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A B S T R A C T

The progressive adoption of 3D printed concrete (3DPC) in construction necessitates a comprehensive evaluation
of its performance under extreme thermal conditions, especially concerning post-fire residual safety. While previ-
ous research has largely focused on material behavior under slow cooling, the effect of rapid water cool-
ing—representative of realistic firefighting operations—on the interlaminar zones of 3DPC remain poorly char-
acterized. This work systematically examines the deterioration of 3DPC after exposure to temperatures reaching
800 °C followed by water quenching. Integrated experimental techniques, including mechanical testing, scan-
ning electron microscopy, X-ray diffraction, thermogravimetry, and nitrogen adsorption analysis, reveal severe
coupled damage mechanisms under the combined effect of high temperature and thermal shock. Key observa-
tions include a drastic reduction in compressive strength, exceeding 50% after 800 °C treatment, the addition of
fibers has made the occurrence of cracks more complicated, and decomposition of hydration products accompa-
nied by CaO rehydration leading to expansive fracture. A critical degradation threshold was identified between
400 °C and 600 °C, where concurrent physicochemical processes result in irreversible loss of integrity. The find-
ings emphasize the vulnerability of printed interfaces to thermal shock and provide a foundational basis for de-
signing damage-resistant 3DPC mixtures and improving fire safety standards in digital fabrication.

1. Introduction

The impact of various factors on building materials under fire expo-
sure has been extensively studied in the field of fire safety and building
engineering [1]. Previous research has made significant studies in un-
derstanding the deterioration of traditional building materials, such as
reinforced concrete and steel structures, under high-temperature condi-
tions, and the subsequent failure of structures [2]. These findings are of
the utmost importance for the evaluation of a building's fire safety and
recovery capabilities. In recent years, the building industry has wit-
nessed a gradual adoption of 3D printing technology. As a novel build-
ing material, 3D printed concrete (3DPC) has garnered increasing atten-
tion due to its advantageous design characteristics and low cost [3,4].
However, there remains a critical gap in knowledge regarding the be-
havior of 3DPC in fire exposure, particularly under extreme conditions
such as high temperature and rapid cooling.

High-temperature exposure is believed to be a major cause of the
structural integrity failure of concrete [5–7]. Considering the building
fire happens frequently in the world, many researchers have focused on
the thermal performance of concrete [8]. It has been demonstrated that
traditional concrete is susceptible to fissure expansion, strength loss,
and microstructural degradation when exposed to elevated tempera-
tures, particularly during the water-cooling phase [9]. In the aftermath
of elevated temperatures, the implementation of a cooling process has
been observed to exacerbate the expansion of internal fissures in con-
crete, thereby significantly reducing its strength [10]. Similar studies
have indicated that the cooling rate of concrete specimens has a direct
impact on the formation of fissures and the subsequent deterioration of
strength [11]. However, the layered structure of 3DPC and its relatively
weak interlayer cohesion contribute to a more complex deterioration
process following exposure to fire [12]. Consequently, there is a paucity
of research on the degradation mechanisms of 3DPC in the context of
fire, particularly with regard to the impact on interlayer strength and
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microstructure following exposure to high temperatures and rapid cool-
ing [13]. As 3D printing technology continues to advance, it becomes
imperative to understand its performance under extreme conditions to
ensure the structural integrity of constructed objects [14].

Existing research on the post-fire performance of concrete has
mainly focused on traditional and ultra-high-performance concrete.
Wouter et al. [15] studied the influence of different water cooling rates
on traditional concrete after fire, indicating that rapid water cooling led
to higher crack density and strength loss. However, there remains a crit-
ical gap in knowledge regarding rapid water cooling on 3DPC, espe-
cially in terms of crack generation, pore changes, and material strength
attenuation after high-temperature exposure. Most of the existing re-
search has focused on the material performance testing at room temper-
ature and the physical and chemical changes after high-temperature ex-
posure, but it lacks a comprehensive analysis of the microstructure
changes of 3DPC after the combination of rapid water cooling and high-
temperature exposure [8]. Napolitano et al. [16]mentioned that the
layered structure of 3DPC might exhibit more significant performance
degradation after fire exposure, especially the interlayer part might be
severely affected by water cooling. Although the former research pro-
vides a fundamental understanding and highlights the unique interlayer
damage of 3DPC after heating, few research have systematically studied
the combined impact of high temperature and subsequent rapid water
cooling on its structural integrity and microstructure evolution [1].

Differing from previously available work, the current work focuses
on the degradation of 3DPC after rapid water cooling when exposed to
high temperatures. In this contribution, through a series of macroscopic
and microscopic experiments on 3DPC samples cooled by room-
temperature water, the mechanical property loss and microstructure
changes of 3DPC after high-temperature water cooling were discussed
in detail. The correlation between strength loss and internal changes of
3DPC under different temperature treatments was introduced in detail.
The influence of temperature and water-cooling treatment on 3DPC was
clarified. The dynamic mechanism of high temperature and cooling
treatment on the structure and pores of 3DPC was described.

2. Materials and experimental program

2.1. Raw materials

The 3DPC of this study comprises of Portland cement, river sand,
water, basalt fiber (BF), polypropylene (PP) fiber and a variety of chem-
ical additives. The mix proportion (by weight) of the raw materials used
for mixture preparation is presented in Table.1. The specifications of
basalt fibers are listed in Table. 2.

The cement was P.O. 42.5 Ordinary Portland Cement, sourced from
Guangli Intelligent Technology Co., Ltd. The chemical composition, as
determined by X-ray fluorescence (XRF) analysis, is as follows: SiO2
45.545%, CaO 29.323%, Al2O3 11.327%, SO3 3.352%, Fe2O3 2.918%,
MgO 2.641%, K2O 2.11127%, Na2O 1.781%.

To enhance the fluidity and prolong the hardening time of cement,
the powder-form superplasticizer (SP) and set retarder were added into

Table 1
Mix proportion of raw materials used for 3D printable mixture (unit: kg/m3).
Cement Sand Water PP fiber Basalt fiber Super plasticizer Set retarder

1000 1090 200 1.5 2.5 2.0 1.9

Table 2
Specifications of the basalt fibers.

Length
(mm)

Diameter
(mm)

Density
(g/cm3)

Elastic
modulus (GPa)

Tensile
strength (MPa)

Basalt
fibers

18 7–15 2.63–2.65 91–110 1800–2200

raw materials. The inclusion of PP fiber and basalt fiber improved both
the printability and workability, meanwhile the excellent properties of
basalt fibers such as high strength, electrical insulation, corrosion resis-
tance and high-temperature resistance, improved the performance of
3PDC.

2.2. Test specimen fabrication

The 3DPC specimen was fabricated using a printer equipped with a
20 mm round nozzle, and the printing speed was set to 20 mm/s (Fig.
1). The width and height of the printed mortar strip were 20 mm and
15 mm, respectively. The nozzle standoff distance (i.e., the vertical dis-
tance from the nozzle outlet to the top surface of the previously de-
posited strip) was maintained at 10 mm during printing. The coordi-
nate system was defined as follows: the X-axis is the nozzle movement
direction; the Y-axis is perpendicular to the nozzle movement direction
and parallel to the bottom surface; and the Z-axis is the vertical printing
direction. During the printing process, the nozzle moved back and forth
in an S-shaped pattern layer by layer, and the printing process ended af-
ter the 7th layer was completed. After printing, the specimens were
placed in a curing chamber at 20 ± 2 °C and 95 ± 5% relative humid-
ity for 28 days. After curing, the samples were cut into
70.7 × 70.7 × 70.7 mm cubes to evaluate the mechanical properties
of the 3D-printed samples. And experimental process diagram is shown
in Fig. 2.

2.3. Testing and characterization methods

2.3.1. Elevated temperature
The specimens were heat-treated using a muffle furnace to simulate

various fire exposure environments. The temperature was increased
from room temperature to the target temperature (200 °C, 400 °C,
600 °C, and 800 °C) at a heating rate of 15 °C/min. When the tempera-
ture reaches the target temperature, maintain it for another 2 h. After
heating was completed, the specimens were fully immersed in 5 L
room-temperature water for 30 min to simulate firefighting conditions.

Fig. 1. 3D printing device.
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Fig. 2. Experimental process diagram.

During the immersion period, the cooling water was not refreshed, and
no stirring or forced convection was applied; the system remained
undisturbed throughout the entire process. The mass loss of the speci-
mens before and after high-temperature exposure was recorded, and
their mechanical properties were tested at room temperature.

2.3.2. Mechanical testing
Compressive strength tests were conducted using a computer-

controlled testing machine (CMT6103) with a maximum load capacity
of 200 tons. As shown in Fig. 3, the size of the experimental test block
was 70.7 × 70.7 × 70.7 mm, and the pressing speed was set to 0.3
MPa/s. The compressive strength was tested along the Z directions, for
each mechanical property, three specimens were tested, and the aver-
age value was reported to represent the mechanical characteristics.

2.3.3. Microscopic testing
Sampling locations for different microanalysis specimens are shown

in Fig. 4. The samples for SEM were directly adhered to the conductive
adhesive, and gold was sprayed for 45 s using the Quorum SC7620
sputtering coating instrument, with a gold spraying rate of 10 mA. Sub-
sequently, the sample morphology was captured using a ZEISS Gemi-
niSEM 300 scanning electron microscope. During the morphology cap-
ture, the acceleration voltage was 3 kV, and the detector was a SE2 sec-
ondary electron detector. SEM provides high-resolution images, reveal-
ing the distribution and size of pores, cracks and other microstructure
features.

2.3.4. X-ray diffraction and analysis
After heat treatment and 30 min water cooling, then extract a part

of the sample, crush and grind this part into fine powder for XRD analy-
sis. The conclusions of XRD tests can characterize the crystalline phases

Fig. 3. Compressive strength test.
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Fig. 4. Sampling location for microanalysis specimens.

present in 3DPC and demonstrate the differences of the crystalline
phase under different temperature exposure conditions.

2.3.5. Thermogravimetric analysis
Extract fragments of the specimens and grind them into fine pow-

ders for thermogravimetric analysis (TGA). Then the powder samples
were directly heated from room temperature to 900 °C at 10 °C/min in
nitrogen atmosphere. This method continuously records the mass loss
of sample powder during the uniform heating process, thereby generat-
ing a thermal spectrum with information about pyrolysis behavior. The
thermal decomposition process of the sample is analyzed through the
mass loss curve, and then the thermal stability of the sample compo-
nents is obtained.

2.3.6. BET analysis
Nitrogen adsorption–desorption isotherms were measured using a

specific surface area and porosity analyzer (Micromeritics APSP 2460).
Prior to the analysis, the samples were crushed and sieved to obtain fine
powders. Approximately 0.2–0.3 g of the powdered sample from each
group was accurately weighed and placed in the analysis tube. To re-
move any moisture and contaminants adsorbed on the surface, the sam-
ples were degassed under vacuum at 120 °C for a minimum of 8 h. The
analysis was performed using high-purity N2 as the adsorbate at its boil-
ing temperature (77 K). The adsorption–desorption isotherms were ob-
tained by measuring the volume of N2 adsorbed and desorbed by the
sample at a series of relative pressures (P/P0) ranging from 0 to 0.995.

3. Results and discussion

3.1. Mass loss rate

The mass loss of 3DPC specimens after high-temperature exposure
and rapid water cooling was determined by measuring the weight
change before and after thermal treatment. Prior to heating, all speci-
mens were weighed using an electronic balance with an accuracy
of ± 0.01 g to obtain the initial mass (M0). After thermal exposure, the
specimens were immediately subjected to rapid water cooling. And all
specimens were oven-dried at 60 °C for 24 h until a constant mass was
achieved and then weighed to obtain the residual mass (M1). The mass
loss rate was calculated using the following equation: Residual Mass Ra-
tio (%) = M1/M0 × 100. For each temperature condition, three paral-
lel specimens were tested, and the average value was reported.

As shown in Fig. 5, the residual mass ratio of the specimens de-
creases progressively with the exposure temperature. The data indi-
cates a noticeable decrease in residual mass when the specimens are ex-
posed to rapid water cooling after high-temperature exposure, in addi-
tion to the effects of thermal heating alone.

At 20 °C, the residual mass ratio remained at 100%, indicating sta-
ble material behavior at ambient temperature. When the temperature
increased to 200 °C, the residual mass ratio dropped to 96.4% (a mass
loss of 3.6%), mainly attributed to the evaporation of free water and ini-
tial dehydration of C-S-H gel [17,18]. A similar trend was observed at
400 °C, with the residual mass ratio falling to 93.7% (a mass loss of
6.3%). This reduction is primarily due to the dihydroxylation of port-
landite (Ca(OH)2) and the further breakdown of C-S-H gel [19,20]. At
600 °C, the residual mass ratio decreased to 91.4% (an 8.6% mass loss),
as both calcium carbonate (CaCO3) decomposition and transformation
of C-S-H into anhydrous silicates occurred [21]. However, the coupled
condition of high-temperature exposure and rapid water-cooling re-
sulted in a severe mass loss. The rapid cooling process creates differen-
tial thermal expansion, causing external layers to contract faster than
the interior, which induces further cracking and mass loss.

At the highest temperature of 800 °C, the residual mass ratio
reached its lowest point of 86.3% (a total mass loss of 13.7%), reflecting
the complete breakdown of hydration products and the transformation
of the material into a brittle, ceramic-like structure [20]. The combined
effect of exposure to 800 °C and subsequent water cooling led to a mas-
sive loss in mass. This is due to the combination of thermal shock and
subsequent microcracking, which dramatically increases the material’s
porosity and accelerates the degradation process [22].

Importantly, as illustrated by the error bars in Fig. 5, the standard
deviations of the residual mass ratio remain remarkably low across all
temperature groups. This low statistical variability demonstrates the
excellent uniformity of the 3DPC specimens prepared in this study.

In summary, the results clearly show that the mass loss of 3DPC sig-
nificantly increases with higher temperatures and the introduction of
rapid cooling, especially above 400 °C. However, supported by the re-
markably low statistical dispersion of the data, it is evident that this se-
vere thermal degradation and rapid-cooling-induced damage propagate
in a highly uniform rather than through stochastic, localized failure.
Therefore, while the additional internal stresses and severe microcrack-
ing from rapid cooling must be stringently considered in 3DPC applica-
tions involving fire or thermal shock scenarios, the macro-level struc-

Fig. 5. Residual Mass Ratio of 3DPC at different temperatures.
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tural deterioration behavior of this matrix remains exceptionally stable
and predictable.

3.2. Compressive strength

The residual compressive strength of 3DPC after high-temperature
exposure and rapid water cooling, a key indicator of post-fire load ca-
pacity, is shown in Fig. 6. Strength declines continuously with tempera-
ture: from a baseline of 38.03 MPa at 25 °C to 33.37 MPa (−12.3%) at
200 °C, 25.00 MPa (−34.3%) at 400 °C, 13.93 MPa (−63.4%) at 600 °C,
and 4.87 MPa (−87.2%) at 800 °C. This monotonic reduction under-
scores the severe compounded damage from heating and thermal
shock. At 200 °C, free water evaporation creates pore pressure; melting
PP fibers (∼165 °C) form micro-channels that relieve pressure but leave
interconnected voids [23,24]. Near 400 °C, C–S–H dehydration and
portlandite dehydroxylation further weaken the matrix [13]. Water
quenching then induces severe thermal shock due to steep thermal gra-
dients, generating tensile stresses that cause surface microcracking.
These new cracks combine with pre-existing voids, increasing porosity
and explaining the strength loss at 200 and 400 °C. Beyond 400 °C,
damage intensifies through phase changes and thermal shock. The α–β
quartz transition at 573 °C causes volumetric expansion, internal crack-
ing, and ITZ debonding [22]. Basalt fibers temporarily bridge cracks
and delay failure [25], but cannot counteract overall embrittle-
ment.The thermal shock effect is much more severe at these tempera-
tures. The rapid contraction of the outer surface violently propagates
the internal microcracks already created by the quartz transformation,
turning them into major, interconnected crack networks. The basalt
fibers, while still present, cannot prevent the failure of the now ex-
tremely brittle matrix. By 600 °C, Ca(OH)2 dehydroxylation completes,
and CaCO3 decarbonation occurs by 800 °C, both yielding reactive CaO
[3,8]. Quenching at 800 °C allows water to infiltrate cracks and react
with CaO, causing rehydration (CaO + H2O → Ca(OH)2) with intense
expansive pressure. This micro-explosive disintegration, combined with
thermal shock, explains the near-total strength loss and failure of basalt
fiber reinforcement due to matrix destruction [22,25].

As indicated by the narrower error bars in Fig. 6, the standard devia-
tion of compressive strength noticeably decreases at extreme tempera-
tures (600–800 °C with quenching). This reveals a fundamental shift in
the failure mechanism. At lower temperatures, failure is driven by sto-
chastically distributed manufacturing defects (the “weakest link” prin-
ciple), resulting in high variability. However, extreme thermal shock in-
duces saturated, pervasive microcracking. This transition from local-

Fig. 6. Compressive strength of 3DPC at different temperatures (RT, 200 °C,
400 °C, 600 °C, 800 °C).

ized defect-driven fracture to uniform global matrix disintegration
drops the residual strength to a consistently low baseline, inherently di-
minishing statistical dispersion.

3.3. XRD analysis

X-ray diffraction (XRD) was employed to characterize the phase
composition of 3DPC specimens at different temperatures (RT, 200 °C,
400 °C, 600 °C, and 800 °C) [26], as shown in Fig. 7. At room tempera-
ture, the XRD pattern exhibits distinct diffraction peaks corresponding
to portlandite [Ca(OH)2], calcite (CaCO3), quartz (SiO2), and a crys-
talline calcium silicate hydrate phase [Ca3Si2O4(OH)6]. Quartz, derived
from the sand or aggregate in the concrete, remains inert and struc-
turally stable at low temperatures. Thus, the primary crystalline phases
at ambient conditions consist of hydration products (Ca(OH)2 and
C–S–H), along with minor carbonate phases and inert quartz filler.
Upon heating to 200 °C, only minor changes are observed in the XRD
pattern compared with RT. Portlandite remains largely intact, as
Ca(OH)2 exhibits considerable thermal stability below approximately
200 °C and undergoes negligible decomposition. However, dehydration
of the C–S–H phase has begun. Previous thermal analysis studies have
shown that part of the bound water in C–S–H gel is released in the range
of approximately 150–250 °C. Correspondingly, the diffraction peaks of
hydrated calcium silicate show slight intensity reduction or peak broad-
ening, indicating partial loss of structural water [27]. Nevertheless,
most of the C–S–H crystalline structure remains present at this tempera-
ture. Calcite remains stable, and quartz remains unchanged. Overall,
heating to 200 °C primarily induces initial dehydration of the C–S–H
phase, while portlandite and other crystalline phases remain essentially
unaffected. At 400 °C, significant phase transformations are evident in
the XRD pattern. The diffraction peaks of portlandite decrease
markedly in intensity, indicating substantial decomposition of Ca(OH)2
at this stage. Indeed, Ca(OH)2 dehydroxylates at approximately
400–450 °C, producing calcium oxide and water. The release of struc-
tural water generates additional porosity, whereas the resulting CaO is
not clearly visible in the XRD pattern due to its low crystallinity or very
fine particle size. Calcite remains stable at 400 °C, with its diffraction
peaks essentially unchanged. Heating to 600 °C results in more pro-
nounced changes in phase composition and diffraction patterns. At this
stage, calcite begins to undergo notable decomposition (decarbona-
tion). Consequently, by 600 °C, part of the original CaCO3 has been
transformed, leading to weakened calcite diffraction peaks. By this tem-
perature, the original hydration products have almost completely de-

Fig. 7. XRD pattern of 3DPC at different temperature.
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composed—portlandite has long since disappeared, and C–S–H gel (in-
cluding afwillite) is fully dehydrated—greatly impairing the integrity of
the microstructure. At 800 °C, any Ca(OH)2 or C–S–H phases present at
lower temperatures have completely disappeared, leaving only anhy-
drous products. The diffraction peaks of CaCO3 are essentially absent
[28]. Quartz remains detectable, retaining its crystalline structure.

3.4. TG analysis

To evaluate the influence of different pretreatment temperatures on
the thermal stability of hydration products, Thermogravimetric analy-
sis (TGA) tests were conducted on five groups of samples at room tem-
perature (RT), 200 °C, 400 °C, 600 °C and 800 °C, as shown in Fig. 8.
Based on the thermal decomposition characteristics of the cement-
based system, the curve is divided into four representative temperature
zones: 50–150 °C (free water and weakly bound water), 150–350 °C (C-
S-H gel-structured water), 400–500 °C (calcium hydroxide Ca(OH)2, ab-
breviated as CH, dehydroxylation), 650–800 °C (CaCO3 decarboniza-
tion). The segmented weight loss and residual mass of each sample are
shown in Table.3 [29,30].

For samples at room temperature, ΔW at 0–150 °C is 7.13%, show-
ing significant free/weakly bound water. At 150–350 °C, the weight

loss is 3.96%, corresponding to the continuous release of water in the C-
S-H gel structure. At 400–500 °C, the CH window showed a weight loss
of 0.72%, and the Differential Thermogravimetric (DTG) indicated the
presence of a weak peak within the temperature range (slightly overlap-
ping with the tail section of the C-S-H deep dehydration). The weight
loss at 650–800 °C is 2.10%, which is caused by the decarburization of
calcite [31]. These thermal events clearly demonstrate that the room-
temperature cured sample contains abundant hydration products (e.g.,
C–S–H gel and Ca(OH)2) as well as a certain amount of carbonation
product (CaCO3). The ample presence of hydration products imparts
good macroscopic mechanical properties to the material, as the dense
microstructure contributes to higher strength.

For the samples heated at 200 °C, the weight loss at 50–150 °C
dropped to 4.49%, indicating that a considerable proportion of free/
weakly bound water was driven away during the preheating stage. At
150–350 °C, the weight loss was 2.66%, and the detachable amount of
C-S-H decreased, indicating that most of the surface adsorbed water and
some interlayer water of the C-S-H gel had been removed during the
heat treatment process. The CH window at 400–500 °C was 0.74%, ap-
proximately the same as RT (0.72%), and the difference was within the
typical error range of Thermogravimetric (TG), with no significant
change. The weight loss at 650–800 °C is 2.44%, similar to that of RT.

Fig. 8. Differential Thermogravimetric (DTG) and Thermogravimetric (TG) curves of 3DPC at different temperatures:(a) RT (b)200 °C (c) 400 °C (d)600 °C (e)800 °C.
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Table 3
Weight Loss at each stage of 3DPC at different temperatures (20 °C, 400 °C,
600 °C, 800 °C).

50–150 °C 150–350 °C 400–500 °C 650–800 °C

20 °C 7.13% 3.96% 0.72% 2.10%
200 °C 4.49% 2.66% 0.74% 2.44%
400 °C 5.79% 2.67% 0.66% 2.19%
600 °C 6.16% 2.25% 0.46% 2.41%
800 °C 3.09% 1.44% 0.30% 1.74%

The mass loss of carbonate decomposition is also similar to that of RT
samples, which means that the treatment at 200 °C has no significant
effect on the presence of CaCO3 [31]. Overall, the sample after 200 °C
treatment retains the key TG features of major hydrates (such as
Ca(OH)2), but its low-temperature dehydration peaks are diminished
due to the partial water loss and structural rearrangement incurred at
200 °C. The resulting microstructure is slightly relaxed, which may
cause a minor decline in mechanical strength compared to the RT sam-
ple.

For the sample heated at 400 °C, the weight loss at 50–150 °C was
5.79%, which was higher than 200 °C but still lower than RT. This indi-
cates that the sample has a certain rehygroscopic capacity after the
high-temperature water cooling process. The weight loss at 150–350 °C
is 2.67%, which is comparable to that at 200 °C, indicating that the re-
detachable capacity of C-S-H continues to be limited. The CH window
at 400–500 °C was 0.66%, further decreasing compared to RT/200 °C,
but the decrease was relatively slow. In this study, under the path of
“heating and holding → water cooling → drying → then TG/DTG”, the
CH dehydroxylation peak in the 400–500 °C range did not disappear
but was significantly weakened due to the mechanical “forward
shift + overlap + transfer”. Specifically: (i) The secondary/low-
crystallization CH induced by high-temperature treatment and water
cooling begins to dehydroxyl at 300–380 °C, overlapping with the C-S-
H dehydration tail section, which dilutes the conventional main peak
around 450 °C. It has been reported in the literature [32] that the CH
dehydroxylation event of the slurry treated at high temperature shifts to
the low-temperature position, and the dehydroxylation peak of the
“secondary CH” can shift from around 450 °C to approximately 410 °C.
(ii) Carbonization during water cooling/exposure causes part of the CH
mass loss to “move” from 400 to 500 °C to the CaCO3 decarburization
section at 650–800 °C, thereby further weakening the DTG peak in the
regular window [33]. The weight loss is 2.19% at 650–800 °C, which is
similar to that at 200 °C. These thermal analysis results indicate that at
a high temperature of 400 °C, the primary gelation phase in the C-S-H
gel is destroyed, with significant dehydration. Ca(OH)2 begins to de-
compose, leading to an increase in microscopic porosity and a further
decrease in macroscopic strength.

For the sample heated at 600 °C, the weight loss was 6.16% at
50–150 °C, slightly higher than that at 400 °C. High temperature com-
bined with water cooling and thermal shock may increase the number
of holes/crack channels and the specific surface area, leading to an in-
crease in moisture absorption during subsequent storage. At
150–350 °C, the weight loss was 2.25%, which continued to decrease,
indicating that the decomposable structural water of C-S-H further de-
creased. The CH window at 400–500 °C significantly decreased to
0.46%, indicating that after preheating at 600 °C, the remaining CH in
the system that could be dehydroxylated at the conventional
400–500 °C was less (meanwhile, the low-crystalline CH dehydroxyla-
tion temperature of regeneration moved forward and overlapped with
the II zone, reducing the net weight loss at the conventional window
[34]). A weight loss of 2.41% at 650–800 °C indicates that calcium car-
bonate still exists. At a high temperature of 600 °C, the microstructure
of the sample severely deteriorated, forming many pores and cracks.
The cement matrix almost lost its bonding capacity, resulting in a sharp
decline in macroscopic mechanical properties and a loss of about half of

the original strength. However, in the moist environment after cooling,
some hydration reactions and secondary cementation reactions of CaO
(such as the formation of a small amount of new C-S-H) will occur [23].

For the samples heated at 800 °C, only 3.09% were obtained from
50 to 150 °C, which was the lowest in the entire group. At 150–350 °C,
it is 1.44%. At 400–500 °C, the CH window is the lowest at 0.30%, and
there is almost no peak in DTG, which is in line with the expectation
that CH has decomposed in large amounts during the preheating stage
with very little regeneration, and the dehydroxylation of low-
crystallized CH has moved forward and the signal is dispersed. The
weight loss at 650–800 °C is 1.74%, which is also the lowest, indicating
that the content of decarbonizable CaCO3 is the least (it has been con-
sumed in advance during the high-temperature stage, and the re-
carbonization is relatively restricted). At 800 °C, all the cementitious
hydrates (such as C-S-H, Ca(OH) 2, etc.) have decomposed, and the ce-
ment matrix basically returns to a state similar to the original clinker
minerals. Concrete loses most of its strength at temperatures above
800 °C. The macroscopic mechanical properties of the samples treated
at 800 °C decreased sharply [34].

It is noteworthy that the dehydration peak within 0–150 °C, which
would normally diminish after high-temperature exposure, remains ob-
servable in all specimens due to water reabsorption during the water-
cooling process. However, with increasing pretreatment temperature,
the dehydration peaks associated with more strongly bound water at
higher temperatures progressively weaken and eventually disappear.
Consequently, only the low-temperature peak corresponding to physi-
cally stored free water introduced during water cooling remains promi-
nent.

Meanwhile, the dehydroxylation peak of Ca(OH)2 (CH), typically
expected at 430–470 °C, appears consistently weak or indistinct in all
samples, particularly in those pretreated above 400 °C. This phenome-
non can be attributed to the coupled effects of phase consumption, peak
superposition, crystallinity alteration, and redistribution of mass loss
across different temperature intervals.

First, partial carbonation occurring during cooling and subsequent
exposure converts a portion of CH into CaCO3, effectively transferring
part of the theoretical mass loss from the 400–500 °C interval to the
650–800 °C decarbonation region. As a result, the net detectable CH-
related mass loss within its conventional temperature window is re-
duced.

Second, when the pretreatment temperature reaches or exceeds
400 °C, CH undergoes partial dehydroxylation during the heating stage
itself, significantly decreasing the residual CH content available for sub-
sequent TG analysis. For specimens treated at 600 °C, and particularly
at 800 °C, most primary CH has already decomposed prior to testing,
leaving only trace amounts capable of producing a discernible DTG sig-
nal.

Third, high-temperature damage combined with water cooling may
promote the rehydration of CaO, leading to the formation of secondary
or poorly crystalline CH. Such low-crystallinity CH exhibits reduced
thermal stability, and its dehydroxylation may shift forward to approxi-
mately 300–380 °C, overlapping with the tail region of C–S–H dehydra-
tion. This “forward shift and overlap” effect weakens the conventional
main CH peak near 450 °C, resulting in a broadened and attenuated
DTG signal rather than a sharp characteristic maximum.

Finally, progressive microstructural deterioration at elevated tem-
peratures increases porosity and structural heterogeneity, causing ther-
mal decomposition events to become more dispersed and thereby
smoothing DTG features. Therefore, the absence of a pronounced CH
peak does not necessarily indicate the complete disappearance of CH;
rather, it reflects the combined influence of prior thermal decomposi-
tion, carbonation-induced mass redistribution, reduced crystallinity,
and overlapping dehydration processes.

As shown in Fig. 7(e), The persistence of a distinct CaCO3 decompo-
sition peak after 800 °C pretreatment does not necessarily indicate in-
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complete decomposition during the heating stage; rather, it is more
plausibly attributed to post-thermal recarbonation. Although thermo-
dynamically CaCO3 approaches complete decomposition into CaO and
CO2 at approximately 750–800 °C, the CaO formed at high temperature
exhibits high chemical reactivity. During subsequent water cooling and
air exposure, CaO may first undergo rehydration to form CH, which can
then rapidly react with atmospheric CO2 to regenerate CaCO3. There-
fore, the CaCO3 decarbonation peak detected during TG analysis of the
specimen treated at 800 °C largely represents newly formed carbonate
generated during the cooling and storage stages, rather than residual
original CaCO3 that failed to decompose at high temperature.

3.5. BET analysis

Specific surface area (BET) analysis is an important method for eval-
uating the microscopic pore structure of materials and is widely used in
studying the adsorption performance, porosity and their relationship
with performance of materials [35,36]. High-temperature treatment
has a significant impact on the microstructure of cement-based materi-
als, thereby affecting their specific surface area and pore volume. This
section conducts BET analysis on 3DPC samples treated at different
temperatures (room temperature, 200 °C, 400 °C, 600 °C, and 800 °C)
to explore the influence of high temperature on their specific surface
area and pore volume, as shown in Fig. 9. The adsorption–desorption
isotherms were interpreted according to the International Union of
Pure and Applied Chemistry (IUPAC) classification system for ph-
ysisorption isotherms, which categorizes isotherms into Types I–VI
based on pore structure characteristics. The quantitative values of spe-
cific surface area and total pore volume obtained from BET analysis are
summarized in Table. 4, which provide direct evidence for the tempera-
ture-induced pore structure evolution.

As shown in Table 4, the specific surface area at room temperature is
7.16 m2/g and the total pore volume is 0.028 cm3/g, which serve as the
baseline for evaluating subsequent thermal damage. At this point, the
microstructure of the sample is relatively dense, mainly composed of
calcium silicate hydrate (C-S-H) gel and calcium hydroxide hydrate
(Ca(OH)2) [18]. The isotherms of the samples at room temperature ex-
hibit characteristics of a combination of Type I and Type IV isotherms
according to the IUPAC classification. Type I isotherms are typically as-
sociated with microporous materials, while Type IV isotherms are char-
acteristic of mesoporous materials and are usually accompanied by hys-
teresis loops due to capillary condensation. In the low P/P0 range, the
adsorption capacity increases rapidly, indicating that the sample con-
tains many micropores and small mesopores. With the increase of P/P0,
the adsorption capacity gradually stabilizes, indicating pore saturation.
This dense microstructure endows the material with high mechanical
strength and low porosity at room temperature, demonstrating excel-
lent stability and structural integrity.

The isotherms of the samples pretreated at 200 °C exhibit the char-
acteristics of type IV hysteresis loops, similar to those of samples at
room temperature, but with relatively lower adsorption capacity. Al-
though the hysteresis loop still exists, its width is smaller than that of
the samples at room temperature, indicating a reduction in the volume
of the microporous part. However, mesopores still dominate. Although
the hysteresis loop persists after treatment at 200 °C, its reduced width
compared with the room-temperature sample indicates a decrease in
micropore volume, while mesopores remain dominant. However, meso-
pores still dominate. Specifically, the specific surface area decreased to
6.05 m2/g after treatment at 200 °C, and the total pore volume was
0.028 cm3/g. The increase in temperature led to the release of some
moisture, especially the adsorption of moisture and the removal of
some crystalline water in the C-S-H gel, which caused an initial change
in the pore structure of the sample. Despite this, the changes in porosity
and specific surface area at 200 °C were relatively small. Therefore, at
this temperature, the decrease in specific surface area is not significant,

the microstructure of the material remains relatively intact, and its me-
chanical properties have not been greatly affected. The decrease in spe-
cific surface area from 7.16 m2/g to 6.05 m2/g corresponds to an ap-
proximate reduction of 15%, while the total pore volume remains
nearly unchanged, indicating that dehydration mainly affects microp-
ores without significantly altering overall pore connectivity.

When the temperature rises to 400 °C, the specific surface area of
3DPC further decreases to 5.29 m2/g, and the total pore volume drops
to 0.026 cm3/g. This change mainly stems from the further dehydration
and decomposition of hydration products. At this stage, the isotherms
show a more obvious type IV hysteresis loop, and the adsorption capac-
ity is further reduced compared with the samples at room temperature
and 200 °C. After high-temperature treatment, the microporous struc-
ture of the sample was further damaged, and the ratio of mesopores to
macropores increased, indicating that the pore structure contracted.
The hysteresis loop becomes more pronounced, especially in the range
where P/P0 > 0.3, indicating an increase in the proportion of macrop-
ores, which is consistent with the pore reconstruction process after
high-temperature treatment. Within this temperature range, Ca(OH)2
begins to dehydrate and convert into CaO, while the hydrated water
content of C-S-H gel gradually decreases, leading to further changes in
the pore structure. Scanning electron microscope images show that the
samples at 400 °C exhibit fine cracks and pore expansion, and the disso-
lution of some hydration products leads to an increase in porosity [22].
Although the porosity slightly increased, compared with the changes
under high-temperature conditions, the pores of the samples treated at
400 °C still maintained a smaller scale and uniform distribution. At
400 °C, the specific surface area further decreases to 5.29 m2/g, repre-
senting an overall reduction of approximately 26% compared with
room temperature, while the total pore volume declines to
0.026 cm3/g. This confirms that progressive dehydration and partial
decomposition of hydration products lead to pore coarsening and struc-
tural contraction.

At a high temperature of 600 °C, the changes in specific surface area
and pore volume become more significant. At this point, the specific
surface area increased to 5.64 m2/g, and the total pore volume dropped
to 0.023 cm3/g. The isotherm changes more significantly, and the hys-
teresis loop further increases, especially in the higher P/P0 range,
showing a larger pore volume. The adsorption capacity further de-
clined, especially with a significant reduction in micropore adsorption
within the low P/P0 range, indicating that the pore structure within the
material has undergone severe collapse or reconstruction. The treat-
ment at 600 °C led to almost complete dehydration of C-S-H and
Ca(OH)2, and the decomposition of hydration products caused severe
degradation of the microstructure of the material. With the gradual de-
composition of C-S-H and Ca(OH)2, the overall strength of the material
drops significantly and the pore structure tends to be loose. At 600 °C,
although the total pore volume reaches its minimum value
(0.023 cm3/g), the specific surface area slightly increases to 5.64 m2/g.
The divergence between these two parameters suggests the initiation of
microcracks, which increase internal surface area while the overall pore
volume remains limited.

The most significant change occurred at 800 °C, where the specific
surface area jumped to 6.89 m2/g and the total pore volume was 0.043
cm3/g, demonstrating a much higher specific surface area and pore vol-
ume than samples treated at other temperatures. The isotherms of the
samples pretreated at 800 °C show type IV hysteresis loops, which are
almost entirely microporous regions, while micropores and mesopores
are almost completely lost. The appearance of the hysteresis loop indi-
cates that the material still has a certain capillary coagulation effect
[37], but the overall porosity has been significantly reduced, especially
the disappearance of small pores. The occurrence of this phenomenon is
closely related to high-temperature pyrolysis at 800 °C. At 800 °C, C-S-
H and Ca(OH)2 almost completely decompose, and the microstructure
in the sample is damaged, forming a large number of microcracks and
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Fig. 9. Specific surface area and pore characteristics of 3DPC after high-temperature and water cooling:(a) RT (b) 200 °C (c) 400 °C (d)600 °C (e) 800 °C. The ad-
sorbed gas volume is expressed at standard temperature and pressure (STP, 273.15 K and 1 atm).

pores. Meanwhile, some mineral phases, such as calcium silicate (CaO)
and calcite (CaCO3), underwent crystal phase changes, leading to the
formation of new pore networks and larger pore diameters. Scanning
electron microscope images also show that the microstructure of the
800 °C sample is almost completely cracked, presenting a distinct brit-

tle structure and large-scale pore expansion [38]. This high-
temperature treatment causes the material's strength to almost be lost.
At 800 °C, the specific surface area increases to 6.89 m2/g, and the total
pore volume rises sharply to 0.043 cm3/g, corresponding to increases of
approximately 22% and 85% relative to room temperature, respec-
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Table 4
BET specific surface area and total pore volume of samples treated at differ-
ent temperatures (20 °C, 400 °C, 600 °C, 800 °C).
Treatment temperature
(°C)

BET specific surface area
(m2/g)

Total pore volume
(cm3/g)

RT 7.16 0.028
200 °C 6.05 0.028
400 °C 5.29 0.026
600 °C 5.64 0.023
800 °C 6.89 0.043

tively. This significant increase indicates crack coalescence and the for-
mation of interconnected pore networks caused by severe thermal de-
composition and structural disintegration.

From an overall trend perspective, as the temperature rises, the spe-
cific surface area of 3DPC generally decreases, especially at 400 °C and
600 °C, when the pore structure tends to be dense and micro-cracks and
pores gradually increase. However, at 800 °C, the specific surface area
and pore volume showed a significant recovery. This change can be at-
tributed to the pyrolysis reaction at high temperatures and the forma-
tion of new phases, which led to a sharp increase in porosity and surface
area. This phenomenon indicates that under high-temperature fire or
other high-temperature treatment conditions, the microstructure and
mechanical properties of 3DPC may be severely affected, especially
above 800 °C, where the embrittlement of the structure and the in-
crease of pores may lead to serious degradation of the material. The
sharp increase in pore volume at 800 °C marks a transition from a densi-
fication-controlled regime to a damage-dominated regime, which fun-
damentally explains the drastic deterioration of mechanical properties
at ultra-high temperatures.

3.6. SEM analysis

At room temperature (RT), the 3DPC specimen exhibits a dense,
well-hydrated microstructure (Fig. 10(c)), contributing to its high ini-
tial compressive strength. The matrix consists mainly of amorphous C-

S-H gel, binding unhydrated cement particles and fine aggregates (Fig.
10(b)). Abundant crystalline hydration products are present, including
fine needle-like ettringite (AFt) crystals forming an interwoven net-
work, as well as distinct hexagonal portlandite (Ca(OH)2) crystals (Fig.
10(a)). The basalt fibers are well-embedded in the matrix without sig-
nificant interfacial transition zone (ITZ) defects (Fig. 10(c)). This dense
C-S-H gel, crystalline phases, and strong fiber–matrix bonding collec-
tively enhance the material’s mechanical properties before thermal ex-
posure.

At 200 °C, the microstructure of 3DPC begins to deteriorate through
initial decomposition of hydration products and formation of functional
pore structures. Although no macroscale thermal cracks are visible, the
overall structure becomes noticeably looser. The C–S–H gel undergoes
dehydration shrinkage and agglomeration, reducing its specific surface
area and forming micropores (Fig. 11b), thereby weakening cementi-
tious bonding [39]. Simultaneously, acicular ettringite (AFt) crystals
lose integrity, showing blunted tips and edge erosion (Fig. 11(a)), indi-
cating conversion to amorphous phases and loss of micro-anchoring ca-
pacity [30]. A key microstructural change is the formation of continu-
ous microchannels due to melted polypropylene (PP) fibers (Fig. 11(c)),
which serve as pressure-relief pathways by releasing vapour from capil-
lary and bound water during heating, mitigating internal pressure [40].
The performance degradation at this temperature results from com-
bined chemical-physical mechanisms, with no significant thermome-
chanical microcracking observed. This damage preconditions the mate-
rial for crack initiation and propagation at higher temperatures.

At 400 °C, the microstructure of 3DPC reaches a critical transforma-
tion point, driven by synergistic chemical decomposition and physical
damage mechanisms that are severely exacerbated by subsequent water
cooling. Chemically, key hydration products decompose extensively:
well-defined Ca(OH)2 crystals break down, and the dense C–S–H gel
network disintegrates irreversibly, transforming into a porous, fragile
honeycomb-like skeleton (Fig. 12(a)(b)). This degradation causes a sub-
stantial loss of cementation and mechanical strength. Physically, heat-
ing-induced microcracking from dehydration shrinkage and portlandite
decomposition is dramatically amplified during rapid water cooling.

Fig. 10. SEM micrographs of the 3DPC specimen at room temperature (RT).

Fig. 11. SEM micrographs of the 3DPC specimen after exposure to 200 °C and water cooling.
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Fig. 12. SEM micrographs of the 3DPC specimen after exposure to 400 °C and water cooling.

The severe thermal gradient generates intense tensile stresses, acting on
the already weakened matrix and causing microcracks to expand, inter-
connect, and propagate into a large-scale crack network (Fig. 12(c)), re-
sulting in comprehensive structural failure.

At 600 °C, the microstructure of 3DPC undergoes complete and irre-
versible collapse, with damage extending beyond hydration product de-
composition. The cementitious matrix fully loses its cohesion, leaving a
highly porous and fragile calcium-silicate oxide skeleton with no bind-
ing capacity Fig. 13(a). A critical damage mechanism is triggered by the
α–β phase transition of quartz aggregates near 573 °C, which involves
sudden volumetric expansion [41]. This generates intense internal
wedging stresses within the already brittle matrix, leading to extensive
cracking and disintegration. Pronounced gaps and fracture zones be-
tween aggregates and the matrix are visible in Fig. 13(b). Subsequent
rapid water cooling propagates this damage throughout the material
via severe thermal shock. The melting point of PP fibers is typically in
the range of 160–170 °C; Under exposure to 600 °C, they undergo com-
pletely melting followed by thermal degradation. Consequently, intact
fibrous morphologies are no longer observable in SEM images. In con-
trast, basalt fiber exhibits superior thermal stability and can retain a rel-
atively intact fiber morphology at 600 °C, allowing clearly distinguish-
able and continuous solid fiber structures to be identified in the micro-

graphs, as shown in Fig. 13(c), the surface of basalt fibers exhibited visi-
ble longitudinal microcracks, accompanied by localized surface degra-
dation and brittle fracture. Meanwhile, the interfacial bonding between
the fiber and the surrounding mortar matrix was substantially deterio-
rated. As a result, the fibers acted merely as stress-inactive inert fillers
within the fragmented matrix, thereby losing their reinforcing effec-
tiveness.

At the extreme temperature of 800 °C, the microstructure of 3DPC
underwent a catastrophic disintegration in its final stage. Its unique
damage mechanism is the result of the combined effect of high-
temperature chemical decomposition and destructive rehydration reac-
tions induced by water cooling. It can be clearly seen from Fig. 14(a)
that the material has been completely pulverized. The interface be-
tween the original matrix, aggregates and fibers no longer exists, re-
placed by an extremely loose and disordered accumulation composed of
tiny particles and fragments. This form directly explains the phenome-
non that it almost completely loses its strength on a macroscopic level.
The decisive damage mechanism at this stage is triggered at the mo-
ment of rapid water cooling (quenching). During the holding process at
800 °C, not only have the hydration products completely decomposed,
but the calcium carbonate (CaCO3) formed due to carbonization in the
matrix has also begun to decompose, generating a large amount of

Fig. 13. SEM micrographs of the 3DPC specimen after exposure to 600 °C and water cooling.

Fig. 14. SEM micrographs of the 3DPC specimen after exposure to 800 °C and water cooling.
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highly active new calcium oxide (CaO). When this hot, porous sample
was thrown into cold water, water quickly seeped into its interior. This
triggered a vigorous rehydration reaction of CaO (the digestion reaction
of slaked lime: CaO + H2O → Ca(OH)2). This reaction has two fatal
characteristics: ① Intense volume expansion: The volume of newly gen-
erated Ca(OH)2 is much larger than that of the reactant CaO, which
generates a huge crystallization pressure at the microscopic scale. ② In-
stantaneous occurrence: The reaction speed is extremely fast, and the
resulting expansion stress is applied instantaneously. This internal, in-
stantaneous and huge expansion stress completely shatters the residual
skeleton that has become brittle and porous at 600 °C. This “rehydra-
tion and powderization” effect is the core reason for the unique deterio-
ration phenomenon of water-cooled samples at 800 °C. Its direct mani-
festation in microscopic morphology is the loose and porous structure
observed in Fig. 14(b). This structure is a typical feature of the material
after it is cracked and crushed from the inside, and it also explains why
the specific surface area of the 800 °C sample experiences explosive
growth in BET analysis. Under such extreme damage, the condition of
basalt fibers becomes even worse than at 600 °C. As shown in Fig. 14
(c), the fibers are completely “stripped” from the matrix, with only
some powdered matrix debris loosely adhering to their surfaces. They
are no longer the reinforcements in the composite material, but merely
inert impurities scattered in the powder-like debris, and their reinforc-
ing and bridging effects have completely vanished.

As shown in Fig. 15(a), the fibers at ambient temperature maintain
an intact morphology, and the fracture surface exhibits a characteristic
fibrillated appearance indicative of ductile tensile failure, consistent
with the typical behavior of PP fibers under normal conditions. The op-
posite end of the fiber remains firmly embedded in the cementitious
matrix, demonstrating strong interfacial bonding, which contributes to
enhanced mechanical strength and improved ductility of the specimen.

Given that PP fibers begin to melt at approximately 160–170 °C, they
would not preserve an intact fibrous morphology at 200 °C, as observed
in Fig. 15(b). Therefore, the fiber shown in this image—characterized
by higher thermal stability and a brittle fracture surface—can be identi-
fied as basalt fiber. Its tight bonding with the mortar matrix indicates its
significant role in sustaining the mechanical performance of the speci-
men at elevated temperatures.

At 400 °C, the PP fibers have completely melted. As illustrated in
Fig. 15(c), their melting leaves smooth-walled cylindrical channels
within the mortar matrix, which function as effective pressure-relief
pathways under high-temperature exposure. These channels alleviate
internal vapor pressure buildup, thereby mitigating damage associated
with outward expansive stresses. The surrounding mortar appears rela-
tively intact, forming a pronounced contrast with the more severely de-
teriorated microstructure observed in Fig. 15(d) at the same tempera-
ture.

3.7. Degradation mechanism

The thermal degradation of 3DPC under high-temperature exposure
followed by rapid water cooling involves complex multi-scale mecha-
nisms, spanning from molecular-level bond disruption to macroscopic
structural failure. Through the investigation of the evolution of chemi-
cal bonds, the transformation of microstructure and their synergistic ef-
fects on mechanical properties, this section expounds the basic mecha-
nisms of the performance deterioration of 3DPC.

3.7.1. Interfacial degradation and 3DPC vulnerabilities
The anisotropic nature of 3DPC promotes degradation through in-

terfacial bond failure [42]. Interlayer zones, characterized by lower hy-
dration product density and higher fractions of unstable phases (e.g., et-

Fig. 15. SEM micrographs of the fibers in 3DPC specimen.
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tringite and monosulfate), are prone to decomposition under heating
[43]. A mismatch in the coefficient of thermal expansion (CTE) be-
tween the bulk material (∼10–12 × 10−6/°C) and the more porous in-
terface further concentrates thermal stress, often exceeding the already
weakened bond strength and initiating debonding [44]. Additionally,
shear-induced alignment of C-S-H during printing raises CTE perpendic-
ular to the deposition direction, amplifying interfacial stress and accel-
erating degradation [45].

3.7.2. Molecular-level degradation mechanisms
Thermal degradation progressively disrupts the chemical bonds in

hydration products, fundamentally altering the cementitious matrix.
The decomposition of calcium silicate hydrate (C-S-H) begins at low
temperatures, involving depolymerization and reorganization of sili-
cate chains (SiO4 tetrahedra linked by bridging oxygen) [46]. As shown
in the mass-loss curve (Fig. 8(a)), an initial weight-loss stage occurs
within 50–105 °C, which is attributed to the evaporation of physically
adsorbed and interlayer water. This process involves the rupture of
weak hydrogen bonds, generating capillary tension and micro-
shrinkage within the matrix. Concurrently, the reduction in compres-
sive strength observed at 200 °C (Fig. 6) indicates that moisture migra-
tion alone is sufficient to induce measurable structural deterioration. As
temperature increases to approximately 200 °C and beyond, more sub-
stantial chemical changes occur. Chemically bound water is removed
through the condensation of adjacent silanol (Si-OH) groups, following
the reaction: 2Si-OH → Si-O-Si + H2O. This dehydroxylation reaction
forms new silicate linkages, which increases the degree of polymeriza-
tion of the silicate network. Concurrently, the loss of water molecules
causes the collapse of the nanoscale gel pores, significantly reducing the
specific surface area of the C-S-H gel (from approximately
100–150 m2/g to lower values) and increasing its coarseness. Infrared
spectroscopy confirms this structural evolution. The characteristic Si-O
stretching vibrations often shift to higher wavenumbers, indicating an
increase in the degree of silicate polymerization and the formation of
stronger, shorter Si-O-Si bonds [47]. Despite this local strengthening of
the silicate network, the overall mechanical properties of the cement
paste deteriorate severely. This is due to the collective effects of mass
loss, increased porosity, and the breakdown of the original cohesive cal-
cium-silicate hydrate framework. The binding mechanism, which origi-
nally relied on a continuous nanostructured hydrated phase, is compro-
mised, and residual strength becomes increasingly dependent on the
frictional forces and mechanical interlocking of the degraded, coarse
particles [48]. The layered structure of Portland stone (Ca(OH)2) con-
tains a relatively weak hydrogen bond network, which makes its ther-
mal stability poor. When heated to 400-500 °C, thermal energy breaks
these hydrogen bonds and triggers a dehydroxylation reaction: protons
(H+) from adjacent hydroxyl ions (OH −) and hydroxide ions (OH −)
combine through an endothermic reaction to form water molecules
(Ca(OH)2 → CaO + H2O). This process generates CaO with high spe-
cific surface area and activity. The calcium ion and oxygen ion sites on
its surface can serve as nucleation sites, driving the subsequent rehydra-
tion reaction with water molecules. During the rapid water-cooling
stage, CaO rapidly rehydrates to form Ca(OH)2, accompanied by signifi-
cant volumetric expansion. This volume increase readily induces micro-
crack development within the matrix. Subsequently, during storage or
exposure to atmospheric conditions, the rehydrated Ca(OH)2 further re-
acts with CO2 to form CaCO3.

Compared with the CaCO3 formed during the original hydration or
natural carbonation processes, the carbonate regenerated after high-
temperature exposure precipitates rapidly and is typically character-
ized by a relatively loose and disordered microstructure. As a result, it
is unable to reconstruct a continuous and dense binding framework.
Consequently, its contribution to strength recovery is limited, and the
overall structure continues to exhibit pronounced deterioration, as re-

flected by the significant strength reduction observed between 600 °C
and 800 °C in Fig. 6.

3.7.3. Thermal shock-induced macroscopic void formation and
microcracking

The rapid cooling of the surface in contact with water following ex-
posure to elevated temperatures introduces severe thermal gradients,
generating catastrophic macroscopic cracking [49,50]. This thermal
shock mechanism is initiated by differential thermal contraction,
wherein the surface layers undergo rapid cooling and contraction while
the interior remains hot and expanded. This results in substantial ten-
sile stresses that surpass the tensile strength of the thermally weakened
matrix. The damage severity is closely related to the pre-existing mi-
crostructural condition of the material. During the prior heating phase,
the melting of PP fibers (at ∼ 165 °C) forms a network of micro-
channels [50]. As shown in Fig. 15(c), these channels function as pres-
sure-relief pathways during heating to mitigate the risk of explosive
spalling; however, they simultaneously create localized low-density re-
gions that act as potential damage initiation sites during the subsequent
thermal shock stage. Furthermore, the coupled effects of high tempera-
ture and thermal shock lead to significant damage in 3DPC due to its in-
herent weaknesses at interlayer interfaces. The combination of reduced
bond strength and anisotropic thermal expansion creates preferential
paths for crack propagation along the printed layers. High-resolution
SEM analysis reveals complex branching crack patterns that often align
with the printing direction [51]. It is critical to distinguish this thermal-
shock-driven damage from the damage that occurs during the heating
phase. During heating, the release of physically and chemically bound
water can generate internal vapor pressures reaching 5–15 MPa, partic-
ularly above 300 °C [23]. If this pressure is not effectively relieved
through the channels formed by the melting of PP fibers, it leads to the
development of internal microcracks and spherical voids. As the heat-
ing stage progresses, the accumulation of micro-damage further weak-
ens the matrix, facilitating crack propagation and coalescence within
the already deteriorated structure. Consequently, the mortar becomes
increasingly porous and loose, forming extensive voids and intercon-
nected cracks, as illustrated in Fig. 15(d).

3.7.4. Fiber reinforcement failure mechanisms
The degradation of fiber reinforcement in 3DPC under thermal

shock conditions follows a complex progression involving both
fiber–matrix interfacial failure and intrinsic fiber property changes. Al-
though basalt fibers are more thermally stable than polymer fibers, they
undergo significant strength degradation above approximately 600 °C
[52], while also experiencing progressive bond deterioration with the
surrounding matrix as hydration products decompose. The interfacial
transition zone (ITZ) surrounding basalt fibers experiences preferential
degradation due to its inherent higher porosity and distinct chemical
composition compared to the bulk matrix [53]. At temperatures rang-
ing from 200 to 400 degrees Celsius, the decomposition of C-S-H gel
within the ITZ leads to a reduction in the chemical adhesion between
fibers and the matrix. This transition results in a shift from a chemical
bonding-based load transfer mechanism to one that is primarily fric-
tional in nature. This degradation is exacerbated by the differential
thermal expansion between basalt fibers and the concrete matrix, lead-
ing to progressive debonding [54]. During the thermal shock stage, the
matrix undergoes rapid dimensional changes, subjecting the fibers to
additional mechanical pulling and shearing forces, which further causes
the damage. As shown in Figs. 13(c) and 14(c), after heat treatment at
600 °C and 800 °C, the basalt fibers exhibit evident surface deteriora-
tion, while the cementitious matrix simultaneously undergoes extensive
decomposition. Under these conditions, this dual degradation of both
the fibers and the surrounding matrix renders the fibers nearly inca-
pable of providing effective structural reinforcement. The PP fibers ex-
hibit a dual role that undergoes a transformation in response to varia-
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Fig. 16. Multiscale Schematic of the Degradation Mechanisms in 3DPC Subjected to High Temperature and Rapid Water Cooling.

tions in temperature. At ambient temperatures, they provide valuable
reinforcement by improving ductility, controlling crack propagation,
and enhancing toughness [55]. Their melting (∼165 °C) creates chan-
nels that provide beneficial pressure relief, thereby preventing explo-
sive spalling during the initial heating process. Subsequent thermal
shock results in the filling of these channels with water, which facili-
tates crack propagation during the cooling phase due to hydraulic pres-
sure and capillary action. These water-filled channels also create addi-
tional sites for potential future freeze–thaw damage if the material is
exposed to sub-zero temperatures Fig. 16.

3.7.5. Synergistic degradation and failure progression
The overall degradation of 3DPC under thermal shock represents a

synergistic combination of all previously described mechanisms, with
each damage mode interacting with others. The sequence of events is
characterized by a set of hallmark stages, namely: initial molecular
bond weakening, interfacial debonding, macroscopic void formation,
thermal shock cracking, rehydration-induced expansion cracking [56],
and complete structural failure. The critical temperature threshold for
catastrophic failure is situated between 400 and 600 °C, where multiple
degradation mechanisms reach their peak intensity concurrently.
Within this temperature range, the decomposition of primary hydration
products, the α-β quartz transition in aggregates (at ∼ 573 °C) [57], al-
though the α–β quartz transition at approximately 573 °C is a reversible
displacive transformation involving tetrahedral rotation without bond
breakage, the associated abrupt volumetric expansion induces transient
internal stresses within the cementitious matrix. Due to thermal incom-
patibility between quartz aggregates and the surrounding paste, stress
concentration develops at the interfacial transition zone (ITZ), leading
to irreversible microcrack formation. Upon cooling, the crystal symme-
try of quartz is restored; Upon cooling, the crystal symmetry of quartz is
restored; however, the thermally induced microstructural damage re-
mains, resulting in permanent mechanical degradation despite the ap-
parent phase reversibility in XRD analysis. And maximum thermal
shock sensitivity [58] synergistically generate structural degradation.
The water-cooling phase is a critical component of the coupled deterio-
ration process, where various damage mechanisms occur through rapid
thermal gradients, chemical rehydration, and potential phase change
effects. The cooling rate exerts a substantial influence on the extent of

damage, with accelerated cooling rates (>50 °C/min) resulting in more
pronounced microcracking but potentially mitigated chemical rehydra-
tion damage due to diminished reaction time. The inherent interlayer
weakness of 3DPC renders it particularly vulnerable to this multi-
mechanism degradation, with failure preferentially occurring along
printing interfaces where all damage modes are amplified by the pre-
existing structural discontinuities and reduced hydration product den-
sity.

4. Conclusions

This study investigates the degradation of 3DPC under thermal
shock (up to 800 °C with rapid water cooling, simulating firefighting).
Combined mechanical and multi-scale microstructural analyses (SEM,
XRD, TGA, BET) reveal a synergistic degradation mechanism that is
markedly more severe than from isothermal heating alone.

The combined conditions of elevated temperatures and rapid water
quenching induce severe thermal gradients, leading to catastrophic
macroscopic cracking and comprehensive microstructural
disintegration. Under this severe coupled scenario, the residual
compressive strength of 3DPC decreased sharply with temperature,
suffering a near-total loss (87.2% reduction) at 800 °C

A synergistic degradation mechanism occurs between 400 and 600 °C,
where the dehydroxylation of portlandite, decomposition of C-S-H
gel, and the α-β quartz phase transition (∼573 °C) in aggregates
coincide. This leads to microstructural collapse and a sharp decline
in mechanical properties

The degradation progresses through distinct temperature stages:
<200 °C: Evaporation of free water and partial C-S-H dehydration,
PP fibers melt to form mechanically weak but stress-relieving
channels. 200–400 °C: The bound water in the gel material is
removed. 400–600 °C: Synergistic degradation occurs due to
portlandite dehydroxylation, C-S-H decomposition, and quartz α-β
transition (∼573 °C), causing volumetric expansion and extensive
microcracking. > 600 °C: The cement matrix fully decomposes. At
800 °C, water quenching triggers rapid rehydration of highly
reactive CaO, generating expansive stresses that disintegrate the
material into a friable granular state
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Both PP and basalt fibers play dual, temperature-dependent roles. PP
fibers enhance ductility at ambient temperature and form pressure-
relief channels upon melting, which help alleviate internal vapor
pressure at elevated temperatures. Basalt fibers provide stable
reinforcement at moderate temperatures; however, their
effectiveness diminishes above 600 °C due to microcracking and
interfacial degradation. Overall, the high-temperature performance
of the mortar is governed by the synergistic yet temperature-
sensitive behavior of the two fibers

BET analysis revealed a non-linear evolution of porosity. The specific
surface area initially decreased up to 600 °C due to pore coarsening
and collapse but then increased substantially at 800 °C as a result of
extensive microcracking and material pulverization caused by
thermal shock and rehydration expansion

This work highlights the extreme vulnerability of 3DPC to combined
high-temperature and rapid water cooling—a previously overlooked
yet critical scenario. The results demonstrate that post-fire safety as-
sessments after water suppression cannot be extrapolated from slow-
cooling or isothermal data. These findings provide essential insights for
realistic safety evaluation and form a basis for developing more re-
silient 3DPC mixtures and targeted fire protection strategies in digital
construction. Future research should focus on mitigating interlayer
weakness and improving thermal shock resistance through approaches
such as optimizing fiber blends, incorporating nano-reinforcements, or
designing protective coatings.
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