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ARTICLE INFO ABSTRACT
Keywords: This study explores the potential application of carbonation curing to ultra-high-performance
Ultra-high-performance concrete concrete (UHPC) produced with Portland cement of varying belite content. After an initial
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curing phase, the UHPC samples underwent either steam curing at 90 °C or carbonation curing
under a 5 % COy concentration. Test results indicated that the mechanical strength of the
carbonation-cured UHPC samples was generally lower than that of the steam-cured counterparts.
Among all cement types, the UHPC samples made with type III cement exhibited the highest
strength regardless of the curing regime and/or age. Carbonation curing significantly altered both
clinkers and hydrates, with the most pronounced changes observed in the UHPC samples made
with type IV cement, suggesting high levels of CO5 ingress and uptake. In addition, as silica fume
contributed minimally to the reactions in the carbonation-cured UHPC samples, microstructural
development was primarily driven by the carbonation of clinkers, which led to the formation of C-
S-H and Ca-modified SiOy and the precipitation of CaCOs. While steam curing was found to
accelerate the reaction of clinkers in a limited timeframe, type IV cement demonstrated potential
advantages as part of a carbonation curing strategy when considering environmental benefits.
These results suggest that the carbonation curing of UHPC, particularly with belite-rich cement,
could provide a low-energy and low-carbon alternative to conventional steam curing practices,
thereby offering practical value for sustainable construction applications.

1. Introduction

Ultra-high-performance concrete (UHPC) is a well-known advanced cementitious material that exhibits superior mechanical and
durability properties, making this material a highly sought-after component in modern construction [1-3]. UHPC can be characterized
by its ultra-high compressive strength, often exceeding 120 MPa; exceptional tensile strength (mainly due to fiber reinforcement); and
its outstanding durability performance against harsh conditions [4,5]. These properties are achieved through the formation of a dense
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microstructure, optimized particle packing, low water-to-binder ratios, and the proper incorporation of supplementary cementitious
materials [5-8]. Due to these characteristics, UHPC is widely utilized in infrastructure projects demanding extended service times,
such as long-span bridges, high-rise buildings, marine structures, and defense applications where resilience under extreme conditions
is essential [9-11].

Despite its remarkable advantages, the production of UHPC presents significant challenges, particularly regarding the curing
processes [12,13]. Steam curing is conventionally employed to accelerate hydration and promote rapid strength development at early
ages [13,14]. However, steam curing strategies generally require substantial energy input to maintain and secure high temperatures
and humidity levels, leading to increased production costs and a considerable carbon footprint [12,13]. The reliance on steam curing
not only exacerbates environmental concerns by contributing to CO5 emissions but also possibly limits the broader applications of
UHPC in the future due to economic constraints. Consequently, identifying alternative and sustainable curing methods is critical to
enhancing the viability of UHPC in modern construction.

Carbonation curing has emerged as a promising technique, offering both environmental and performance benefits [15-18]. This
method involves exposing fresh/hardened cementitious materials to concentrated CO2, which reacts with calcium-bearing components
to form calcium carbonates, improving the durability and strength development at early ages while simultaneously sequestering CO2
[15-18]. Beyond enhancing the strength, carbonation curing can refine the microstructure by reducing the degree of porosity, thereby
strengthening the long-term durability and contributing to sustainability efforts by realizing the safe and efficient geological storage of
CO, into cementitious materials [19,20]. Given these advantages, carbonation curing is gaining traction as a viable approach to
improving both the ecological footprint and performance of cementitious materials [21,22].

To mitigate the environmental impact of using conventional steam curing during the manufacturing of UHPC, researchers have
explored alternative curing techniques especially for UHPC [23]. These include ambient curing supplemented with chemical activators
[23], autoclave curing for rapid strength development [24,25], and internal curing strategies utilizing pre-saturated lightweight ag-
gregates [26,27] or superabsorbent polymers [28,29]. Beyond the modification of curing regimes, several recent studies [30-32] have
sought to incorporate geopolymeric binders into UHPC systems, thereby offering a pathway toward sustainable production with a
markedly lower carbon footprint, without compromising engineering aspects. The aim of each method is to optimize the performance
of UHPC while reducing the amount of energy consumed. However, challenges related to scalability, efficiency, and cost-effectiveness
remain, necessitating further research into viable solutions. Integrating carbonation curing into UHPC production represents an
innovative and novel research direction [33-35]. Unlike conventional methods, carbonation curing has the potential to enhance
strength development at early ages while significantly reducing energy demands and greenhouse gas emissions [36]. Investigating the
feasibility of carbonation curing for UHPC presents several scientific challenges, including understanding its effects on mechanical
performance outcomes and microstructural evolution [33-35]. The introduction of carbonation curing as an alternative curing method
to UHPC production stands out by bridging the gap between sustainability and high-performance concrete technology, leveraging
carbonation curing to optimize the production processes of UHPC.

Cements with a high alite content are known for their rapid strength development and high hydration reactivity; however, they are
also associated with long-term durability concerns [37-40]. In contrast, belite-rich cements offer environmental benefits, such as lower
optimal clinkerization temperatures and reduced CO2 emissions, but their lower reactivity limits early strength development [41-43].
Therefore, when developing new materials, it is essential to evaluate the feasibility of using cements with varying alite and belite
contents. In particular, there are rationales for investigating the hydration and carbonation characteristics of different types of cement.
By incorporating cements with different belite contents, this study aims to systematically analyze how belite influences the physi-
cochemical properties of UHPC, particularly in relation to carbonation curing. Several works have investigated the interaction of belite
with carbonation curing. Jang and Lee [44] demonstrated that the carbonation curing of belite-rich cements can lead to extensive
precipitation of CaCO3 and remarkable microstructural densification, resulting in the compressive strength enhancement of 172 %.
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Fig. 1. XRD patterns of the raw Portland cement samples: G- gypsum, F- brownmillerite, Ca- calcite, Ba- basanite, An- anhydrite, P- periclase, A-
alite, B- belite, and L- lime.
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Guan et al. [45] further showed strength increase by up to 80 % through the carbonation curing of belite-rich cement. Consistently,
Kim et al. [46] revealed that belite-rich cement exhibits faster CO2 uptake and superior strength gain than type I PC under carbonation
curing, confirming its suitability for low-carbon and high-performance concrete production.

Given that previous research suggests carbonation may enhance the hydration reactivity of belite [47,48], this study seeks to
explore the potential of carbonation as a means to improve the performance and applicability of belite-rich cement in
ultra-high-strength concrete.

The present study aims to evaluate the influence of carbonation curing on the properties of UHPC by examining the effects of
various types of Portland cement on the microstructure, strength development, and carbonation behavior of these materials. By
addressing the knowledge gap in the carbonation curing of UHPC, this research contributes to advancing sustainable construction
materials and provides valuable insights into achieving an optimal balance between mechanical performance and environmental
responsibility.

2. Experimental program
2.1. Raw materials and sample fabrication

Three different types of Portland cement (types I, III, and IV [49]) were used in this study. All types of Portland cement utilized in
this study were supplied by SsangYong Cement Industrial Co., Ltd., and their X-ray diffractometry (XRD) patterns are presented in
Fig. 1. Additionally, X-ray fluorescence and Rietveld quantitative XRD analysis results of the Portland cement samples are summarized
in Table 1. It was observed that the type III and type IV cements have significantly higher alite and belite contents, respectively,
compared to the type I cement.

Three types of Portland cement, silica fume, silica powder, and silica sand were used as powders in the UHPC mixtures. The SiO,
contents of the silica fume and silica powder were 96.8 % and 94.3 %, respectively. In the UHPC matrix, silica fume contributes to
strength development by participating in pozzolanic reactions with PC to form additional C-(A)-S-H [50], whereas the silica powder
was used as a filler of UHPC, which can enhance packing density and strength development. The particle size distributions of the silica
fume, silica powder, and silica sand are shown in Fig. 2. The mixture proportions of the UHPC samples are presented in Table 2. Silica
fume and silica powder were incorporated at 25 % by weight of the Portland cement. A high-range water reducer superplasticizer
specifically designed for UHPC, manufactured by Dongnam Chemical Company, was used in this study in order to secure proper
workability. The UHPC mixture design served to achieve high workability with a target slump flow rate exceeding 750 mm, ensuring
smooth casting and application. Paste samples for chemical analyses were also prepared, with all conditions identical except for the
exclusion of silica sand. The use of steel fibers, which are commonly included in UHPC, was omitted in this study to simplify the sample
preparation, as the focus was primarily on hydration characteristics. The UHPC samples were used for compressive and flexural
strength measurements and for a carbonation depth evaluation, while the paste samples were utilized for XRD, thermogravimetry
(TGA), and 29si magic-angle spinning (MAS) nuclear magnetic resonance (NMR) analyses.

Sample casting was performed as follows. Firstly, Portland cement, silica fume, and silica powder were mixed for approximately
5 min. Simultaneously, a solution of water and superplasticizer was prepared. The dry-mixed powder mixture and the combined
solution were then agitated for an additional 10 min to ensure the integration of the superplasticizer. Afterward, silica sand was added
and the mixture was agitated for further 10 min. It should be noted that the paste samples were fabricated without the addition of silica
sand. The UHPC samples for the compressive and flexural strength tests were cast into 50 x 50 x 50 mm?> cube molds and 40 x 40 x
160 mm® prism molds, respectively. The fresh-state UHPC samples were manually compacted using a rubber rod. The carbonation
depth evaluation was performed using 40 x 40 x 160 mm?® prisms. Paste samples for the chemical analyses were cast into 25 x 25 x
25 mm?® cube molds.

Table 1
Chemical and mineral compositions (wt%) of the Portland cements used in this study.
Chemical composition Mineral composition
Cement type Cement type
Type I Type III Type IV Type I Type III Type IV
CaO 62.5 62.1 62.5 C3S 51.2 56.3 40.6
SiO, 21.0 19.7 25.3 CoS 18.8 12.6 34.6
Al,O3 5.9 5.9 3.1 Cs3A 3.1 3.4 3.3
Fe,03 3.2 3.0 3.6 C4AF 11.2 11 11.8
SO3 2.1 4.2 2.0 Calcite 7.6 4.9 1.2
R0 0.8 0.6 0.5 Portlandite 1.4 4.0 -
Periclase 3.0 2.4 3.2
Basanite 2.7 2.4 3.6
Anhydrite 0.3 0.9 1.5
Gypsum 0.2 0.8 -
Quartz 0.5 1.3 0.2
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Fig. 2. Particle size distribution of the silica fume, silica powder, and silica sand used in this study.

Table 2

Mixture proportion of the UHPC samples used in this study (wt%).
Portland cement (Type I, III, or IV) Silica fume Silica powder Silica sand Water Superplasticizer
100 25 25 110 21 4

2.2. Curing condition and sample treatment

After casting, the samples were wrapped entirely with plastic bags and subjected to initial curing for 1 d (25 °C). Following this
initial curing period, the samples were divided into two groups: one subjected to steam curing and the other to carbonation curing. The
steam-cured samples were placed in a steam curing chamber for 2 d after the initial curing period. The environment of the steam curing
chamber was maintained at an average temperature of 90 °C and 100 % relative humidity. After 2 d of steam curing, the samples were
removed from the steam curing chamber, sealed with plastic bags, and stored in a temperature-controlled chamber at 25 °C for the
subsequent curing period. On the other hand, the carbonation-cured samples were transferred after initial curing to an accelerated
carbonation chamber maintained at a 5 % CO» concentration, a temperature of 25 °C, and 70 % relative humidity. It should be noted
that temperature was controlled via refrigeration cycle and electric heater, and humidity was regulated by automatically spraying
water vapor into air stream inside the chamber. In addition, CO, concentration monitoring sensors attached in the middle of the
chamber controlled the CO; gas inlet flow to maintain the target CO, concentration. The carbonation-cured samples were carbonated
for additional 27 d. To guarantee the uniform carbonation on all surfaces of the samples, the samples were elevated approximately
10 mm from the chamber floor using thin metal rods during carbonation. Paste samples for the chemical analyses were manually
ground to reach a maximum particle size of less than 10 mm before being placed in the steam or carbonation curing chamber. At the
designated curing ages for the chemical analyses, the paste samples were ground further using a mortar and pestle and sieved through a
73 pm mesh. The resulting powder was then treated with isopropanol and diethyl ether to halt hydration [51].

2.3. Characterization methods

The mechanical strength of UHPC samples was evaluated through compressive and flexural strength tests. The compressive
strength was measured in accordance with the procedure specified in ASTM C109 [52] using a 100-ton compression machine. The
loading rate was maintained at a constant 0.4 MPa/sec during the measurement. The flexural strength was assessed using a three-point
bending test, as specified in ASTM C348 [53]. For both the compressive and flexural strength tests, the reported values represent the
average of three measurements. These tests were conducted at 3, 7, 14, and 28 d of curing. It is worth noting that the strength
measurements determined by ASTM C109 and C348 shall be interpreted as intrinsic material properties rather than directly compared
with large-scale testing values as specified in ASTM C1856 [54].

The XRD analysis was conducted using an Empyrean diffractometer from Malvern Panalytical. The measurements used Cuka ra-
diation with a step size of 0.0026° 26 and a counting time of 1.56 sec per step. Quantification of the XRD patterns of the samples was
done with Rietveld calculations (internal standard material method). The rutile (purity level > 99 %) was additionally incorporated
into the samples for XRD at 10 wt%. The TGA analysis was carried out using a Q600 SDT analyzer from TA Instruments. Approximately
20 mg of each sample was placed in a crucible connected to a microbalance. The samples were heated from ambient temperature to
800 °C at a constant heating rate of 10 °C/min. Data were recorded for the percentage weight loss relative to the initial sample weight
and the derivative of the weight loss percentage with respect to the temperature (%/°C). To assess the carbonation degree of the UHPC
samples, a 1 % phenolphthalein solution was sprayed onto the cross-sections of perpendicularly split prismatic samples. The
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carbonation of UHPC samples induces a pH reduction, leading to colorimetric differentiation between the carbonated and non-
carbonated regions on the sprayed surface, as shown in Fig. 3(a). The resulting color change was captured and processed into bi-
nary colors using MATLAB software (Fig. 3(b)). Each region was segmented into pixels, and the carbonated and non-carbonated areas
were quantified by counting the number of white and black pixels, respectively. The total cross-sectional area of the sample was
determined by the total number of pixels, excluding the external background area, which was identified as black region in Fig. 3(c).
The carbonation degree was then determined as the ratio of the carbonated area (number of white pixels in Fig. 3(b)) to the effective
total cross-sectional area. This quantitative method, based on color differentiation, enables a comparison of carbonation ingress in the
UHPC samples with different binder types and curing duration. The 2°Si MAS NMR spectra of the samples were acquired using a
vertical-bore Bruker Avance IIT 400 MHz spectrometer. The measurements were performed at a Larmor frequency of 79.5 MHz with a
spinning rate of 11 KHz. A 20-sec relaxation delay was applied between scans to allow for magnetization recovery. Tetramethylsilane
was used as the reference standard for calibrating the chemical shift. A quantitative evaluation of the 2°Si NMR data was carried out
through deconvolution, which was applied to each spectrum using Origin software. Initially, the 2°Si MAS NMR spectra of the three
types of raw Portland cement, silica fume, and silica powder were deconvoluted. The spectra of the raw Portland cements were
deconvoluted into five to seven individual peaks using a Gaussian function, while the spectra of the silica fume and silica powder were
deconvoluted using Gaussian-Lorentz cross and Lorentz functions, respectively, each fitted using a single peak. The deconvolution data
of the raw materials served as a foundation for deconvoluting the paste samples. The parameters of the raw material peaks, including
full width at half maximum (FWHM), shape, and function, were used as baseline inputs. Reaction products were assigned to new Q"
sites, with the FWHM restrained at 5 ppm to ensure accurate deconvolution. For Ca-modified SiO,, formed as a result of carbonation
curing, the FWHM was restrained at 10 ppm to improve the precision and reliability of the deconvolution process. The deconvolution
calculations were iterated until the reduced chi-square tolerance reached 10~°.

3. Test results and discussion
3.1. Compressive and flexural strength

The compressive strength of the UHPC samples is shown in Fig. 4. Notably, the compressive strength of the steam-cured samples
showed minimal changes after 3 d of curing. This phenomenon can be attributed to the significant progress of hydration of cement
clinkers within the 2 d of steam curing period. The samples made with type III cement exhibited the highest compressive strength
among the steam-cured samples across all measurement periods. It is interesting to note that the samples made with type IV cement,
which has the highest belite content, showed the second-highest compressive strength after the samples made with type III cement
upon steam curing. This observation clearly indicated that steam curing can vastly enhance the reactivity of belite. On the other hand,
the samples made with type I cement demonstrated the lowest compressive strength. This may be partially due to the higher calcite
content in type I cement compared to other cement types, which could hinder the hydration of clinkers. Hartmann and Plank [55]
reported that aging of PC can lead to carbonates surface coatings due to native calcite or pre-carbonation which impede water access to
clinkers and retard/hinder strength development. The compressive strength outcomes of the steam-cured UHPC samples made with
the type L, I1I, and IV cement at 28 d of curing were 142.1 MPa, 170.2 MPa, and 166 MPa, respectively. In contrast, the compressive
strength development of the carbonation-cured UHPC samples exhibited a different trend, showing a gradual increase even after 3 d of
curing. Meanwhile, except for the strength observed at 3 d of curing, the samples made with type III cement consistently showed the
highest compressive strength, followed by those made with type IV cement. However, the compressive strength values of the
carbonation-cured samples were generally lower than those of the steam-cured samples at all curing ages. The compressive strength
values of the carbonation-cured UHPC samples made with the type I, III, and IV cement at 28 d of curing were 104.5 MPa, 146.7 MPa,
and 119.2 MPa, respectively, which correspond to 73.6 %, 86.2 %, and 71.8 % of the compressive strength of the steam-cured samples
at an identical age, respectively.

~

@ () “ ©

Fig. 3. Process for measuring the degree of carbonation of the UHPC samples: (a) colorimetric differentiation between carbonated and non-
carbonated regions, (b) captured image processed into binary colors, and (c) exclusion of background area.




J. Seo et al. Case Studies in Construction Materials 24 (2026) e05875

200
180 | | mTypel = Typelll DTypeIV|

I, ] {‘

Compressive strength [MPa]

200
180 | ETypel BOTypelll @TypelV |

160
140

Compressive strength [MPa]

7d 14d 28d

(b)

Fig. 4. Compressive strength development of the (a) steam-cured and (b) carbonation-cured UHPC samples. Error bars indicate the standard de-
viation from the mean of triplicate measurements.

The flexural strength of the UHPC samples is shown in Fig. 5. The flexural strength development of the steam-cured samples showed
a continuous increase after 3 d of curing, which is different from the compressive strength development. However, the flexural strength
of the steam-cured samples made with type IIl cement was highest at all measurements, identical to the trend found for the compressive
strength development. On the other hand, the flexural strength of the steam-cured samples made with type IV cement was lowest at all
ages. The stream-cured samples made with type I, III, and IV cement showed corresponding flexural strength outcomes of 19.4, 23.6,
and 18.1 MPa at 28 d of curing. The flexural strength of the carbonation-cured samples showed a continuous increase with the curing
age, similar to the trend observed when assessing the compressive strength development. No distinct pattern in the flexural strength
development was observed until 14 d of curing. At 28 d of curing, the samples made with type III cement exhibited the highest flexural
strength, followed by those made with type IV and I cement. The flexural strength of the carbonation-cured UHPC samples made with
type I, I1I, and IV cement at 28 d of curing were 15.9 MPa, 20.0 MPa, and 18.1 MPa, respectively, which correspond to 81.8 %, 84.8 %,
and 100 % of the flexural strength of the steam-cured samples at an identical age.

3.2. XRD

The XRD results of the UHPC paste samples are shown in Fig. 6. At 1 d of curing, all samples exhibited a hump-like feature cor-
responding to C-S-H at approximately 29.4° 20 as the primary hydration product. No other hydration products were detected. Spe-
cifically, portlandite was absent, likely due to its consumption through a pozzolanic reaction with silica fume [56]. The peak intensity
of C-S-H was significantly lower in the sample made with type IV cement, indicating that the degree of hydration remained low in the
belite-rich cement at early curing stages. In addition to hydration products, peaks corresponding to unreacted cement clinkers, such as
alite and belite, were observed in the patterns. Peaks assigned to quartz and calcite were also identified, likely originating from im-
purities or weathering of the raw cements.

The XRD results of the steam-cured samples at 7 d of curing revealed a significant reduction in the peak intensities corresponding to
alite and belite, meaning a substantial increase in the reaction of clinkers. Despite this, the peak of belite remained more prominent
than the peak of alite, and the peak intensity of C-S-H was highest in the sample made with type III cement. These findings suggest that
type III cement exhibits the highest hydration degree under the steam curing regime. In contrast, the XRD results of the carbonation-
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Fig. 5. Flexural strength development of the (a) steam-cured and (b) carbonation-cured UHPC samples. Error bars indicate the standard deviation
from the mean of triplicate measurements.

cured samples at 7 d of curing displayed notable differences from those of the steam-cured samples. A distinct characteristic of the
carbonation-cured samples was the pronounced peak intensity of calcite. Similar to the steam-cured samples, the peak intensities of
alite and belite were significantly reduced compared to those of the samples at 1 d of curing, indicating that carbonation curing also
contributed to enhancing the reactivity of clinkers. However, a key difference from the steam-cured samples was observed in the
samples made with type I and IV cements, where the peak intensity of belite appeared greatly reduced. This suggests that carbonation
curing may have influenced the reactivity of belite more compared to steam curing.

The XRD patterns of the samples at 28 d of curing exhibited no significant differences compared to those at 7 d of curing, regardless
of the curing regime. However, in the steam-cured samples, the peak corresponding to C-S-H became sharper and more intense. These
observations indicate that no new crystalline phases were formed with prolonged curing, whereas the existing phases continued to
develop.

Phase quantification results of the samples through Rietveld calculations of the XRD patterns are presented in Fig. 7. The calcite
content in the carbonation-cured samples increased gradually with the curing age across all samples, indicating that carbonation
continued to progress over time. The increased amorphous content can be attributed to the growth of C-S-H in the steam-cured
samples. In the carbonation-cured samples, however, it is likely that both decalcified C-S-H and Ca-modified SiO2 were mainly re-
flected in the amorphous content [57], with some minor contents featured from the presence of silica fume. The amorphous content in
both the steam- and carbonation-cured samples increased rapidly during the initial 7 d but exhibited a much slower rate of increase
after 7 d of curing.

3.3. TGA

The TGA results of the UHPC paste samples are shown in Fig. 8. The weight losses of all samples were classified according to three
major temperature ranges: around 100 °C, approximately 400 °C, and beyond 600 °C. The weight loss near 100 °C is primarily
attributed to the dehydration of C-S-H and ettringite [58], as corroborated by the XRD results. Notably, the steam-cured samples
exhibited more weight loss in this temperature range compared to the carbonation-cured samples, likely due to the decalcification of
C-S-H induced by carbonation [59]. Among the carbonation-cured samples, the greatest changes in the DTG curve within this
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Fig. 6. X-ray diffractometry results of the UHPC paste samples at (a) 1 d of curing, (b) steam- and (c) carbonation-cured UHPC paste samples at 7
d of curing, and (d) steam- and (e) carbonation-cured UHPC paste samples at 28 d of curing. CS- calcium silicate hydrate, A- alite, B- belite, C- C3A,
F- C4AF, Ca- calcite, R- rutile (internal standard), and Q- quartz.

temperature range compared to the steam-cured samples was observed in the samples made with type I cement, followed by the
samples made with type IV cement, whereas the samples made with type III cement showed minimal variation. This suggests that the
extent of carbonation was highest in the samples made with type I cement. The weight loss that occurred near 400 °C corresponds to
the dehydroxylation of portlandite [60], which was distinctly observed only in the samples at 1 d of curing. At later ages, the presence
of portlandite was no longer detectable, possibly due to its complete consumption through the pozzolanic reaction with silica fume in
the steam-cured samples or its depletion due to carbonation in the carbonation-cured samples. The weight loss that occurred beyond
600 °C is attributable to the decarbonation of carbonates [61]. This weight loss was clear in the carbonation-cured samples, indicating
the formation of carbonates (mainly calcium carbonate) due to the carbonation of hydration products or clinkers. The most substantial
weight loss associated with the decarbonation of carbonates was observed in the samples made with type I cement, further confirming
that the extent of carbonation was most severe in these samples. The enhanced mechanical properties of carbonation-cured Portland
cement-based materials is generally known to stem from the packing effect induced by the precipitation of carbonates [62]. In this
study, however, the samples made with type III cement, which exhibited the lowest extent of carbonation, demonstrated the highest
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Fig. 7. Quantification of the C3S, C,S, calcite, and amorphous contents (wt%) in the UHPC paste samples made with type (a) I, (b) III, and (c) IV
Portland cement as calculated by the Rietveld calculation of XRD patterns of the samples. Solid and dotted lines indicate the quantification results of
the steam- and carbonation-cured samples, respectively.

compressive and flexural strength outcomes. This suggests that carbonation curing may not be an effective approach for the fabrication
of UHPC when using type III cement given that UHPC made with type III cement is less influenced by carbonation curing. Instead,
carbonation curing is likely to be more effective in terms of CO; uptake when applied to UHPC made with type I or IV cement rather
than type III cement.

3.4. Carbonation depth

The cross-section carbonation degree of the carbonation-cured UHPC samples at 28d of curing is shown in Fig. 9. Through this test,
the extent of CO ingress toward the center of the carbonation-cured samples can be compared by analyzing pH variations [63,64]. It
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Fig. 8. Thermogravimetry analysis of the UHPC paste samples made with type (a) I, (b) III, and (c) IV Portland cement.

was clearly observed that the degree of carbonation was highest in the samples made with type I cement across all curing ages. The
samples made with type I cement exhibited a significantly higher degree of carbonation from 3 d of curing compared to other samples,
with a gradual increase until 14 d of curing, after which no notable changes in the degree of carbonation were observed. Following the
samples made with type I cement, the samples made with type IV cement exhibited a relatively high degree of carbonation. The
carbonation degree of the samples made with type IV cement increased gradually up to 14 d of curing, showing a sharp increase
between 14 and 28 d of curing. In contrast, the samples made with type III cement displayed a much lower carbonation degree
compared to the other samples. By correlating the results of the carbonation depth measurements with those of the mechanical
strength tests, it can be observed that the carbonation-cured samples made with type III cement exhibited the lowest degree of
carbonation, yet developed the highest strength among all samples. In contrast, the carbonation-cured samples made with types I and
IV cements showed a markedly higher extent of carbonation at 28 d of curing, but their strengths were inferior to those of the
carbonation-cured samples made with type III. By recalling the fact that the steam-cured samples made with type III cement also
yielded the highest strengths, alite-rich systems favor environments where hydration and pozzolanic reactions predominate, thereby
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Fig. 9. Cross-section carbonation degree (%) of the carbonation-cured UHPC samples at 28 d of curing.

facilitating the generation of C-S-H. On the other hand, belit-rich systems appeared to benefit more from CO; ingress, which promoted
the reactivity of clinkers under the carbonation curing. These tendencies were consistently reflected in both compressive and flexural
strength development.

3.5. %°Si MAS NMR

The 2°Si MAS NMR spectra of the raw materials used in this study are shown in Fig. 10. The raw cement samples exhibited relatively
narrow resonance at —71.3 ppm, originating from the unique Si site of belite [65], superimposed on overlapping resonances from alite
[66]. The spectrum of type III cement was broadest, while that of type IV cement was sharpest, findings attributable to differences in
the relative contents of alite and belite. In the range of approximately —90 — —130 ppm, resonances corresponding to silica fume and
silica powder can be observed, both of which belong to the Q* band (amorphous SiO,). Silica powder showed very sharp resonance,
whereas silica fume displayed broad resonance over an extended range.

The 2°Si MAS NMR spectra of the UHPGC paste samples are shown in Fig. 11. The samples at 1 d of curing exhibited characteristic
features of C-S-H commonly found in hydrated Portland cement systems [50]. The chain end (Ql), mid-bridging (Q%), and paired (QS)
sites of the C-S-H chain resonated at —79.4 ppm, —83.5 ppm, and —85.3 ppm, respectively [67,68]. In addition, the mid-group of the
C-S-H Si chain, where Si is substituted by Al (Q2(1Al)), as well as the highly polymerized Si network (Q3) and the Al-bridged Q3
(Q3(1AD)), resonated at —81 ppm, —94 ppm, and —90 ppm, respectively [50]. The samples at 1 d of curing also showed resonance in
the Q0 band, corresponding to the Si in anhydrous clinkers (mainly alite and belite) [65,66], while silica fume and silica powder were
still observed in the Q* region. Based on the spectral aspects corresponding to C-(A)-S-H, the highest degree of hydration was visually
observed in the sample made with type III cement, followed by the samples made with type I and IV cement. This trend can be
attributed to the high alite content in type III cement, which promotes rapid hydration.

The 2°Si MAS NMR spectra of the steam-cured UHPC samples at 7 d of curing are presented in Fig. 11 (b). Compared to the samples
at 1 d of curing, all samples at 7d of curing exhibited a significant increase in the resonance corresponding to C-(A)-S-H. In particular,
the Al fractions in the Q2 and Q° sites (Q(1Al) and Q3(1Al)) also showed substantial growth, which is a characteristic feature observed

—Type |

- Type |lI
— Type IV
——— Silica fume
----- Silica powder

N

v

-50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150
Chemical shift [ppm]

Fig. 10. 2°Si MAS NMR spectra of the raw materials used in this study.
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Fig. 11. 295i MAS NMR spectra of the UHPC paste samples at (a) 1 d of curing, (b) of the steam- and (c) carbonation-cured UHPC paste at 7 d of
curing, and (d) of the steam- and (e) carbonation-cured UHPC paste samples at 28 d of curing. Black solid, dotted, and gray lines indicate
experimental data, fitted spectra, and deconvoluted spectrum, respectively.
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in Portland cement-based materials subjected to high-temperature curing [69]. This phenomenon was observed due possibly to the fact
that Al dissolved of Al from Al-bearing phases (e.g., ettringite and monosuflate) under the high-temperature curing might have
incorporated into C-S-H. Meanwhile, the intensity of the broad Q* site associated with silica fume decreased notably, likely due to the
extensive participation of silica fume during the pozzolanic reaction during curing. On the other hand, the 2°Si MAS NMR results for
the carbonation-cured samples at 7 d of curing displayed a markedly different trend. Most of the resonances corresponding to
C-(A)-S-H were significantly reduced, while the Q* region accounted for a much larger portion of the spectrum. This phenomenon
indicates that a substantial portion of the C-(A)-S-H formed at 1 d of curing underwent decalcification due to carbonation curing,
transforming into Ca-modified SiO, [59]. Although some residual Q? species were observed in the carbonation-cured sample made
with type III cement, the majority of the C-(A)-S-H was deemed transformed into Q® or Q* structures.

The 2°Si MAS NMR spectra of the samples at 28 d of curing are presented in Fig. 11 (d) and (e). In the steam-cured samples, the
intensity of resonance corresponding to C-(A)-S-H increased further, with a notable rise in the resonance associated with the Q! sites. In
contrast, the spectra of the carbonation-cured samples showed almost no resonance in the bands corresponding to C-(A)-S-H. Instead,
only resonances associated with Si networks exhibiting higher degrees of polymerization, in this case Q3 and Q4, were observed.

The deconvolution results (Si fraction (%)) of the 295i MAS NMR spectra of the UHPC paste samples are summarized in Table 3. In
the samples at 1 d of curing, the Si fraction corresponding to the Q° sites was lowest in the sample made with type III cement. In
contrast, the Si fraction of the QO sites in the samples made with type I and IV cement showed no significant difference. Meanwhile, the
Si fraction corresponding to silica fume decreased proportionally to the Si fraction of the QU sites. This suggests that a higher degree of
clinker hydration would have resulted in increased portlandite formation, which subsequently participated in the pozzolanic reaction
with silica fume to form C-(A)-S-H. Given that the presence of portlandite was not distinctly observed in the XRD and TGA results, it can
be inferred that the majority of the portlandite formed was consumed during the pozzolanic reaction.

The 2°Si MAS NMR results of the steam-cured samples at 7 d of curing revealed a significant increase in the Si fractions corre-
sponding to Q2 and Q3(1Al) compared to the samples at 1 d of curing. This is likely related to the high curing temperature and its
influence on silicate chain connectivity [67,69]. Particularly, the fraction of Q*(1Al) was calculated and found to be higher in the
steam-cure samples made with type III cement than in the other samples, indicating greater Al incorporation in C-S-H. It should be
noted that the resonance observed at —99 ppm corresponds to silicon from Q3 or Q* sites in silica fume [69]. These resonances are
presumed to result from the partial depolymerization (hydrolysis) of Q* sites in silica fume due to the high curing temperature [69].
This interpretation is supported by the fact that these resonances were either not detected or found to be negligible in samples at 1 d of
curing and in the carbonation-cured samples [69]. In contrast, the carbonation-cured samples exhibited notably lower intensities for
the resonances corresponding to C-(A)-S-H. Instead, the Si fraction in the Q* region was predominantly occupied by Ca-modified SiOo,
which represents the decalcified form of C-(A)-S-H [59]. Unlike the steam-cured samples, most of the silica fume in the
carbonation-cured samples remained unreacted, indicating a lower degree of pozzolanic reaction under the carbonation-curing
condition. This clearly suggests that the overall formation of C-S-H was limited, as the curing regime did not provide conditions
favorable for pozzolanic reactions (such as those typically promoted under steam curing). Moreover, the majority of the C-S-H that did
form was substantially decalcified, which partly accounts for the low strength development observed in the carbonation-cured samples
[70-72]. However, given that the Si fractions of Q° in the carbonation-cured samples were comparable to those of the steam-cured
samples, it can be inferred that the formation of C-(A)-S-H and Ca-modified SiO5 in the carbonation-cured samples resulted primar-
ily from the direct carbonation of clinkers rather than from the pozzolanic reaction between hydration portlandite and silica fume [73].
Although quantitative XRD results indicated higher reaction degrees of clinkers in the carbonation-cured samples compared to the
steam-cured samples, the 2°Si MAS NMR deconvolution results did not exhibit a remarkable difference or show a discernible trend.

Table 3
Deconvolution Results (Si fraction (%)) of the 2°Si MAS NMR Spectra of the UHPC Paste Samples.
Curing Cement Curing Si site
age type regime Q® Q' QAD @ Q% QAD Q* -99 Silica Silica Ca-modified
fume powder Si0,
1d Type I 34.5 4.2 1.0 1.2 1.6 0.4 0 0 55.6 1.5 0
Type III 32.4 7.7 2.7 0.2 4.7 0.4 0.1 0 50.6 1.1 0
Type IV 34.1 4.7 1.2 1.4 2.0 0.3 0.1 0 55.0 1.2 0
7d Type I sc* 25.3 11.1 5.6 7.2 17.4 5.4 3.4 2.0 21.4 1.2 0
CC** 23.7 1.5 0.7 0.7 1.0 2.4 2.7 0.3 53.3 1.7 12.0
Type III SC 24.7 12.2 11.9 7.7 17.8 7.4 0 0 16.9 1.4 0
CC 27.5 2.1 0.7 1.0 2.6 2.9 1.3 0 49.1 1.5 11.3
Type IV SC 27.1 13.2 4.7 10.1 19.0 8.1 3.7 2.5 10.0 1.6 0
CC 30.7 1.4 0.7 0.8 1.8 2.8 2.2 0.9 55.0 0.8 2.9
28d Type I SC 22.8 13.5 3.0 10.2 21.5 7.0 1.7 0.7 17.9 1.7 0
CcC 22.0 1.5 0.7 0.6 2.0 1.8 0 0 52.3 2.2 16.9
Type III SC 26.2 13.1 7.0 20.4 10.4 3.7 1.0 0 17.1 1.1 0
CC 25.8 1.5 0 0 2.3 1.3 2.8 0.4 45.6 1.4 18.9
Type IV SC 28.2 12.2 3.0 12.3 18.3 8.6 3.9 2.4 9.9 1.2 0
CcC 27.5 1.8 0 0.5 2.5 2.0 3.0 0 54.9 0.4 7.4

* .
Steam curing
Carbonation curing
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Nevertheless, the Si fraction of silica fume in the carbonation-cured sample made with type III cement was lowest, meaning that the
higher reaction degree of clinkers before carbonation curing (i.e., 1 d of curing) led to a greater extent of the pozzolanic reaction.
Overall, the Si fractions of silica fume in the carbonation-cured samples remained significantly higher than those in the steam-cured
samples.

The deconvolution results of the steam-cured samples at 28 d of curing showed little change in terms of the hydration degree
compared to the those at 7 d of curing, indicating that the most of the reactions in the steam-cured samples occurred before 7 d of
curing. In contrast, the Si fraction corresponding to Q° sites in the carbonation-cured samples at 28 d of curing exhibited a further
decrease compared to the samples at 7 d of curing. This calculation indicates that carbonation curing continued to induce carbonation
of the samples. Additional evidence of this can be found in the increase of the Si fraction associated with Ca-modified SiO,. Meanwhile,
throughout the experimental results, the Si fractions of silica powder showed either consistent or no noticeable trend over the curing
period, suggesting that the silica powder did not actively participate in the reaction.

In order to gain a better understanding of the Si network in the samples, calculations of the mean chain length (MCL), the Al/Si of
crosslinked C-(A)-S-H, the degree of C-(A)-S-H connectivity (D.), and the degree of hydration (Dy,) were calculated and are tabulated in
Table 4. Overall, the MCL values of the carbonation-cured samples were higher than those of the steam-cured samples. This can be
attributed to the formation of C-(A)-S-H with a lower Ca/Si ratio, which was promoted during the decalcification process of C-(A)-S-H
during carbonation [74]. Consequently, the increase in Al/Si led to a subsequent rise in the MCL values [75]. The MCL values of the
carbonation-cured samples were highest in those made with type IV cement, indicating that CO, was more effectively facilitated in the
samples made with type IV cement, thus having a more notable impact on the hydration products. Meanwhile, the D value is an index
used to assess the polymerization degree of C-S-H and is influenced by Ca/Si and the interlayered water of C-S-H [76-78]. The D value
increased significantly in the carbonation-cured samples, mainly due to the reduced Ca/Si in C-S-H [76-78]. The Dy, values were
calculated and found to be considerably higher in the steam-cured samples than in the carbonation-cured samples. While the Dy, value
increased gradually in the carbonation-cured samples up to 28 d, it should be noted that the Dy, values of the carbonation-cured
samples were based on the Si fractions of the hydration products and Ca-modified SiO,. Therefore, one should interpret Dy, with
caution, and this variable should be used for reference only.

3.6. Perspectives

This study investigated the potential for the application of carbonation curing to produce UHPC made with three different types of
Portland cement. Based on experimental results, it was estimated that steam curing not only promotes the hydration of cement but also
facilitates the pozzolanic reaction with silica fume, making the use of type III cement most advantageous in terms of the mechanical
properties and degree of the reaction. When carbonation curing was used as an alternative to steam curing in producing UHPC,
however, the mechanical strength of the samples was lower than the corresponding outcomes for the steam-cured samples. Never-
theless, environmental benefits, such as COy uptake, must be taken into consideration when applying carbonation curing to UHPC.
Carbonation-cured samples made with type I and IV cements proved to be effective in terms of CO5 uptake. In addition, based on the
quantitative XRD analysis, carbonation curing remarkably improved the reaction degrees of clinkers in the samples made with type IV
cement. This observation aligns fairly well with earlier works that demonstrated that the reaction degree of belite is significantly
enhanced upon carbonation curing [44,80-82]. Furthermore, considering the fact that the calcination temperature of belite is lower

Table 4
Mean Chain Length, Al/Si of Crosslinked C-(A)-S-H, Degree of C-(A)-S-H Connectivity, and Degree of Hydration (%) of the UHPC paste samples as
calculated from the 2°Si MAS NMR deconvolution results.

Curing age Cement type Curing regime MCL* Al/Si* Dc*** Dh**** (%)
1d Type 1 8.25 0.04 1.40 8.23
Type III 8.48 0.03 1.41 15.85
Type IV 8.49 0.03 1.44 9.69
7d Type 1 SC* 20.02 0.11 1.80 50.00
CC- 29.80 0.27 2.20 20.99
Type 11 SC 21.05 0.13 1.68 56.94
CcC 25.56 0.27 1.89 21.84
Type IV SC 20.27 0.14 1.79 58.88
CcC 35.01 0.29 2.13 12.54
28d Type I SC 18.96 0.12 1.75 56.75
CcC 22.45 0.28 1.63 23.49
Type 11 SC 18.15 0.07 1.73 55.61
cC 24.64 0.17 2.20 26.80
Type IV N¢ 21.97 0.15 1.82 58.37
cC 26.21 0.20 2.15 17.14

* Mean chain length = 4(Q! + Q% + Q%(1Al) + Q° + 2Q>*(1AD)/Q! [75]

" Al/Si of crosslinked C-(A)-S-H = Q*(1AD/(Q! + Q? + Q*(1AD + Q3 + Q3*(1AD) [75]

" Degree of C-(A)-S-H connectivity = (Q! + 2Q2 + 3Q%)/(Q* + Q2 + Q®) [79]

Degree of hydration = Q' + Q*(1AD + Q* + Q3(1AD) + Q® + Ca-modified SiO, [79]
" Steam curing

Carbonation curing
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than that of alite, the samples made with belite-rich cement are deemed environmentally friendly. Therefore, applying carbonation
curing to UHPC made with type IV cement is almost certainly the most efficient approach. In contrast, the carbonation-cured samples
made with type III cement in this study exhibited the lowest degree of CO4 ingress relative to the other samples. This can be attributed
to the high reactivity of clinkers of type III cement prior to carbonation curing, which limits the potential for CO, penetration.

Meanwhile, as observed in the 2°Si MAS NMR results, the role of silica fume in the carbonation-cured samples is highly limited, as it
exhibits very low pozzolanic reactivity. Consequently, silica fume may behave more like an inert filler, similar to silica powder.
Nevertheless, the pozzolanic reaction was evidently suppressed under the carbonation curing, resulting in the formation of only a
limited amount of C-S-H. As C-S-H generally serves as the main strength-giving phase in typical UHPC, its deficiency clearly accounted
for the reduced mechanical performance of carbonation-cured samples. Furthermore, the formed C-S-H underwent extensive decal-
cification during the carbonation curing, thereby precluding the possibility of achieving strength levels comparable to those of steam-
cured counterparts within the mixture design adopted in this study. Therefore, when applying carbonation curing to produce UHPC,
adjustments of the quantities of supplementary materials, such as silica fume and silica powder, as well as the cement content, should
be made according to the specific applications so as to optimize the properties of UHPC.

Beyond the mechanical performances, carbonation curing offers significant environmental advantages over conventional steam
curing. The quantification of CO, uptake in the carbonation-cured UHPC samples made with type I, III, and IV cements reached 7.1 %,
4.6 %, and 7.7 %, respectively, relative to binder mass, corresponding to approximately 46 — 77 kg CO»/m® permanently mineralized
in the hardened carbonation-cured UHPC matrix [83]. This sequestration has the potential to offset a considerable fraction of the
embodied carbon of the PC clinkers (0.8 — 0.9 ton CO5 per ton of PC) and directly contributes to reducing the net greenhouse gas
footprint of UHPC production [84]. To rigorously quantify these environmental trade-offs, future work should incorporate a
cradle-to-gate life cycle assessment that can balance: 1) the avoided energy demand of steam curing; 2) the permanent CO, uptake; and
3) the mechanical performance implications. Recent studies have demonstrated that such integrated assessments are critical to
positioning carbonation curing as a viable and sustainable alternative for concrete production in industrial practice [85,86].

4. Conclusion

The effect of Portland cement type on the properties of carbonation-cured UHPC was explored in this study. UHPC samples un-
derwent steam curing for 2 d or carbonation curing for 27 d. The applicability of carbonation curing during the fabrication of UHPC
was evaluated by means of compressive and flexural strength measurements, XRD, TGA, carbonation depth, and 2951 MAS NMR tests.
Based on the experimental results, the following conclusions were drawn:

(1) The mechanical strength of the carbonation-cured UHPC samples was generally lower compared to that of the steam-cured
UHPC samples.

(2) The CO; ingress and uptake of the UHPC samples made with type I and IV cement were higher than those of the UHPC samples
made with type III cement.

(3) Continuous carbonation curing gradually promoted reactivity in the carbonation-cured UHPC samples.

(4) The formation of a substantial quantity of C-(A)-S-H was found in the steam-cured UHPC samples made with type III and IV
cement, resulting in higher mechanical strength.

(5) Given that silica fume contributed very little to the reactions in the carbonation-cured UHPC samples, strength development
was primarily driven by the carbonation of clinkers, which led to the formation of C-S-H and the precipitation of CaCOs3.

These results suggest that the carbonation curing of UHPC, particularly with belite-rich cement, could provide a low-energy and
low-carbon alternative to conventional steam curing practices, thereby offering practical value for sustainable construction applica-
tions. However, future research should focus on the optimization of certain curing conditions, such as the CO; concentration, and on
the limited role of silica fume during carbonation curing, as well as the development of integrated assessments to positioning
carbonation curing as a viable and sustainable alternative for UHPC production in industrial practice.
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