% CivilEng

Article

Evaluation of Non-Proprietary Ultra-High-Performance Concrete
(UHPCQO) to Resistance of Freeze-Thaw

Raid S. Alrashidi "*(7, Megan S. Voss (7, Ali Alsubeai !, Emad Alshammari 3 and Kyle A. Riding *

check for
updates

Academic Editor: Angelo Luongo

Received: 3 July 2025
Revised: 26 September 2025
Accepted: 13 October 2025
Published: 23 October 2025

Citation: Alrashidi, R.S.; Voss, M.S.;
Alsubeai, A.; Alshammari, E.; Riding,
K.A. Evaluation of Non-Proprietary

Ultra-High-Performance Concrete

(UHPC) to Resistance of Freeze-Thaw.

CivilEng 2025, 6,57. https://doi.org/
10.3390/ civileng6040057

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

Civil Engineering Department, Jubail Industrial College, Royal Commission for Jubail and Yanbu,

Jubail Industrial City 31961, Saudi Arabia; subeaia@rcjy.edu.sa

School of Engineering and Computer Science, University of Evansville, 1800 Lincoln Ave.,

Evansville, IN 47722, USA; mv110@evansville.edu

Department of Civil Engineering, University of Hail, Hail 55476, Saudi Arabia; emad.alshammari@uoh.edu.sa
Engineering School of Sustainable Infrastructure & Environment, University of Florida, 1949 Stadium Road,
Gainesville, FL 32611, USA; kyle.riding@essie.ufl.edu

Correspondence: rashidira@rcjy.edu.sa

Abstract

UHPC has been found to have excellent freeze—thaw durability in cold regions. Previous
UHPC testing performed has mostly focused on concrete with compressive strength above
21 ksi (145 MPa). In this study, testing was conducted to determine at what strength level
concrete transitions to provide excellent freeze-thaw (F-T) performance. Non-proprietary
concrete samples were made for freeze—thaw durability from four different concrete mixture
designs: 12-15 ksi, 15-18 ksi, 18-21 ksi, and 21+ ksi (83-145+ MPa), and these were tested
according to ASTM C666, using 1.5% steel fibers. The samples were made for three
different curing regimens: limewater curing in a fog room, simulated precast curing, and
steam curing. Low-temperature differential scanning calorimetry (DSC) and mercury
intrusion porosimetry (MIP) tests were carried out to reveal the freeze-thaw mechanism
of the concrete samples. All mixtures with compressive strength above 15 ksi (103 MPa)
performed excellent in freeze-thaw testing with no damage seen. Steam curing was found
to negatively affect the freeze-thaw performance at the lowest strength level tested.

Keywords: ultra-high-performance concrete (UHPC); freeze-thaw; steam curing;; steel fibers

1. Introduction

Due to very low connected porosity of ultra-high-performance concrete (UHPC), it
is reported to have excellent performance against deterioration mechanisms that involve
water or ion ingress into concrete, including freeze—thaw deterioration [1,2].

In conventional concretes, freeze-thaw resistance is typically enhanced by modifying
the air-void system. Traditional air-entraining agents (AEAs) generate stable micro-bubbles,
while polymeric microspheres have more recently been used to provide uniform and
thermo-stable voids. Several studies have examined the microstructural evolution of such
systems during cyclic freeze-thaw damage using mercury intrusion porosimetry (MIP) and
micro-CT imaging. These works show that the presence and stability of the void system
are critical to durability [3-5]. However, air entrainment is precluded from being used in
UHPC because it would unacceptably reduce its strength. In contrast to normal-strength
concrete without air entrainment, UHPC has been shown to have excellent freeze—thaw
durability. The low permeability and porosity of UHPC are thought to keep the concrete
from becoming critically saturated [6].
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Several studies have been conducted to investigate the freeze-thaw performance of
UHPC. Ahlborn et al. performed freeze-thaw cycling on UHPC in accordance with ASTM
C666, Procedure B (freezing in air, thawing in water) for 300 cycles with no degradation
measured [7]. Similarly, Acker and Behloul reported that UHPC showed no degradation
after 400 cycles of freezing and thawing [8]. Russell and Graybeal showed that both un-
treated and steam cured UHPC specimens showed at least a 96% relative dynamic modulus
of elasticity after 690 cycles of freeze-thaw, conducted according to ASTM C666 Procedure
A when freezing and thawing in water [9]. Another study measured the resistance of
UHPC to freeze—-thaw in the presence of a NaCl solution, conducted according to CEN/TS
12390-9, that showed an extremely low mass loss after 112 freeze-thaw cycles [10]. An-
other study performed on UHPC with 2.5% steel fibers found a 15.8% increase in loading
capacity after 600 freeze and thaw cycles [11]. Freeze—thaw testing of concrete made with
locally produced materials having a 14,100 psi (97 MPa) of compressive strength showed
no freeze-thaw damage up to 600 cycles. Between 600 and 1500 cycles, minor damage
was observed, resulting in exposed steel fibers and reduced first-cracking strength [12].
UHPC specimens with compressive strengths ranging from 18 ksi (124 MPa) (ambient
cured) to 28 ksi (193 MPa) (steam cured) showed high resistance to freeze-thaw and scaling.
Durability testing confirmed that UHPC with strengths above 18 ksi maintained integrity
under F-T cycles [13]. UHPC specimens with compressive strengths exceeding ~21.7 ksi
(150 MPa) retained over 90% RDME after 600 F-T cycles, indicating excellent durability,
while normal-strength concrete showed only 55% RDME under the same conditions [11].

UHPC has been found to have excellent field durability in cold climates. At the
Cattenom power plant in France, UHPC was used to replace some of its beams. After six
years of exposure in the aggressive environment with natural freeze-thaw cycles, there was
no noticeable degradation of the beams [14]. In another case, UHPC samples were cured at
lab temperature for a week, followed by heat curing at 194 °F (90 °C) for 4 days in water
and 2 days in air, after which they were placed at the Treat Island, Maine exposure site
maintained by the U.S. Army Corps of Engineers. Tide levels vary by as much as 22 feet at
this site, with the temperature during the winter ranging from —10 °F to —37 °F (23 °C to
—38 °C), making this site an ideal place to test UHPC performance. After several years of
exposure and hundreds of freeze—thaw cycles, no evidence of deterioration or mass loss
was seen on any samples [15].

ASTM C1856 requires UHPC freeze-thaw testing to be conducted according to ASTM
C666 Procedure A for at least 300 cycles or until its relative dynamic modulus of elasticity
reaches 90% [16]. ASTM C666 requires the concrete to be cured in limewater for 14 days
before testing, or 2 days if saw-cut from hardened concrete [17]. No changes are recom-
mended for UHPC curing or saturation level. If UHPC freeze-thaw durability comes from
a low degree of saturation, this may not be reliable in the long term.

While theories exist on the mechanism responsible for UHPC freeze—thaw durability,
testing is needed to validate these theories. This will provide guidance to mixture design
and test methods required for freeze—thaw performance. Previous UHPC testing performed
to date has mostly focused on concrete with compressive strength above 21 ksi (145 MPa).
It is also not known at what strength level UHPC transitions to excellent freeze—thaw
performance. Therefore, in this study, testing was conducted to determine if this excellent
performance extended to the lower strength levels ranging from high performance to
ultra-high-performance concrete.

In this study, four non-proprietary UHPC mixtures with different mixture proportions,
including different water-cementitious material ratios (w/cm), were made to test the per-
formance of UHPC against freeze—thaw cycling. The mixtures were designed for multiple
strength classes and curing methods to determine how mixture design components, com-
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pressive strength, and curing methods affected the concrete F-T resistance. Samples for
freeze-thaw durability were made and tested using 1.5% steel fibers for all the different
strength classes tested [18]. The samples were tested for up to 330 cycles to determine at
which strength level the UHPC F-T performance becomes acceptable without the use of
air entrainment. Low-temperature differential scanning calorimetry (DSC) and mercury
intrusion porosimetry (MIP) tests were also used to reveal the freeze-thaw mechanism of
the concrete samples.

2. Materials and Methods
2.1. UHPC Materials

A natural siliceous, locally available, fine masonry sand was procured for use in this
project from Edgar Minerals. The specific gravity and absorption as shown in Table 1 were
measured according to ASTM C128 [19]. The particle size distribution as shown in Table 2
was measured according to ASTM C136 [20]. The fineness modulus of the sand was found
to be 1.40.

Table 1. Fine aggregate relative density and absorption.

Property Value
Relative Density (Specific Gravity) (Oven Dry) 2.63
Relative Density (Specific Gravity) (Saturated Surface Dry) 2.64
Apparent Relative Density (Specific Gravity) 2.66
Absorption 0.20%

Table 2. Fine aggregate particle size distribution.

Sieve Size Percent Retained Cumulative Percent Retained

No. 4 0.0 0.0

No. 8 0.1 0.1

No. 16 0.4 0.5

No. 30 3.7 4.2

No. 50 37.1 414

No. 100 52.7 94.1

No. 200 5.6 99.7
Pan 0.3 100.0

Steel fibers are the predominant fibers used in UHPC mixtures due to their high
modulus, strength, and ductility. Bekaert straight fibers were used with the properties
shown in Table 3.

Table 3. Fiber properties.

Parameter Bekaert Fibers
Diameter 0.008 in. (0.2 mm)
Length 0.5 in. (13 mm)

Coating brass
Shape straight
Aspect Ratio 65
Strength 377.1 ksi (2600 MPa)

Two types of cements and various types of supplementary cementitious materials
(SCMs) were used in this project. Because the focus of this project involved the use of
locally available materials in non-proprietary UHPC, an ASTM C150 Type III cement [21],
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an ASTM C595 type IL cement [22], and an ASTM C989 slag cement (slag) [23] were
procured. An ASTM C1240 dark gray silica fume [24], an ASTM C1240 white silica fume,
and silica flour were also used. The particle size distributions of the cements and the
cementitious materials were determined using laser particle size analysis as shown in
Figure 1. The silica fume was sonicated for 7.5 min prior to testing and showed a bimodal
distribution which is likely due to incomplete breakdown of the densified silica fume
agglomerates [25]. The chemical composition of the cementitious materials was determined
using a Rigaku Supermini X-ray fluorescence (XRF) [26]. Glass beads were made from the
samples and used in the XRF testing. Table 4 shows the XRF results. The phases present
in the cements were quantified using X-ray diffraction (XRD) as shown in Table 5. The
XRD scan was performed using Cu Ko. radiation and a 20 step size of 0.008° lasting 10 s
per step. The current used was 40 mA, and the voltage used was 45 kV. For the Rietveld
refinement analysis, the Profex software was used to determine the percentage of each of
the crystalline phases present in the cement.

100
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e White Silica Fume = - Silica Flour = Type III Cement
Figure 1. Particle size distribution.
Table 4. Cements and SCMs and their chemical composition as measured by XRF (%).
Chemical Oxide Cement IL Cement III Slag Silica Fume White Silica Fume Silica Flour
5i0, 18.82 20 34.79 80.45 96.49 98.88
TiO, 0.22 0.22 0.64 0.02 0.02 0.01
Al O3 4.79 4.90 13.17 0.48 1.37 0.17
Fe;O3 3.10 3.30 0.78 4.78 0.16 0.01
MnO 0.06 0.13 0.32 0.44 0.00 0.01
MgO 0.80 1.0 4.66 10.43 0.01 0.01
CaO 62.85 63.30 43.71 0.95 0.00 0.01
Na,O 0.08 0.12 0.19 0.18 0.07 0.01
KO 0.25 0.38 0.41 0.77 0.02 0.02
P,0s5 0.41 0.49 0.04 0.03 0.23 0.01
SO3 3.02 3.70 3.00 0.07 0.00 0.01
Zn0, 0.00 0.05 0.00 0.00 0.43 0.00
LOI 5.45 2.44 0.02 2.93 0.66 0.27
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Table 5. Cement phase composition as measured by XRD (%).
Phase Type IL Cement Type III Cement

Alite 443 53

Belite 23.2 16.4
Aluminate 42 4.1

Ferrite 11.2 13.8
Bassanite 0.5 5.2
Gypsum 5.1 1.1
Calcite 11.7 2.3
Anhydrite - 1.6
Arcanite - 0.5
Syngenite - 0.9
Thenardite - 0.5
Quartz - 0.6

2.2. UHPC Mixture Design and Curing Methods

Twenty-four samples were made and analyzed for freeze-thaw testing from four
different mixture designs with four different strength classes that ranged from 12 ksi to
21+ ksi (83-145+ MPa). Type III cement was only used for the 21+ ksi (145+ MPa) mixture
to improve particle packing and achieve higher strength. Seventy-five percent of the water
used for this mixture was ice to offset the temperature rise expected from the high mixing
energy used. The mixture designs used were named for their target strengths in ksi and the
mixture proportions for the mixtures with strengths of up to 21 ksi are provided in Table 6,
while Table 7 shows specimens with mixture classes above 21 ksi. The admixture water
contents were included in the w/cm calculations. The mixture made with 0.40 w/cm was
only used for the low-temperature DSC and MIP experiments.

Table 6. Mixture proportions for lower strength mixtures.

; 0.40 w/cm 12-15 ksi 15-18 ksi 18-21 ksi
Material Ib/yd? (kg/m?) 1b/yd? (kg/m3) 1b/yd? (kg/m?) 1b/yd? (kg/m?)
Fine Masonry Sand 2628 (1559) 1856 (1101) 1815 (1077) 1588 (942)
Cement IL 955 (567) 1583 (939) 1404 (833) 1597 (947)
Slag - - 272 (161) 309 (183)
Silica Fume - 83 (49) 136 (81) 155 (92)
Water 382 (227) 417 (247) 362 (215) 335 (199)
HRWR admixture ! - 10.9 (6.5) 16.4 (9.7) 30.9 (18.3)
WRER admixture 2 - 10.9 (6.5) 16.4 (9.7) 30.9 (18.3)
Surface-enhancing admixture - 2.1(1.2) 3.4 (2.0) 5.2(3.1)
Total Cementitious Material 955 (567) 1666 (988) 1812 (1075) 2061 (1222)
Fines-to-Sand Ratio 0.36 0.9 1.0 1.3
w/cm 0.40 0.25 0.20 0.1625

! high-range water-reducing; > water-reducing and workability-retaining.

For the freeze-thaw testing, all of the UHPC batches used 1.5% steel fibers by volume.
Additionally, 1.5% steel fiber was identified as the optimal dosage for balancing workability,
interfacial bond strength, and freeze-thaw resistance [18]. A large pan mixer with orbital
mixing action was used to make the UHPC for freeze-thaw tests. The samples were
removed from the molds at 24 & 2 h after mixing and cured using three different methods:
limewater curing in a fog room at lab temperature after demolding at 24 h, steam curing
following demolding at 24 h, and precast curing during the first 24 h. The limewater-cured
samples were put in a limewater bath in a moist curing room meeting ASTM C511 [27]
that was kept at 70-77 °F (21-25 °C) and above 95% relative humidity after demolding.
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After demolding at 24 h, the steam-cured specimens were placed in a covered pan above
water and put in an oven with a set temperature of 194 °F (90 °C) for two days of steam
curing, followed by curing in limewater in the moist room until testing. Duct tape was
used to seal the cover to the pan and prevent the samples from drying out without allowing
pressure to build up in the pan. The precast-cured specimens followed a regimen intended
to simulate the temperature development of a beam made in a precast facility. The high
heat of hydration provided by the high cementitious material content can significantly heat
up the beam during curing, accelerating the curing and changing the concrete properties.
Specimens cured using the precast curing method were first cured in their molds at lab
temperature for 4 h. After 4 h, they were placed in a covered pan, while they were still in
their molds, in an oven with a temperature of 158 °F (70 °C). They were then removed at
22 h of age from the oven, demolded, and placed in the limewater in the moist curing room
until they were ready for testing. Figure 2 shows target temperatures with the time for the
three curing regimes. Two samples were made for each curing method, giving six samples
per mixture design tested in freeze—thaw.

Table 7. Mixture proportions for specimens with strength greater than 21 ksi.

R 21+ ksi
Material Ib/yd® (kg/m®3)
Fine Masonry Sand 1361 (807)
Cement, Type III 1477 (876)
Silica Flour 369 (219)
White Silica Fume 369 (219)
Water ! 288 (171)
HRWR admixture 46.1 (27.4)
WRWR admixture 40.4 (24.0)
Corrosion inhibitor admixture 23.1 (13.7)
Total Cementitious Material 2215 (1314)
Fines-to-Sand Ratio 1.63
w/cm 2 0.13

1759% of the water by mass was added as ice; 2 silica flour is included as cementitious material.

250 A
200 - P = "
e | i
\3/150 | I |
% : Y 1
: .
g 100 n '-:.
= 1 1
50 -
0 T T T 1
0 24 48 72 96
Time from mixing (hours)
—— Lime curing ~ -eeeeeee Precast curing — - = Steam curing

Figure 2. Target temperatures with time for the three curing regimes.
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Samples were made for low-temperature differential scanning calorimetry (DSC) from
the same mixture designs used for freeze-thaw tests to determine the temperature at which
water freezes in UHPC pores and to determine if the freezing point depression is sufficient
to prevent ice formation at temperatures experienced by UHPC in service. A mortar mixture
was also made at a 0.40 w/cm for comparison. Companion samples to those evaluated
with differential scanning calorimetry were evaluated with mercury intrusion porosimetry
(MIP). For the low-temperature DSC testing, all the mixtures used the mixture proportions
shown in Tables 6 and 7, and they were made in a mortar mixer meeting ASTM C305 [28]
with a batch size of 0.05 ft> (0.0014 m?) with no fibers. The material properties of the fine
aggregate used are given in Table 1. After mixing, 2 X 4 in. (50 x 100 mm) molds were
filled and cured using the same three types of curing used for the freeze-thaw samples.
The samples were stored in limewater until they reached 14 days of age to give equivalent
curing to that of the freeze-thaw samples. The same 2 x 4 in. (50 x 100 mm) cylindrical
specimens were sampled for both DSC and MIP.

2.3. UHPC Testing Methodology
2.3.1. Compressive Strength

The UHPC mixtures were designed to range in compressive strength from 12 ksi to
over 21 ksi at 28 days in order to investigate how the F-T performance would be impacted.
The compressive strength was measured according to ASTM C39 with a load rate of
35+ 7 psi/s (0.25 £ 0.05 MPa/s) for samples that were expected to have a compressive
strength below 17 ksi (120 MPa) [29]. ASTM C1856 was followed with a load rate of
145 + 7 psi/s (1.0 £ 0.05 MPa/s) for samples that were expected to have a compressive
strength above 17 ksi (120 MPa) [16]. Three specimens with a dimension of 3 x 6 in.
(75 x 150 mm) for each strength class and curing method were tested at 14 days to follow
the same curing age for the F-T samples.

2.3.2. Freeze-Thaw Testing

ASTM C666 Procedure A was used to determine the resistance of concrete specimens
to repeated cycles of freeze-thaw [17]. Two 3 x 4 x 16 in. (75 x 100 x 400 mm) concrete
specimens were made for each curing method for each UHPC mixture.

Prior to testing, the specimens were brought to a temperature within —2 °F and +4 °F
(—=1°Cand +2 °C) of the target thaw temperature of 39 °F (4 °C), and tested for fundamental
transverse frequency according to ASTM C215 [30]. The specimens were then weighed,
and the cross-section dimensions were measured. The specimens were then placed in the
stainless-steel trays used to hold the samples during freeze-thaw testing, with clean water
added to cover the specimens from all sides.

A 0.04 to 0.12 in. (1 to 3 mm) water-filled space was maintained around all sides of
the specimens during testing. The specimens were removed from the machine during
thawing every 33 cycles, and the transverse frequencies were measured after weighing.
The specimens were then returned to the machine to continue testing until they reached
the target of 330 cycles. The concrete relative dynamic modulus of elasticity (RDME) was
calculated using Equation (1) [17].

2
Py = (”N) x 100 (1)
o
where Py is the relative dynamic modulus of elasticity at N cycles (%), ny is the resonant
frequency at N cycles of freezing and thawing (Hz), and n is the resonant frequency at 0

cycles of freezing and thawing (Hz).
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2.3.3. Low-Temperature DSC Testing

After the DSC samples were cured, they were cut into ~0.2 x 0.2 x 0.04in. (~5 X 5 x 1 mm)
thick samples to fill the crucible. Prior to testing, the samples were weighed, and silver
iodide was sprinkled on top as an ice nucleation agent [31]. The samples’ temperature
profile cycled from +15 °C to —60 °C and back to +15 °C at a rate of 1 °C per min.

The samples were tested using low-temperature differential scanning calorimetry
(DSC) to determine the temperature at which water freezes in UHPC to test the hypothesis
that the pores in UHPC are too small for the water in them to freeze at temperatures used
in freeze-thaw testing. DSC is a thermal analysis technique in which the heat flow into or
out of a sample is measured. When the water freezes (exothermic phase transition) inside
the sample pores, the phase change is measured as heat flowing out of the sample. The
pore size at which a freezing event is occurring after 1 cycle of freezing can be calculated

using Equation (2) [31,32].

64.67

where 7, is pores radius in nm, and AT is the change in liquid-freezing temperature or the
freezing point depression or undercooling from the liquid being in the pores.

2.3.4. Mercury Intrusion Porosimetry (MIP) Testing

MIP was performed for all of the DSC samples. For each curing method, the
samples were cut into small pieces using a wafer saw with maximum dimensions of
0.12 x 0.98 x 0.391in. (3 x 25 x 10 mm). After that, the samples were immersed in a
2 x 4in. (50 x 100 mm) plastic container with isopropanol for 7 days. Solvent exchange
with isopropanol was used to remove any water in the pores. After the samples were
immersed in isopropanol, the samples were placed in a vacuum desiccator to remove
the isopropanol and store the samples without carbonation until testing. The testing was
conducted using a Quantachrome PoreMaster 60 at a pressure range of 135 kPa to 415
MPa. The relationship between the pore size and the applied pressure is given by the
Washburn equation. The surface tension of mercury 7y used was 0.48 N/m. The contact
angle 0 was assumed to be 120° based on the work presented by Muller and Scrivener
using a comparison between MIP results and NMR relaxometry [33].

3. Results and Discussion
3.1. Compressive Strength

The average compressive strength, standard deviation, and coefficient of variation
for each mixture are presented in Table 8. p-values were also calculated from 2-factor
t-tests comparing compressive strength results of each sample group to each other group.
p-values of less than 0.05 were obtained, showing that the curing methods had a significant
impact on compressive strength. Even though the mixtures were designed to meet the
strength target for 28 days of curing, most of the limewater-cured samples and all the
steam-cured samples met the target strength at 14 days. The steam curing increased the
compressive strength for all mixtures except for the lowest strength class mixture. The
precast curing lowered the concrete strength for all mixtures, showing the importance of
the pre-curing before steam curing in forming a good microstructure [34]. Also, the precast
curing may accelerate hydration unevenly, leading to microstructural inconsistencies that
reduce compressive strength [34].
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Table 8. Average compressive strengths for each mixture.

Mix Target Curing Strength Std. Devw. cov
(ksi) psi (MPa) psi (MPa)

Limewater 13,820 (95.3) 1345 (9.3) 9.74%

12-15 Steam 12,430 (85.7) 2392 (16.5) 19.24%

Precast 12,700 (87.6) 1358 (9.4) 10.69%

Limewater 16,960 (117.0) 525 (3.6) 3.10%

15-18 Steam 18,190 (125.4) 1307 (9.0) 7.19%

Precast 13,680 (94.3) 555 (3.8) 4.06%

Limewater 16,460 (113.5) 746 (5.1) 4.53%

18-21 Steam 18,440 (127.2) 1912 (13.2) 10.37%

Precast 13,990 (96.5) 1111 (7.7) 7.94%

Limewater 19,880 (137.1) 1696 (11.7) 8.53%

21+ Steam 22,100 (152.4) 761 (5.2) 3.45%

Precast 16,310 (112.5) 1773 (12.0) 10.87%

3.2. Freeze-Thaw Testing

ASTM C666 [17] was followed to study the freeze-thaw durability of concrete made
for four different strength classes and three different curing methods. The UHPC relative
dynamic modulus of elasticity (RDME) with increasing cycles is shown in Figure 3, and the
mass change is shown in Figure 4. After 330 cycles, the 12 ksi mixture showed higher mass
gains of 0.03%, 0.25%, and 0.44% for the limewater-cured, steam-cured, and precast-cured
samples, respectively. This could indicate internal cracks that absorbed water during the
testing [35]. The relative dynamic modulus was observed to increase at least slightly for
all mixtures cured in limewater. This expected increase is because of increased hydration
with exposure to moisture during the test and is in agreement with experimental results
found by others [35-37]. The steam-cured samples showed the lowest values with cycling
because the steam curing likely increased the degree of reaction, leaving less space available
for additional hydration. The precast-cured samples showed RDME in between that
of the limewater-cured and steam-cured samples. The steam-cured specimens for the
lowest strength class started to show a decrease in the relative dynamic modulus by
165 freeze—thaw cycles, and were close to falling below the ASTM C1856 limit of 90% at the
300 cycles [16]. This was manifest visually as some light surface scaling. Figure 5 shows a
picture of a 12 ksi steam-cured sample at the end of testing, clearly showing surface scaling.
The 12 ksi samples had the highest initial water content: 15%, 24%, and 45% higher than
the 15 ksi, 18 ksi, and 21+ ksi samples, respectively. The surface scaling might be from an
interfacial layer, high in cementitious material, between the UHPC and the sides of the mold
that formed during placement that is vulnerable to scaling. A study by Lee Ming showed a
similar trend to this observation as they found that when compared to samples that had
undergone standard curing, the steam-cured samples had slightly lower relative dynamic
modulus [38,39]. Another study performed by Graybeal showed that the RDME decreased
slightly for the steam-treated specimens compared to a significant increase for the untreated
specimens, as the untreated UHPC had more unhydrated cementitious particles and space
available for continued hydration [40]. In general, this indicates that the steam-cured
samples exhibited higher levels of hydration before testing.

3.3. Low-Temperature DSC Testing

The measured heat flow curves of freezing for the limewater-, steam-, and precast-
cured samples for each strength class are shown in Figure 6, Figure 7, and Figure 8§,
respectively. The highest strength class mixture, the 21+ ksi mixture, showed the lowest
heat flow (around 0.009 W/g) for all three types of curing. This indicates the very low



CivilEng 2025, 6, 57

10 of 17

Relative Dynamic Modulus (%)

120
115
110
105
100
95
90
85
80

Mass Change (%)

-0.10

volume of pores in the concrete and the small pore sizes present. For the limewater-cured
samples shown in Figure 6, there is a peak close to —40 °C for the 0.40 w/cm, 12 ksi, and
15 ksi samples, which most likely corresponds with pore water. The highest strength class
mixtures showed no peaks except for a small peak around —20 °C for the 18 ksi mixture,
which could be from voids near the surface [41].
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Figure 3. Relative dynamic modulus of freeze-thaw samples.
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Figure 4. Mass change in samples during freeze—thaw testing.

The steam-cured and precast-cured samples showed a similar pattern as the limewater-
cured samples, except that the 21 ksi steam-cured sample had a peak around —45 °C instead
of —40 °C which also indicates homogeneously nucleated pore water. There were multiple
exothermic peaks located between —10 °C and —20 °C for the 12 ksi precast-cured samples
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and a peak close to —25 °C for the 0.4 w/cm sample which indicates the presence of
many pores for these samples. The 12 ksi mixture is the only mixture with significant
freezing events above ~—35 °C in the steam-cured and precast-cured concrete. This may
explain the mass gain and beginning of damage seen in those two sets of concrete samples,
while no other concrete samples showed significant mass gain or RDME decrease during
freeze—thaw cycling.

Figure 5. Photo of the 12 ksi steam-cured specimen after 330 cycles.
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Figure 6. Measured heat flow curve of freezing of the limewater-cured samples.
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Using Equation (2), the observed DSC peak freezing temperatures were converted into
pore radii (nm). For illustration, freezing peaks at —40, —35, —20 and —10 °C correspond
to pore radii of ~2.19, 2.42, 3.80, and 7.04 nm (diameters ~ 4.4, 4.8, 7.6 and 14.1 nm), respec-
tively. These values are consistent with the very fine nanoscale pore network measured
by MIP for the higher-strength mixtures, and support the interpretation that the observed
early freezing peaks for the 12 ksi specimens indicate the presence of larger pores that can
nucleate ice at higher temperatures, which is consistent with the slight scaling observed for
the steam-cured 12 ksi samples.

3.4. Mercury Intrusion Porosimetry Testing

MIP was measured for all the mixtures and compared to a normal concrete mixture
with a 0.40 w/cm. The cumulative pore volume and pore size distribution of the limewater-,
steam-, and precast-cured samples are shown in Figures 9-11, respectively. It can be clearly
seen that the concrete mixtures for all the strength classes had lower porosities than the
normal-strength concrete mixture, which confirms the refinement of their pore structures.

-
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Figure 9. MIP cumulative pore volume of the limewater-cured samples at the age of 14 days.

The critical pore diameter (d.) reflects the pore connectivity as it is the smallest pore
size diameter of the subset of the largest pores which creates a connected path throughout
the whole sample, and it can be obtained from the derivative of the pore distribution curve
(the maximum of the dV/dP curve) [42]. It can be clearly seen that the pore size curve of the
UHPC mixtures for all of the strength classes shifted towards smaller pore diameters when
compared to the normal concrete. Therefore, the critical pore dimeters for the 0.40 w/cm
concrete limewater-, steam-, and precast-cured samples (0.027 pm, 0.03 um, and 0.032 um)
were almost two times greater than the critical pore diameters of the UHPC mixtures, which
is consistent with lower permeability or penetrability of the UHPC samples.

It can be seen from the cumulative mercury intrusion data for all the curing types
used that the strength was inversely related to the volume of intruded mercury. Samples
for the highest strength mixture, 21+ ksi, had intruded volumes that were about one-third
of those obtained for the 0.4 w/cm control concrete mixture (0.02 cm3/ g and 0.06 cm?/ 2),
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respectively, which was expected as a higher water content leaves more void space as the
free water is consumed by hydration or lost through evaporation.
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Figure 10. MIP cumulative pore volume of the steam-cured samples at the age of 14 days.
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Figure 11. MIP cumulative pore volume of the precast-cured samples at the age of 14 days.

Limewater-cured and precast-cured specimens showed a similar trend with respect
to their pore sizes. The steam-cured specimens showed lower porosities for the higher-
strength mixtures, 21, 18, and 15 ksi, compared to the other two curing methods. However,
the steam-cured 12 ksi specimens showed a higher porosity and critical pore diameter than
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the samples cured by the other two methods, which correlate well with the increased mass
gain and RDME reduction, and could explain why the steam-cured samples from that
mixture showed some damage during freeze—thaw testing.

In general, when compared to normal concrete, the test results showed the UHPC
samples had very small pore size diameters, less than 0.01 um, confirming their dense
microstructure [43-45]. For the concrete mixtures in this study, samples with higher
strengths had lower mercury intrusion volumes and lower volumes of pores. When looking
at the effect of curing methods on the samples, limewater and precast curing methods
showed similar trends for their critical pore diameters. The precast curing method lowered
the strength slightly, showing the negative effect of high temperature after placement. The
steam curing method showed a positive effect in forming a good microstructure for all the
mixtures except for the 12 ksi mixture, for which the samples” permeabilities increased
and the strengths decreased at later ages. Lower strengths and higher permeabilities are a
typical consequence of high temperatures on normal and high strength concretes, however,
not for UHPC. Therefore, the 12 ksi mixture may have suffered from the cross-over effect
typically seen with normal-strength concrete when experiencing high temperature curing,
with some pores with diameters in the 0.01 to 0.1 micrometer range. This is in line with
some of the results of other studies conducted for UHPC with higher strengths than those
used in this study [40,46].

4. Conclusions

This study investigated the freeze-thaw durability of non-proprietary UHPC mixtures
designed for different strength classes and curing regimes. Based on the results, several
key points can be highlighted:

e  All the samples were found to be freeze-thaw resistant and showed no damage, except
for the 12 ksi steam-cured samples that were below the ASTM limit of 90% of RDME.

e  The 12 ksi mixture was affected negatively by the steam curing as it was the only
mixture with a lower steam-cured 14-day compressive strength than the limewater-
cured samples. This could be because only a small amount of additional hydration
would be expected after the steam curing and during the freeze-thaw testing to offset
a decrease in the RDME from microcracking.

e The 12 ksi steam-cured and precast-cured concrete showed water freezing above
—35 °C, which would indicate larger pore sizes than seen in the other higher-
strength mixtures.

e  The MIP results showed that the 12 ksi mixture had some moderate-sized pores with
diameters in the 0.01 to 0.1 micrometer range that could have contributed to some
damage seen in the freeze-thaw testing.

e  DSC revealed multiple freezing peaks corresponding to pore radii between ~2-7 nm,
consistent with MIP findings. Larger pore sizes correlated with higher RDME loss and
surface damage, linking microstructure to freeze—thaw performance.

e  The results suggest that non-proprietary UHPC mixtures achieving >15 ksi compres-
sive strength can deliver durable freeze-thaw performance without air entrainment.
This finding has direct relevance for precast producers and cast-in-place applications
in cold regions, enabling cost-effective, locally sourced UHPC solutions.
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