T;? = toughness measured at deflection of L/n, fp 1s the peak strength, and b and d are the
cross-sectional dimensions of the prismatic specimen.

The ratio obtained offers a standardized measure of the relative flexural strength retained post-
cracking at a specified deflection level. For instance, for control UHPC mixture, cured for 28 days
under MC curing regimen, the RP? ;5o value is 81.2%. This indicates that 81.2% of the peak
strength was still present at the deflection corresponding to L/150 deflection. Figure 18(a) and
Figure 18(b) depicts the equivalent flexural strength ratios calculated at deflections corresponding
to L/600 and L/150, respectively, for all the mixtures cured under MC and WB regimens. The
R? 600 and R?,150 ratios are the highest for MC cured MK-DE modified UHPC mixture at 28 days,
and the lowest for WB cured control UHPC mixture at 28 days. MK-DE modified UHPC mixture
performed better than the control UHPC mixture in both the curing regimens, at both seven and
28 days at both the deflections except in the case of WB cured MK- modified UHPC at 28days.
Moreover, at 28 days, MK modified UHPC cured under WB cuing regimen showed better
performance than any other UHPC mixtures while DE modified UHPC mixture had the least
equivalent flexural strength ratios. This trend persisted even at seven days, where the DE modified
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UHPC mixture exhibited lower values than any other UHPC mixtures. These results suggest that
WB curing has a detrimental effect on the flexural strength of DE modified UHPC.

Figure 18. Equivalent flexural strengths (a) at L/600 deflection, and (b) at L/150 deflection.

3.8. Splitting tensile strength and modulus of elasticity of UHPC mixtures

100 mm x 200 mm cylindrical specimens for all the four UHPC mixtures, cured under MC curing
regimen, were tested at 28 days to evaluate their splitting tensile strength (Table 7). The control
UHPC mixture exhibited the greatest splitting tensile strength of 9.92 MPa. However, the MK
modified UHPC mixture showed a decrease of 8.31% when compared to the control UHPC
mixture (p < 0.05). Similar finding was reported by Ahmed et.al [60], that the addition of MK
reduced the splitting tensile strength of the modified UHPC. This reduction can be attributed to
the low w/cm ratio and the low specific surface area of MK, which are known to affect the split
tensile strength negatively [88] . Furthermore, the split tensile strength of the DE modified UHPC
decreased by 16.5% compared to the control mixture. This reduction in tensile strength is linked
to the concrete's lower workability, which can result in a less compact UHPC mixture, ultimately
leading to lower tensile strength [38]. In contrast, this decrease was only 8.7% in MK-DE modified
UHPC mixture when compared to control mixture.

Table 7 displays the average Poisson ratio and modulus of elasticity values for the UHPC mixtures
developed in this study following 28 days of moist curing. Among these, the control UHPC
exhibited the greatest modulus of elasticity value of 36,542 MPa with a Poisson's ratio of 0.22.
MK-DE mixture exhibited modulus of elasticity and Poisson’s values similar to those of control
mixture. In contrast, the DE modified UHPC exhibited a relatively lower modulus of elasticity
(33,784 MPa), demonstrating a reduction of 8% compared to the control mixture.
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Table 7. Effect of split tensile strength, Poisson ratio, and modulus of elasticity of UHPC mixtures.

Split tensile Modulus
Mixture strength Poisson’s ratio of Elasticity
(MPa) (MPa)
Control 9.93 0.22 36,542
MK 9.14 0.21 35,853
DE 8.41 0.20 33,784
MK-DE 9.10 0.21 35,853

3.9. Innovation and limitations

This study presents a significant advancement in the development of sustainable and non-
proprietary UHPC by replacing traditional SCMs such as SF and FA with MK and DE. The
innovative aspect lies in the successful complete replacement of FA with MK or DE and the
combined replacement of both SF and FA using MK and DE. This approach addresses key
challenges, including the high cost of SF and the declining availability of FA, while improving the
environmental footprint of UHPC. The results demonstrate that MK and DE can maintain
comparable mechanical properties to control mixtures, with MK proving particularly effective in
enhancing long-term compressive strength under different curing conditions.

However, the research also revealed certain limitations. For example, while the MK-DE modified
UHPC exhibited promising compressive strength, the DE-modified mixtures experienced
reductions in toughness and splitting tensile strength, highlighting that DE may not perform as
well as MK in terms of energy absorption and tensile performance. Additionally, the need for
increased dosages of HRWRA to maintain flowability in MK and DE-modified mixtures may
present practical challenges in large-scale applications. Furthermore, while WB curing accelerated
early-age strength development, its long-term benefits diminished over time, raising questions
about its necessity for sustainable construction practices. Despite these limitations, the study
underscores the potential of MK and DE to serve as cost-effective, eco-friendly SCMs in UHPC
formulations, paving the way for further optimization and investigation into their full potential in
various construction applications.

4. Conclusions

This study explores the potential of MK and DE as sustainable and cost-effective alternatives to
SF and FA in UHPC. The key findings are summarized below:

Objective Achievement: The complete replacement of FA with MK or DE and the combined
replacement of both SF and FA using MK-DE mixtures were successfully achieved, addressing
the challenges of high SF costs and declining FA availability.

Material Characterization: Thermogravimetric analysis indicated that MK, with its high thermal
stability and pozzolanic reactivity, is a promising alternative to SF, while DE, with its high silica
content, offers potential as a sustainable FA substitute.
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Rheological and Mechanical Performance: Rheological analysis revealed that MK and DE
increased the apparent viscosity of UHPC mixtures while reducing yield stress, suggesting altered
flow characteristics. Despite this, the modified mixtures maintained compatibility with standard
rheological models. MK-DE mixtures exhibited enhanced compressive strength under moist
curing conditions, achieving values similar to or exceeding the control mixture at 28 and 56 days.
Flexural and tensile properties varied, with MK-modified mixtures generally outperforming DE-
modified ones in toughness and modulus of rupture (MOR).

Sustainability Implications: The use of MK and DE reduced reliance on conventional SCMs,
contributing to cost reduction and environmental sustainability. Increased HRWRA dosages were
required for these mixtures to maintain workability.

Curing Effects: While warm bath curing accelerated early-age strength development, its benefits
diminished over time. Moist curing provided comparable long-term strength, suggesting potential
for more energy-efficient curing methods. Warm bath curing is not required unless early-age
strength is a priority.

This study introduces a non-proprietary approach to UHPC design using MK and DE, paving the
way for more sustainable and economical construction materials. Future studies should explore
optimizing these formulations to further enhance mechanical performance and durability.
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