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ARTICLE INFO ABSTRACT

Keywords: This study explored the influence of elevated-temperature exposure and interlayer time intervals
3DP-UHPC on the interface bonding strength of hybrid-fibre 3D printed ultra-high-performance concrete
Hybrid fibre (3DP-UHPC), and analysed the potential mechanisms driving these observed results. A relation-
Elevated-temperature ship model for the bonding strength of hybrid fibre 3DP-UHPC in elevated-temperature envi-

Interface bonding performance

ronments was proposed. Results revealed that at 800 °C, localized damage occurred in 3DP-
Bonding strip

UHPC, but the addition of 0.5 % polypropylene fibres delayed the occurrence of spalling
behaviour and enhanced its elevated-temperature resistance. Furthermore, as the time interval
increased, the bonding strength of 3DP-UHPC gradually decreased, particularly at temperatures
above 400 °C, where the melting and volatilization of polypropylene fibres negatively affected the
bonding strength. The study suggested that polypropylene fibres inhibited spalling behaviour of
3DP-UHPC after elevated temperatures through moisture loss and thermal stability. However,
they may also lead to interface weakening, resulting in a decrease in bonding strength. These
findings provide important guidance for further development and design of 3DP-UHPC structures
in elevated-temperature environments.

1. Introduction

In recent years, the rapid advancement of 3D printing technology has led to its wide application in various fields including ar-
chitecture, manufacturing, and healthcare [1-3]. Concrete, as a crucial construction material, has also gained attention in the realm of
3D printing [4,5]. The technology of 3D printing concrete offers significant advantages such as the ability to create intricate shapes and
customized designs, high processing efficiency, and optimal resource utilization [6-10]. Consequently, it finds suitability in numerous
applications like constructing structural components, prefabricated residential buildings, bridges, and more.

With the increasing adoption of 3D printing concrete technology, there is a growing demand for materials with enhanced per-
formance. Ultra-high performance concrete (UHPC) is an exceptional engineering material known for its superior characteristics,
including enhanced crack resistance [11], higher strength [12,13], and excellent durability [14] as compared to conventional con-
crete. The outstanding durability of UHPC remarkably improves the lifespan of building structures while reducing the need for costly
reinforcement and maintenance [15]. Moreover, its high toughness ensures greater reliability of concrete structures [16]. Conse-
quently, 3DP-UHPC has become a captivating research area, drawing significant attention from scholars involved in 3D printing
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[17-19]. Scholars have conducted extensive studies on 3DP-UHPC, encompassing the development of unique formulae [17,20,21],
exploration of microstructure and mechanical properties [18,20,22,23], and examination of durability aspects such as blast resistance
[24] and frost resistance [25]. Additionally, some scholars have utilized 3DP-UHPC as a reinforcing material to strengthen 3D printed
components made of ordinary concrete, successfully validating the effectiveness of this approach [26]. As a result, 3DP-UHPC exhibits
immense potential for a wide range of applications. However, it is important to acknowledge that in practical applications, 3DP-UHPC,
similar to conventional concrete, may experience extreme conditions such as fires and elevated-temperature industrial environments.
Under such circumstances, the structure and performance of 3DP-UHPC can undergo changes, potentially leading to structural
instability [27,28]. Elevated temperatures can result in thermal expansion, strength reduction, and material damage in 3DP-UHPC,
consequently affecting the overall structural integrity [29,30]. While the unique formulation and fibre reinforcement technology of
3DP-UHPC may provide better resistance to elevated-temperature spalling in certain conditions as compared to traditional concrete,
this does not imply that it possesses higher strength under all elevated-temperature conditions. In fact, previous studies [31] have
indicated that after exposure to elevated temperatures, the compressive strength of 3DP-UHPC may be lower than that of traditional
concrete. This strength variation is primarily attributed to the directional distribution of steel fibres and the presence of weak in-
terfaces between layers in 3DP-UHPC. These characteristics play a crucial role in enhancing resistance to elevated-temperature
spalling but can also lead to anisotropy in compressive strength. Therefore, investigating the behaviour of 3DP-UHPC following
exposure to elevated temperatures holds great significance in designing safer and more reliable building structures, as well as ensuring
the secure operation of buildings in extreme situations like fires.

The previous study [31] observed that existing 3DP-UHPC materials possess a certain resistance to elevated temperatures. To
enhance its performance under elevated-temperature conditions, the authors conducted an extensive review of relevant literature.
From the reviewed studies, it was found that polypropylene fibres have a positive impact on improving the toughness, crack resistance,
and elevated-temperature resistance of concrete materials [29,32,33]. When concrete is exposed to elevated-temperature environ-
ments, polypropylene fibres can effectively absorb and disperse thermal stress, thereby reducing the temperature gradient within the
concrete and decreasing the risk of material cracking. In addition, polypropylene fibres can provide reinforcement effects, increasing
the strength and durability of the concrete. Therefore, in this study, the authors chose to add 0.5 % by volume of polypropylene fibres
to the existing 3DP-UHPC formulation to further enhance the material’s performance under elevated-temperature conditions. Addi-
tionally, the authors have identified that the interface bonding strip, which refers to the layer-to-layer interfacial regions in 3DP-UHPC,
significantly influences the material’s resistance to elevated temperatures. Firstly, in elevated-temperature environments, these
interfacial regions may exhibit weaknesses that can lead to issues such as reduced bonding strength, crack propagation, and con-
centration of thermal stress. Secondly, variations in factors like structural morphology, setting parameters, and printing material
characteristics in 3D printing construction can result in different interlayer time intervals. Prolonging the interlayer time interval can
adversely affect the quality of the bonding strip in 3DP-UHPC, leading to increased porosity and reduced compactness [34]. These
effects are likely to be exacerbated under elevated-temperature conditions. Despite the clear impact of these factors, there has been a
lack of investigation into the interface bonding characteristics of 3DP-UHPC following exposure to elevated temperatures, which is an
area that warrants further research. It is also important to thoroughly consider the impact of interlayer time intervals on the interface
bonding performance of 3DP-UHPC after elevated temperatures.

In this study, the interface bonding characteristics of hybrid fibre 3DP-UHPC under different conditions were investigated.
Microstructure analysis and bonding strength tests were conducted on specimens treated at room temperature (20 °C) and elevated
temperatures ranging from 200 to 800 °C. The influence of interlayer time interval and elevated temperature on the bonding char-
acteristics of hybrid fibre 3DP-UHPC was also examined. To compare the bonding performance differences between 3D printed
concrete and traditional mould-casting concrete, a control group using mould-casting ultra-high performance concrete (MC-UHPC)
with varying pouring time intervals was included. Based on the findings, a proposed model was developed to describe the relationship
between the interface bonding strength of hybrid fibre 3DP-UHPC and its exposure to elevated temperatures. The aim of this study is to
offer valuable guidance for enhancing the elevated-temperature resistance of 3D printed buildings.

2. Experimental designs
2.1. Materials

UHPC is an important building engineering material, with mechanical properties and durability indicators much more superior
than ordinary concrete. Therefore, it is necessary to strictly select materials in accordance with the standard “Technical Requirements
for Ultra High Performance Concrete (UHPC)" T/CECS 10107-2020 [35]. The experimental materials comprised cement, silica fume,
fly ash, quartz sand, nano calcium carbonate, cellulose, polycarboxylate superplasticizer, water, steel fibre, and polypropylene fibre.
The steel and polypropylene fibres, detailed in Tables 1 and 2, were chosen for reinforcement in the 3DP-UHPC, providing robust
interfacial bonding and enhanced durability. The mix proportion, presented in Table 3, was carefully designed to optimize the
workability and mechanical properties of the 3DP-UHPC. Notably, the mixture ratio for MC-UHPC is identical to that of the 3DP-UHPC
to ensure a consistent baseline for comparison. The selection of materials and the precise mix design are crucial for achieving the

Table 1

Main physical parameters of steel fibres.
Length (mm) Diameter (mm) Density (g/cm3) Form Tensile strength (MPa)
6 0.12 7800 Bright circular >2500
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Table 2

Main technical parameters of polypropylene fibres.
Length (mm) Diameter (pm) Specific gravity Melting point (°C) Tensile strength (MPa) Elastic modulus (GPa) Tensile limit (%)
10 31 0.91 160-169 >486 >4.8 >15 %

Table 3

Proportion of mix (kg/m®).
Materials 3DP-UHPC
Cement 750
Silica fume 165
Fly ash 165
Fine sand 540
Medium sand 360
Coarse sand 180
Nano calcium carbonate 24
Cellulose 1.08
Polycarboxylate superplasticizer 10
Water 154
Steel fibre 78
Polypropylene fibre 4.5

desired properties in the final UHPC product. The silica fume and fly ash, for example, contribute to the pozzolanic reaction, enhancing
the strength and durability of the concrete. The addition of nano calcium carbonate aims to improve the packing density and refine the
microstructure of the UHPC. The cellulose and polycarboxylate superplasticizer were chosen for their effectiveness in enhancing the
workability of the mix without compromising the strength. In this study, steel and polypropylene fibres were selected for 3DP-UHPC
reinforcement, with properties detailed in Tables 1 and 2 The 6-mm steel fibres, with >2500 MPa tensile strength, offer robust
interfacial bonding and enhanced toughness. Their bright circular shape and untreated surface improve crack resistance without
coatings. The 10-mm polypropylene fibres, with >486 MPa tensile strength and >4.8 GPa elastic modulus, ensure stress distribution
and durability, with their thermal resistance (160-169 °C melting point) crucial for elevated-temperature performance.

2.2. Specimen preparation and size

At present, there are roughly three testing methods for the bonding strength of 3D printed concrete interfaces: interlayer tensile,
shear, and splitting test. Considering the mature development of interlayer tensile testing and referring to the research of some scholars
[36-38], this study chose to use interlayer tensile testing to explore the interface bonding behaviour of hybrid fibre 3DP-UHPC. The
HC1008 desktop concrete 3D printer for printing, with a circular nozzle and a diameter of 15 mm was used. According to the size of the
printer nozzle, the 3DP-UHPC specimen was selected as a rectangular shape with a size set to 15 x 15 x 10 mm.

By mixing and stirring various materials, the fresh mortar required for the experiment was obtained. The slump flow diameter of
the fresh mortar was 174 + 3 mm, within the typical range required for printable concrete (150-190 mm) [39], which means that fresh
mortar had suitable flowability and plasticity, meeting the requirements for 3D printing. Before obtaining the experimental 3DP-UHPC
specimen, a 3D printer was used to prepare the large specimen as shown in Fig. 1(b) according to the Cura software model design in
Fig. 1(a). During the printing process, different interlayer time intervals were achieved by controlling the printing speed, and the initial
extrusion speed was set to 0.4 mm/s. Considering the impact of the printing process, in order to ensure the stability of the printing wire
size, the extrusion speed was adjusted according to the changes in printing speed throughout the entire printing process. In accordance
with the “Standard for Testing Methods for Physical and Mechanical Properties of Concrete” GB/T 50081-2019 [40], after 28 days of
curing, the large specimens were cut and separated to obtain the required test pieces (see Fig. 2).

In order to maximize the assumption of uniformity and make the lateral cutting cross section as perpendicular as possible to the
upper and lower surfaces, the surfaces of the 3DP-UHPC specimens with dimensions of 15 x 15 mm were polished. Meanwhile,

(a) 3D printer model design (b) Specimen printing effect

Fig. 1. Preparation of 3D printed large specimens.
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Fig. 2. Preparation of 3DP-UHPC specimens.

reference specimens MC-UHPC were prepared for comparison. Referring to GB/T 16777-2008 "Test Methods for Building Waterproof
Coatings” [41], the MC-UHPC specimens were prepared using an 8-shaped mould with dimensions of 78 x 22.5 x 22.5 mm. Prior to
pouring, the iron sheet was inserted into the central groove of the 8-shaped mould. In order to achieve different pouring time intervals
in the experimental design, the pouring process was divided into two batches for each part. Following the completion of pouring, an
iron sheet was extracted to simulate the bonding strip of 3DP-UHPC. No treatment was applied to the bonding strip. Fig. 3(a) illustrates
the configuration of the 8-shaped mould and iron sheet, while Fig. 3(b) showcases the pouring effect. To ensure consistency in the
experiment, the pouring time interval of MC-UHPC specimens with a 0 min interval was also carried out using the same method to
avoid fibres passing through the bonding strip. It should be noted that the extraction of an iron sheet may not fully represent the
layer-by-layer deposition process of actual 3D printing. However, due to limitations in the experimental setup and available resources,
the authors chose this pouring method for MC-UHPC specimens as a practical approximation. While it may not capture all the
complexities of the 3D printing process, the authors believe that this approach still provides valuable insights into the performance of
the bonding strip in MC-UHPC.

In this experiment, the specimens were divided into five categories based on the target temperature, namely 20 °C, 200 °C, 400 °C,
600 °C, and 800 °C. The maximum temperature satisfied the minimum temperature requirements specified in ISO 834 standard [42].
According to the preparation method, it was divided into two categories: 3DP-UHPC and MC-UHPC. Based on different preparation
methods and process characteristics, time intervals were set. For 3DP-UHPC, in order to optimize parameters and quickly evaluate the
performance of 3DP-UHPC materials after elevated-temperature treatment, as well as obtain feasible results within a limited time, it
could be classified into three categories based on the interlayer time interval, namely 0.5 min, 2 min, and 5 min; for MC-UHPC, to be
sure that the concrete can fully fill the mould during the pouring process, ensuring the quality and uniformity of the casting, and
considering the need for certain detail treatments or addition of special materials, it may be necessary to extend the pouring time
interval to complete the related operations. Based on the pouring time interval, it was divided into six categories, namely 0 min, 5 min,
10 min, 30 min, 60 min, and 1 day.

To distinguish different types of specimens, the specimens were labelled using the a-b-c format. Among them, “a” refers to the two
preparation methods of 3D printing and mould-casting, represented by 3D and MC, respectively; “b” denotes different time intervals,
represented by “0.5”, “2”, and “5” for 3DP-UHPC, and “0”, “5”, “10”, “30”, “60”, and “1d” for MC-UHPC; “c” refers to different target
temperatures, represented by “20”, “2007, “400”, “600”, and “800”, respectively. All specimens were divided into 45 categories, with 3
duplicated specimens prepared for each category. The microstructure was observed firstly, and then mechanical performance tests

8-shaped mould

Iron sheet

(a) 8-shaped mould with iron sheet (b) 8-shaped mould after pouring

Fig. 3. Examples of 8-shaped mould.
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were conducted. The labels for each type of specimen are summarized in Table 4.

2.3. Experimental setup

2.3.1. Elevated-temperature heating test

In this experiment, authors employed an SSJ-14T rapid thermal rise box furnace for the heating process, which can reach an in-
ternal maximum temperature of 1400 °C with a temperature control accuracy of +1 °C and a temperature uniformity of +8 °C (in an
empty furnace state, within the effective temperature zone of the furnace cavity). The heating rate (4 °C/min) and constant tem-
perature time (2 h) consistent with previous research [31] were used. The specific temperature rise curve is presented in Fig. 4. A total
of 135 specimens participated in the elevated-temperature heating test.

2.3.2. Bonding performance test

In accordance with the requirements of GB/T 16777-2008 "Test Methods for Building Waterproof Coatings” [41], the bonding
strength test was conducted on the UTM5202 electronic universal testing machine, with an accuracy grade of 0.5, as shown in Fig. 5(a).
To obtain the tensile strain of the bonding performance of specimens, resistance strain gauges were installed on different types of
specimens and strain data were collected using the JM3811 static strain testing system, as depicted in Fig. 5(b). The static strain testing
system had a gauge factor sensitivity of 1.0-3.0 with automatic correction and a system accuracy of +0.3 % Fs + 2pe.

Fig. 6 displays the bonding strength test setup. Prior to the experiment, strain gauges were attached to the interface bonding strip of
the 3DP-UHPC specimens on the side with dimensions of 15 x 10 mm using epoxy resin AB glue, ensuring that the strain gauges were
perpendicular to the bonding strip and had a strong adhesion with the specimens. Prior to the attachment of the strain gauges, a

Table 4
Classification of microstructure and bonding test specimens for 3DP-UHPC after elevated temperature.
Preparation method Time interval Target temperature Specimen label
3DP-UHPC 0.5 min 20 °C 3D-0.5-20
200 °C 3D-0.5-200
400 °C 3D-0.5-400
600 °C 3D-0.5-600
800 °C 3D-0.5-800
2 min 20°C 3D-2-20
200 °C 3D-2-200
400 °C 3D-2-400
600 °C 3D-2-600
800 °C 3D-2-800
5 min 20°C 3D-5-20
200 °C 3D-5-200
400 °C 3D-5-400
600 °C 3D-5-600
800 °C 3D-5-800
MC-UHPC 0 min 20°C MC-0-20
200 °C MC-0-200
400 °C MC-0-400
600 °C MC-0-600
800 °C MC-0-800
5 min 20 °C MC-5-20
200 °C MC-5-200
400 °C MC-5-400
600 °C MC-5-600
800 °C MC-5-800
10 min 20°C MC-10-20
200 °C MC-10-200
400 °C MC-10-400
600 °C MC-10-600
800 °C MC-10-800
30 min 20 °C MC-30-20
200 °C MC-30-200
400 °C MC-30-400
600 °C MC-30-600
800 °C MC-30-800
60 min 20°C MC-60-20
200 °C MC-60-200
400 °C MC-60-400
600 °C MC-60-600
800 °C MC-60-800
1d 20°C MC-1d-20
200 °C MC-1d-200
400 °C MC-1d-400
600 °C MC-1d-600
800 °C MC-1d-800
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Fig. 4. Temperature rise curve of elevated-temperature heating test.

(a) UTM5202 electronic universal testing

S (b) JM3811 static strain testing system

Fig. 5. Bonding strength measuring instrument.

B Connecting
<—Specimen rod

—>

Pulling block T
Connecting

8-shaped stretching
rod

fixture

Extension
wire

Extension wire

(a) 3DP-UHPC bonding performance test
setup

(b) MC-UHPC bonding performance test
setup

Fig. 6. Bonding performance test setup.
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thorough inspection was conducted to minimize the presence of noticeable cracks near the bonding strip. This was done to minimize
any potential interference from cracks on the experimental results and to ensure the accuracy of the collected data. In addition, epoxy
resin AB glue was used to bond the two end faces of the 3DP-UHPC specimens with dimensions of 15 x 15 mm to the threaded pull-out
blocks with dimensions of 50 x 50 mm. During the bonding process, the two end faces were fully aligned with the pull-out blocks and
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the centre points of the specimens and the pull-out blocks were on the same vertical line to ensure uniform tension during the
experiment. After the adhesive was fully cured, the pull-out blocks were tightened with the connecting rods, and the strain gauges were
connected to the strain testing system via extension wires. The specimens were then mounted onto the testing machine for the test, as
shown in Fig. 6(a). For MC-UHPC, the 8-shaped stretching fixture was installed on the testing machine to perform the test, as shown in
Fig. 6(b). Strain gauges were also attached to the bonding strip of MC-UHPC specimens to measure the tensile strain of different
specimens. The testing machine applied a displacement control speed of 0.2 mm/min for loading. A total of 45 3DP-UHPC specimens
were tested for bonding tensile strength, while 90 MC-UHPC specimens were tested in the same manner.

2.3.3. Scanning electron microscope test

Scanning electron microscope (SEM) provides powerful tools and means for studying the microscopic characteristics, hydration
processes, and phase transitions of cement-based materials. In this experiment, small thin specimens with a length and width of less
than 5 mm and a thickness of less than 1 mm were extracted from 3DP-UHPC specimens subjected to different temperatures. After
drying, the specimens were observed using a JSM-7800F field emission scanning electron microscope, with a resolution of 1.2 nm.
There were a total of 5 specimens.

2.3.4. Observation test of bonding strip

Specimens measuring approximately 15 mm in length, 10 mm in width, and 10 mm in height were extracted from both 3DP-UHPC
and MC-UHPC specimens. The changes in the bonding strip between 3DP-UHPC and MC-UHPC were observed using the VHX-600E
ultra depth of field 3D display system at different time intervals and temperatures, as depicted in Fig. 7. This system is equipped
with a 2.11-megapixel CCD sensor measuring 1/1.8 inch. A total of 15 3DP-UHPC specimens and 30 MC-UHPC specimens were
observed, respectively.

3. Results and discussion

3.1. Elevated-temperature test phenomena and SEM analysis

3.1.1. The phenomena of elevated-temperature testing on UHPC

As a heterogeneous mixture, UHPC has a three-phase coexistence of solid, liquid, and gas. Elevated-temperature action can change
its phase composition, causing a series of physical and chemical changes inside, thereby affecting the appearance and quality of UHPC.
The changes in the appearance of all specimen types with increasing temperature are illustrated in Tables 5 and 6. It was noted that as
the temperature increases, the apparent colour of the specimen changed from dark to light, and then gradually became darker. Some
specimens exhibited peeling phenomenon and local damage under the elevated-temperature of 800 °C, which delayed the occurrence
of cracking as compared to reference [31]. This is because the polypropylene fibres added melted after reaching the melting point. As
the temperature continued to rise to the vaporization temperature of the polypropylene fibres [43], the liquid polypropylene fibres
gradually evaporated, leaving microchannels for UHPC. Water inside UHPC could migrate along the microchannels and evaporate to
the outside of UHPC, relieving the steam pressure inside the UHPC and preventing it from bursting attributable to steam pressure [44].
Several scholars have also reached similar conclusions [45-47]. In addition, it was pointed out that polypropylene fibres cause
microcracks inside the concrete before melting, which can provide channels for relieving pore pressure [48,49]. This may also be one
of the reasons why polypropylene fibres delay UHPC elevated-temperature cracking.

When analysing the ignition loss rate and its correlation with temperature for hybrid fibre 3DP-UHPC and MC-UHPG, it is important
to understand the significance of this analysis in terms of evaluating UHPC’s behaviour and properties in elevated-temperature en-
vironments. By assessing ignition loss, researchers can better understand the material changes and quality losses that occur in UHPC
after elevated temperatures, providing a more comprehensive understanding of UHPC’s performance and property changes in
elevated-temperature environments.

In this study, the addition of 0.5 % polypropylene fibre successfully delayed cracking during the heating process of both 3DP-UHPC
and MC-UHPC, enhancing their resistance to elevated temperatures. Fig. 8 depicts the correlation between the ignition loss rate and
temperature for hybrid fibre 3DP-UHPC and MC-UHPC. The correlation between ignition loss rate and temperature was found to be
significant in determining UHPC’s behaviour and properties after elevated temperatures. The melting point and vaporization

Fig. 7. Bonding strip observation instrument.
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Table 5
Appearance of 3DP-UHPC specimens after elevated-temperature cooling.
Label 20°C 200°C 400°C

3D-2

temperature of the polypropylene fibres played a critical role in UHPC’s reaction to heat [43], with the vaporization and volatilization
of polypropylene fibres creating effective channels for internal water loss in concrete. This resulted in the formation of numerous
micropores that facilitated water migration and loss, contributing to the increase in burning loss rate after 400 °C. The weak surface
interface of the 3DP-UHPC specimen also allowed water vaporing to escape more easily, contributing to slightly higher ignition loss
rates after 400 °C as compared to MC-UHPC. The burning loss rate of the specimens continued to rise within the elevated temperature
range of 400-800 °C due to the dehydration and decomposition of the C-S-H gel and Ca(OH)2 present. However, at the target tem-
perature of 600 °C and 800 °C, the concrete matrix began to exhibit looseness and porosity, and the negligible effect of the weak surface
interface on water evaporation explains why the burning loss rates of 3DP-UHPC and MC-UHPC were almost identical. However, by
comparing the ignition loss rates of 3DP-UHPC and MC-UHPC with reference [31], it was observed that the hybrid fibre specimen
demonstrated almost no difference in ignition loss rate at the desired temperature of 200 °C as compared to the singly doped steel fibre
specimen. This was ascribed to the fact that the melted polypropylene fibre did not introduce additional pores into UHPC. After 200 °C,
which exceeded the melting point but was below the vaporization temperature of polypropylene fibres, part of the melted poly-
propylene fibres was absorbed by the surrounding pores slurry, without significant changes in the total porosity inside the concrete.
Experimental studies have demonstrated this observation [43,50].

Overall, the addition of 0.5 % polypropylene fibre successfully delayed cracking during the heating process of 3DP-UHPC and MC-
UHPC, and enhanced their resistance to elevated temperatures. These findings have significant implications for the design and con-
struction of 3DP-UHPC structures, particularly in real-world scenarios where such structures are subjected to elevated temperatures.
The enhanced resistance to spalling behaviour and improved elevated-temperature performance, attributed to the addition of 0.5 %
polypropylene fibres, suggesting that 3DP-UHPC can be effectively utilized in environments prone to fires or elevated temperatures,
such as industrial settings or regions with extreme climatic conditions.

3.1.2. SEM analysis

In order to analyse the effect of temperature on the macroscopic experimental phenomena of hybrid fibre 3DP-UHPC from a
microscopic perspective, SEM was used to observe the microstructure of the matrix and matrix fibre interface transition zone (ITZ) at
the bonding strip of 3DP-UHPC after different temperatures. The results are listed in Table 7. It should be noted that the matrix and ITZ
of MC-UHPC are not different from 3DP-UHPC, and the microscopic analysis results in this experiment are also applicable to MC-
UHPC.

As shown in Table 7 Al, the microstructure of 3DP-UHPC at 20 °C consisted of granular C-S-H gel, hexagonal plate-like Ca(OH)2
(CH phase), and unhydrated fly ash particles. Hot bath curing at 90 °C accelerated the pozzolanic reaction of mineral admixtures such
as silica fume and fly ash. This reaction consumed Ca(OH); and generated compact C-S-H gel, which filled the pores tightly, resulting in
a complete and compact matrix. Consequently, the mechanical properties of 3DP-UHPC bonding strip were improved [51,52]. At
20 °C, the presence of polypropylene fibres can be clearly observed under a microscope, and the ITZ zone fibres are tightly bonded to
the matrix, as shown in Table 7 A2. The microstructure of the 3DP-UHPC matrix treated after 200 °C did not show significant changes
in contrast to 20 °C, as demonstrated in Table 7 B1. However, fibrous polypropylene fibres were no longer observed. The ITZ between
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Table 6
Appearance of MC-UHPC specimens after elevated-temperature cooling.

Label 20°C 200°C 400°C 600°C 800°C

MC-
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the steel fibres and the matrix remained tight, as shown in Table 7 B2. Table 7 C1 displays the microstructure of the 3DP-UHPC matrix
following treatment after 400 °C. In contrast to the specimen treated after 200 °C, the content of C-S-H gel was noticeably higher. The
cement hydration reaction resulted in a more compact matrix structure and a decrease in CH crystals. Furthermore, there were no
observable particles of unhydrated fly ash. The difference in thermal expansion coefficient between polypropylene fibres and concrete
caused microcracks in the concrete around the polypropylene fibres as the fibres expanded before melting. These cracks created fibrous
pores in the matrix [53]. Pores could be observed in Table 7 C2, and the ITZ between the steel fibres and the matrix weak end after
400 °C. Oxidative decarburization occurred on the surface of steel fibres. After 600 °C, the particle-like C-S-H gel became significantly
less and more dispersed in the matrix. Obvious cracks appeared in the matrix, likely owing to stress caused by the mismatch of the
thermal expansion coefficient between the steel fibres and the matrix, as shown in Table 7 D1. ITZ became loose, cracks further
expanded, and the surface oxidation and decarburization of steel fibres intensified, as displayed in Table 7 D2. After 800 °C, a sig-
nificant amount of fibrous or sheet-like substances, inferred to be tobermorite, were observed in the concrete matrix. C-S-H gel formed
by the aggregation of disordered calcium silicate hydrates rearranged its crystal structure under elevated-temperature or high-pressure
conditions, forming a more stable tobermorite structure [54]. Studies indicated that tobermorite could transform into dehydroxylated
tobermorite when the temperature rose to 724 °C, resulting in the breakage of some Si-O-H bonds [55]. Dehydroxytobermorite,
typically presenting a fibrous or sheet-like morphology, was a transition phase from low-temperature to elevated-temperature
wollastonite, as shown in Table 7 E1. Based on the observations in Table 7 E2, it was apparent that the bond between the steel
fibre and the matrix was completely severed. The surface of the steel fibre underwent complete deoxidization and carbonization,
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Fig. 8. Relationship between ignition loss rate and temperature of 3DP-UHPC and MC-UHPC.

making it susceptible to fracture. As a result, the strength of 3DP-UHPC bonding strip was nearly lost.

Furthermore, the SEM analysis provides insights into the microstructural changes that can inform the design of 3DP-UHPC com-
ponents for real-world applications. The observed microcracks and degradation of the steel fibre interface under elevated temperatures
are critical factors to consider when designing structures that will be exposed to extreme conditions, such as in fire-resistant con-
struction or areas with high thermal stress. These findings suggest the need for careful material selection and process optimization to
ensure the long-term performance and safety of 3DP-UHPC structures.

3.2. Experimental results and analysis of microstructure of bonding strip after elevated temperature

Unlike traditional concrete construction techniques, 3D printing has a unique strip by strip stacking technology, which enables 3D
printed concrete components to have interlayer bonding strip. When subjected to force, 3D printed components will experience stress
concentration and damage due to interface junctions, thereby affecting their own bearing capacity and durability [56]. Reference [31]
also pointed out that the weakness of the interface bonding strip could affect the elevated-temperature resistance of 3DP-UHPC.
Therefore, considering factors such as temperature and interlayer time interval, a specific analysis was conducted on the micro-
structure of the bonding strip after elevated-temperature treatment of 3DP-UHPC and MC-UHPC, and the differences in the micro-
structure of the bonding strip after elevated-temperature treatment were analysed from the perspective of pouring methods. The
microstructure images of the bonding strip after elevated-temperature treatment of all types of specimens are shown in Table 8.

3.2.1. The effect of temperature on the microstructure of the bonding strip after elevated temperature

Table 8 demonstrates that the tightness of the bonding strip in all specimen types initially increased and then decreased as the
target temperature rose. Starting after 200 °C, there was minimal change in the tightness of the bonding strip compared to that at 20 °C.
As previously indicated, any pores formed due to the melting and absorption of polypropylene fibres or the evaporation of free water in
the bonding strip did not have a significant impact on the tightness of the bonding strip in UHPC specimens. The heating process
instead facilitated the secondary hydration reaction of cement. The pozzolanic reaction of silica fume and fly ash consumed Ca(OH); in
the bonding strip and generated C-S-H gel, which resulted in a denser bonding strip. However, since the temperature did not differ
significantly from the hot water bath curing temperature, the pozzolanic reaction during the calcination process was not sufficient to
cause remarkable changes in the compactness of the bonding strip in contrast to that at 20 °C. Therefore, the overall effect was in
limited improvement in bonding strength. After being exposed to 400 °C, the cement hydration reaction persisted and resulted in a rise
in the volume density of C-S-H gel within the cement matrix. This increase effectively filled the bonding strip, leading to a positive
impact on the bonding strength [57]. However, as observed from Table 8, the melting and volatilization of polypropylene fibres
created a large number of voids, which could form a connected pore structure with the original pores containing free water and
capillary water. The elevated temperature also damaged the pore structure, resulting in an increase in the pore volume of the bonding
strip, which had a negative effect on bonding strength [43]. Based on the experimental results, it could be concluded that the negative
effect dominated after 400 °C, causing the bonding strength to be slightly lower than that after 200 °C. As the temperature increased to
400-800 °C, although there was still a positive effect from the ongoing cement hydration reaction, the matrix lacked unhydrated
spherical gel particles, and the positive effect reached a plateau. Meanwhile, the elevated temperature led to further dehydration and
decomposition of C-S-H gel, which enlarged the pores in the bonding strip. Microcracks gradually widened and penetrated, forming
bonding joints and resulting in a significant loss of macro bonding performance. The damage to the matrix caused by the elevated
temperature continued to increase [57].

In addition, it could be observed in Table 8 that MC-60 and MC-1d after lower target temperatures formed a white boundary at the
bonding strip. Based on the research of other scholars [58], the authors speculated that this white boundary was a thin strip of water
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Table 7
SEM images of 3DP-UHPC matrix and ITZ.
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Table 8
Microscopic images of bonding strips of all types of specimens after elevated temperature.

Label 20°C 200°C 400°C

film, which might be related to the strong hydrophilicity of old concrete, leading to an increase in the water cement ratio of the
bonding strip and the generation of more high-strength crystals such as Ca(OH),. As the target temperature increased, the water
gradually evaporated, causing the water film to gradually disappear.

3.2.2. The effect of interlayer time interval on the microstructure of bonding strip after elevated temperature

In this study, the authors focused on the effect of interlayer time interval on the microstructure of the bonding strip after elevated
temperature, which was an important indicator [59,60]. The interlayer time interval referred to the time interval between placing the
second strip of concrete on it beyond a certain delay time after the first strip of concrete was poured. The authors found that the length
of this time interval directly affected the microstructure of the bonding strip after elevated temperature.

According to Tables 8 and it could be observed that for 3DP-UHPC, there was no significant difference in the presence of micro-
cracks between different interlayer time intervals after temperatures ranging from 20 to 600 °C. However, when subjected to a
temperature of 800 °C, the microcracks formed by 3DP-UHPC gradually became more apparent with longer interlayer time intervals.
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In the case of MC-UHPGC, as the time interval increased, the observation of specimens at the boundary became increasingly clear within
the temperature range of 20-400 °C. Even after 600 °C, the specimen with the shortest time interval (MC-0-600) clearly exhibited the
boundary. As the time interval continued to increase, microcracks gradually appeared around the boundary and expanded to form
adhesive joints. This phenomenon could be attributed to the escape of water and bubbles from inside UHPC towards the concrete
surface as the time interval increases. This results in settlement and shrinkage on the concrete surface. Owing to differences in set-
tlement and shrinkage between new and old concrete, the bonding quality of MC-UHPC along the height direction became uneven.
Weaker bonding strength, defected such as voids and holes, and uneven bonding surfaces were observed. After elevated temperatures
(e.g., 600 °C and 800 °C), these areas experienced greater thermal expansion, leading to localized temperature stress concentration.
This concentration of temperature stress could initiate and propagate microcracks within the material, which might eventually evolve
into bonding joints, cracks, or even failure [61]. Table 8 also shows a similar phenomenon at 800 °C, where specimens with different
time intervals exhibited significant degradation as compared to those after 600 °C.

3.2.3. The effect of pouring method on the microstructure of bonding strip after elevated temperature

To make a fair comparison of the microstructure of the bonding strip between MC-UHPC and 3DP-UHPC after elevated temperature
exposure, only MC-0 and MC-5 specimens were selected for comparison with 3DP-UHPC. Based on the images provided in Tables 8 and
it could be observed that the microstructure of the bonding strip in 3DP-UHPC was more compact in comparison with MC-UHPC after
different temperatures. Specifically, after 600 °C, a clear boundary could be seen between MC-0 and MC-5 specimens. This could be
attributed to the escape of moisture and bubbles under elevated temperatures in MC-UHPC, which led to surface settlement and
shrinkage of the concrete and the formation of cracks and pores in the bonding strip. In contrast, 3DP-UHPC exhibited a more uniform
structure, and no distinct boundary could be observed in its bonding strip after 600 °C. This difference could be attributed to the
preparation process of MC-UHPC and 3DP-UHPC. During the 3D printing process, the extrusion effect of the nozzle enhanced the
compaction of the bonding strip in 3DP-UHPC [62,63]. As a result, in elevated-temperature environments, the microstructure of the
bonding strip in 3DP-UHPC remained relatively stable and exhibited higher levels of compactness. This enhanced microstructure
provided better load-bearing capacity and crack resistance, which might result in a longer service life and more reliable performance in
practical applications.

The enhanced microstructure of 3DP-UHPC, attributed to the controlled 3D printing process, offers practical advantages for
constructing robust structures, particularly in harsh thermal environments. This insight underscores the value of optimizing 3D
printing parameters to ensure superior interlayer bonding and structural performance in real-world applications. The findings on the
coupling effects of interlayer time intervals and elevated temperatures further inform construction planning, highlighting the need to
balance curing times for optimal bonding and structural integrity. By doing so, 3DP-UHPC can be effectively utilized to create durable
infrastructure with improved safety and reduced maintenance needs. In summary, the analysis of 3DP-UHPC’s microstructure and
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Fig. 9. 3DP-UHPC bond stress-strain relationship curve.
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bonding post-elevated temperatures not only enriches our understanding of this material but also provides actionable guidance for its
implementation in construction. These results can inform the development of new standards for 3DP-UHPC structures, contributing to
the creation of more resilient built environments.

3.3. Experimental results and analysis of bonding performance of 3DP-UHPC after elevated temperature

3.3.1. Test results of bonding performance of 3DP-UHPC after elevated temperature

The bond stress-strain curves of 3DP-UHPC and MC-UHPC hybrid fibres with different interlayer time intervals after different
temperatures are shown in Figs. 9 and 10. When the specimen reached the peak stress of adhesive tension ¢, regardless of the target
temperature, time interval, and preparation method, the stress exhibited a sharp decrease, and the specimen underwent brittle failure
under tensile action. This brittle failure was due to the lack of fibre connections at the interlayer bonding strip of 3DP-UHPC to provide
ductility, resulting in brittle failure. MC-UHPC simulated the interface situation of 3DP-UHPC, and there were no fibre connections
between the bonding strips, which also resulted in brittle failure. Fig. 11 shows the cross section of 3DP-UHPC and MC-UHPC.

Strain gauges were applied to the specimens to measure their tensile strain, and the resulting data was used to generate bond stress-
strain curves (Fig. 12, Fig. 13). However, these curves did not exhibit a descending segment for any of the specimens. This is because
the strain gauge fails once the specimen cracks, rendering it impossible to record the tensile strain beyond that point. Therefore, the
stress-strain curves in Figs. 12 and 13 represented the behaviour of the specimens before cracking occurred. The maximum strain
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Fig. 10. MC-UHPC bond stress-strain relationship curve.
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(a) 3DP-UHPC

(b) MC-UHPC

Fig. 11. Cross section of 3DP-UHPC and MC-UHPC.
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Fig. 12. 3DP-UHPC bond stress-strain curve.

recorded by the strain gauge corresponded to the cracking strain €., while the corresponding stress represented the cracking stress .
Table 9 and Table 10 provide the bonding tensile mechanical parameters for 3DP-UHPC and MC-UHPC, respectively. When the
specimens cracked, they underwent immediate brittle failure. Hence, the bonding tensile stress that each specimen borne at the point
of cracking was the maximum stress it could withstand, which was equal to 6.« and ¢,,. At the given target temperature, the maximum
strain o, observed in 3DP-UHPC reached 9.84 MPa. Additionally, the peak strain ¢, for all specimens failed within the range of
0.023-0.049 %. This indicated that the specimens were prone to cracking even under small amounts of tensile deformation.

The bond tensile failure modes of 3DP-UHPC and MC-UHPC specimens could be observed in Fig. 14 and Fig. 15. Owing to the
cracking of all specimens at the intermediate bonding strip, the bond tensile test data obtained in this experiment was reliable. At the
bonding strip, there was no steel fibre connection between concrete and mortar, they were only connected by bonding force. When the
load exceeded the tensile strength of concrete, the specimen would fail from the bonding strip without fibre connections.

3.3.2. Bonding strength of 3DP-UHPC after elevated temperature

Fig. 16 illustrates the change in bonding strength between 3DP-UHPC and MC-UHPC as a function of the target temperature. With
increasing target temperature, both 3DP-UHPC and MC-UHPC exhibited an initial increase followed by a decrease in bonding strength.
At 200 °C, the positive effects described in section 3.2 were fully manifested. The hydration products resulting from cement hydration
and volcanic ash reactions effectively filled the voids in the bonding strip, leading to improved macroscopic bonding strength. During
heating at 400 °C, the polypropylene fibres underwent melting and volatilization, which created interconnected pores in conjunction
with existing free water and capillary water pores, forming a connected pore structure. The elevated-temperature environment could
cause damage to this pore structure, ultimately impacting the strength of the concrete [43]. Thus, at 400 °C, the bonding strength of
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Fig. 13. MC-UHPC bond stress-strain curve.

both 3DP-UHPC and MC-UHPC might slightly decrease as compared to 200 °C due to the damage caused by the volatilization of
polypropylene fibres. However, if the target temperature was lower than the evaporation temperature of polypropylene fibres, the
damage to the concrete pores caused by elevated temperature would be minimized. Thus, the potential improvement and attainment of
the maximum bonding strength depend on specific conditions, necessitating further investigation to understand the changes in
bonding strength of 3DP-UHPC under different temperature conditions. This research would offer enhanced insights into the influence
of elevated temperatures on the structural performance of 3DP-UHPC. After exposure to temperatures of 600 °C and 800 °C, both
3DP-UHPC and MC-UHPC exhibited loose and porous bonding strips. Some specimens even exhibited complete failure of the bonding
joints, leading to a sharp decline in bonding strength. The bonding strength at these elevated temperatures decreased to approximately
60 % and 20 % of the bonding strength observed after 400 °C, respectively.

Fig. 17 shows the changes in bond strength of various types of 3DP-UHPC and MC-UHPC at different interlayer time intervals.
Fig. 17(a) shows the variation in 3DP-UHPC bonding strength with interlayer time intervals at various target temperatures. As the
interlayer time interval increased, the overall bonding strength of 3DP-UHPC specimens after different temperatures exhibited a
decreasing trend. During the interlayer time interval from 0.5 min to 5 min, the bonding strength of specimens at each target tem-
perature (20 °C, 200 °C, 400 °C, 600 °C, and 800 °C) decreased by 4.38 %, 2.34 %, 2.76 %, 4.02 %, and 6.61 %. Compared with 20 °C,
the loss rate of bonding strength of the specimen after 200 °C treatment has declined, which might be attributed to the further hy-
dration process reducing the difference in bonding performance caused by interlayer time intervals to some extent. As the hydration
reaction progressed, the hydration products in the cement matrix would continuously form and increase, filling the pores of the
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Table 9
3DP-UHPC bond performance parameters.

Temperature (°C)

20 200 400 600 800
3D-0.5 op (MPa) 9.59 9.84 9.80 5.97 2.42
o (MPa) 9.59 9.84 9.80 5.97 2.42
Standard deviation 0.08 0.34 0.42 1.02 0.12
ek (%) 0.033 0.030 0.024 0.041 0.030
Elastic modulus (GPa) 45.92 47.93 47.70 24.20 8.69
3D-2 op (MPa) 9.56 9.72 9.67 5.79 2.25
oc (MPa) 9.56 9.72 9.67 5.79 2.25
Standard deviation 0.71 0.36 0.14 0.44 0.42
e (%) 0.041 0.024 0.025 0.042 0.043
Elastic modulus (GPa) 39.57 50.84 50.19 15.52 6.67
3D-5 op (MPa) 9.17 9.61 9.53 5.75 2.26
o (MPa) 9.17 9.61 9.53 5.75 2.26
Standard deviation 0.43 0.08 0.32 0.82 0.48
e (%) 0.040 0.043 0.026 0.048 0.046
Elastic modulus (GPa) 41.33 44.97 43.71 21.31 8.12

Table 10
MC-UHPC bond performance parameters.

Temperature (°C)

20 200 400 600 800
MC-0 op (MPa) 9.32 9.55 9.50 5.73 2.13
o (MPa) 9.32 9.55 9.50 5.73 2.13
Standard deviation 1.05 0.38 0.46 0.65 0.28
ek (%) 0.029 0.027 0.031 0.046 0.044
Elastic modulus (GPa) 46.93 47.83 50.19 23.01 6.28
MC-5 op (MPa) 9.21 9.28 9.25 5.59 2.10
o (MPa) 9.21 9.28 9.25 5.59 2.10
Standard deviation 0.35 0.12 0.44 0.98 0.08
eck (%) 0.025 0.023 0.043 0.039 0.035
Elastic modulus (GPa) 40.09 44.55 44.24 22.45 10.47
MC-10 op (MPa) 8.49 8.86 8.83 5.22 1.78
o (MPa) 8.49 8.86 8.83 5.22 1.78
Standard deviation 0.07 0.44 0.48 0.068 0.26
eck (%) 0.022 0.031 0.023 0.041 0.024
Elastic modulus (GPa) 37.34 39.84 39.18 21.41 6.83
MC-30 op (MPa) 7.22 7.68 7.59 4.60 1.60
o (MPa) 7.22 7.68 7.59 4.60 1.60
Standard deviation 0.47 1.12 0.68 0.34 0.41
ek (%) 0.032 0.026 0.037 0.048 0.037
Elastic modulus (GPa) 33.94 35.39 35.37 17.28 5.47
MC-60 op (MPa) 6.08 6.51 6.46 3.77 1.59
o (MPa) 6.08 6.51 6.46 3.77 1.59
Standard deviation 0.71 0.32 0.29 0.66 0.12
ek (%) 0.048 0.029 0.036 0.042 0.031
Elastic modulus (GPa) 31.70 33.23 33.00 15.31 6.90
MC-1d o, (MPa) 2.05 2.11 2.10 1.44 0.72
o (MPa) 2.05 2.11 2.10 1.44 0.72
Standard deviation 0.13 0.37 0.08 0.34 0.16
e (%) 0.049 0.033 0.048 0.045 0.043
Elastic modulus (GPa) 5.68 7.30 7.66 3.91 3.12

bonding strip, and improving the density and internal structure of the material. This could improve the quality of interlayer bonding
and reduce the negative impact of time intervals on bonding performance. However, within the target temperature range of
200-800 °C, the bonding strength loss of 3DP-UHPC with an interlayer time interval of 5 min gradually increased as compared to 3DP-
UHPC with an interlayer time interval of 0.5 min. This might be due to elevated temperature heating causing stress inside the specimen
and causing dimensional changes. Owing to the different initial states of specimens at different time intervals, the differences in
thermal expansion and contraction during the heating and cooling processes might further amplify the differences in bonding per-
formance. This is consistent with the analysis in section 3.2.2.

Fig. 17(b) illustrates the variation in bonding strength of MC-UHPC specimens with interlayer time intervals at different target
temperatures. The results indicated that as the interlayer time interval increased, the bonding strength gradually decreased. For shorter
time intervals (such as 0-10 min), the specimens exhibited higher bonding strength after 20 °C and 200 °C. This could be attributed to
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(a) 3D-0.5
400°

(c) 3D-5
Fig. 14. 3DP-UHPC bond tensile failure mode.

the fact that specimens poured within a shorter time period could form a finer and denser structure, which promoted better bonding.
However, after 600 °C and 800 °C, the bonding strength significantly decreased. This could be due to accelerated thermal expansion
and contraction, as well as damage to the pores of the bonding strip, leading to a decline in bonding strength. For longer time intervals,
the specimens exhibited lower bonding strength across the temperature range of 20 °C-800 °C. This might be a result of significant
differences in shrinkage, settlement, and other factors between fresh and aged concrete caused by longer time intervals. The secondary
hydration reaction of cement before 400 °C did not mitigate the negative impact of time intervals on bonding strength. However, after
reaching 400 °C, the damage caused by elevated temperatures intensified the negative impact, resulting in a bonding strength of only
0.72 MPa for the MC-1d-800 specimen.

Fig. 18 shows the comparison of bonding strength between 3DP-UHPC and MC-0 and MC-5 at various target temperatures. Except
for 3D-5-20 and 3D-5-400, the bonding strength of all types of 3DP-UHPC was greater than that of MC-UHPC with similar interlayer
time intervals at the same target temperature. The bonding strength of 3DP-UHPC was observed to be higher due to the compaction
effect of the 3D printing process nozzle. This finding aligns with the analysis results of the bonding strip’s microstructure discussed in
section 3.2.

This section’s findings on the bonding strength trends of 3DP-UHPC at elevated temperatures are key for material selection and
design in thermally stressed construction environments. While the results provide guidance for enhancing structural safety, the study
has limitations, including a controlled experimental setup that did not account for all real-world conditions and a limited temperature
range. The use of specific fibres and mixes may not be generalizable to all applications, and long-term durability aspects require further
investigation.

In light of these limitations, future research should be expanded on the temperature range, incorporation of multi-factorial
environmental effects, and exploration of long-term durability of 3DP-UHPC. Advanced 3D printing techniques to improve inter-
layer bonding and durability are also recommended.

In summary, the analysis advances our understanding of 3DP-UHPC behaviour under elevated temperatures and sets the stage for
developing more resilient structures, while highlighting areas for further study.

3.4. Establishment of a relationship model for interface bonding performance of 3DP-UHPC after elevated temperature

To characterize the interfacial bonding behaviour of hybrid fibre 3DP-UHPC after elevated temperatures and provide more
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Fig. 15. MC-UHPC bond tensile failure mode.
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theoretical basis for the elevated-temperature resistant analysis of 3D printed buildings, a model suitable for the interface bonding
strength relationship of hybrid fibre 3DP-UHPC after elevated temperatures was established.

In this experiment, due to limitations in the size of the equipment, the interlayer time interval of 3DP-UHPC was relatively short.
However, in practical large-scale on-site 3D printing construction processes, the time intervals between each layer might be extended.
Through the MC-UHPC experiment simulating the interlayer situation of 3DP-UHPC, it was observed that both MC-UHPC and 3DP-
UHPC exhibited similar failure modes, that was, failure occurred from the bonding strip without fibre connections. In addition,
there was a similar stress-strain relationship curve between MC-UHPC and 3DP-UHPC. Therefore, it was believed that the interlayer
bonding performance of MC-UHPC could approximately represent the interlayer bonding performance of 3DP-UHPC. To validate this
hypothesis and characterize the interfacial bonding behaviour of 3DP-UHPC following exposure to elevated temperatures, it was
necessary to establish a rational model using experimental data from MC-UHPC and calculate the interlayer strength. This model could
then be applied to predict and analyse the bonding behaviour of 3DP-UHPC.

Drawing upon the dynamic tensile stress-strain curve fitting as delineated by the Zhu-Wang-Tang (ZWT) constitutive model, as
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proposed by Zhang et al. [64], and taking into account that the bond stress-strain curve derived from the current experiment en-
compasses solely the elastic stage (Stage I) and the hardening stage (Stage II), a constitutive model for the interface bonding per-
formance of 3DP-UHPC after elevated temperatures is proposed. The model is represented in Fig. 19, culminating in the formulation of
an interface bonding constitutive model (Eq. (1)) for 3DP-UHPC after elevated temperatures:

E 3
eesgm) ) o= o @
0= T (&-Euym ) / (Epry(rn)-Euy(mn)
- <
Ouy(mn + (”pty<TI> ”tt-y(TI)) 1y [(E-Emy<rl)) /(spt‘y<TI)‘5tt‘y<T1))y Eny(r) < € S Epry(T)

where, t represents the temperature (°C); y(TI) is a function of time interval TI; Eyy (1) is the interface bonding elastic modulus of 3DP-
UHPC with t and y(TI) as independent variables; 6 (7 is the maximum bonding stress of elastic stage of 3DP-UHPC with t and y(TI) as
independent variables; &,z is the maximum bonding strain of elastic stage of 3DP-UHPC with t and y(TI) as independent variables;
Opey(rr) is the peak bonding stress of 3DP-UHPC with t and y(TI) as independent variables; &, (1 is the peak bonding strain of 3DP-

: ; : . Euy(rn __ Opty (1) —Ouy(11) ; oi : _
UHPC with t and y(TT) as independent variables; r = o et Epey(mny = e e Referring to the provisions of National Stan

dard GB 50010-2010 [65] that the specimen entered the hardening stage when the strain reached 0.56,; (1)
Firstly, fit y(TI) with TI as a function, and the fitting results are illustrated in Fig. 20. The functional relationship is shown in Eq. (2):

Y(TI)=0.97 + 1.62(1-¢ /%) + 3.42(1-¢7/°0%) 2

The coefficient of determination R = 0.983 indicated that Eq. (2) could better represent the conversion relationship between y(TI)
and TI.

Then, based on the test data of MC-UHPC, nonlinear surface fittings were performed on E y(11), &pty(rr) and o) with respect to t
and y(TI), as shown in Fig. 21. The final model formula obtained are presented in Egs. (3)-(5):

Eyy(my = 49.03 + (1.81E-3)t + 0.84y(TI)-(7.95E-5)2-1.29y(TI)? + (7.85E-3)ty(TI) 3)

€pty(m) = 0.04-(9.03E-5)t-0.01y(T1)-(8.73E-6)ty(TI) + (4.09E-7)2 + (3.61E-3)y(TI)*-(3.33E-10)¢>-(2.33E-4)y(TI)*
+ (4.20E-7)ty(TI) 4

Gpey(r) =7.65 + (6.26E-3)t + 1.09y(TI)-(1.63E-5)12-0.30y(TI)> 5)

The nonlinear fitting results between the temperature, time interval, and Eg ), €y, Opeycrny of MC-UHPC were good. By
substituting Egs. (2)—(5) into Eq. (1), the constitutive formula applicable to this model was derived, and the calculation results are
shown in Fig. 22.

The stress—strain curves calculated by the constitutive model proposed in this study fitted well with the test results of 3DP-UHPC.
This indicated that the proposed interface bonding strength relationship model after elevated temperature could be applied to 3DP-
UHPC.

However, it should be pointed out that although a certain degree of consistency was achieved during the validation process, it does
not fully guarantee the universal reliability of the relational model under different conditions. In order to fully validate the reliability of
the relationship model, it is necessary to consider more factors and conduct more experiments. For example, using different types of
3DP-UHPC materials, dealing with different interlayer time intervals, and simulating different elevated-temperature environments. In
addition, the predictions established by the relational model are still based on observed phenomena and experimental data, which may
have some errors. Therefore, in practical applications, judgments and decisions should be made based on the actual situation.
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Fig. 19. The constitutive model.
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Fig. 21. Nonlinear surface fitting results.

4. Conclusion

This study investigated the microstructure and bonding characteristics of hybrid fibre 3DP-UHPC with different interlayer time
intervals after exposure to various temperatures, using MC-UHPC with different pouring time intervals as a control group to explore the
differences in bonding performance between 3D printed and mould-casting concrete. The findings of this research lead to the following
conclusions.
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Fig. 22. Comparison between predicted and experimental results.

. Some specimens experienced local damage when subjected to 800 °C. The incorporation of polypropylene fibres improved the
elevated-temperature stability of the hybrid fibre 3DP-UHPC specimens, suggesting potential benefits in environments prone to
elevated temperatures or fires.

. Both MC-UHPC and 3DP-UHPC failed at the bonding strip after elevated temperature exposure. The lack of steel fibre connections
at the bonding strip, which relied solely on bonding force to unite concrete and mortar, was identified as the critical point of failure
when tensile loads exceeded the concrete’s strength.

. At 400 °C, the melting and evaporation of polypropylene fibres led to the formation of a connected pore structure, which slightly
reduced the interface bonding strength of 3DP-UHPC as compared to that at 200 °C. Further exposure to 600 °C and 800 °C resulted
in loose and porous bonding strips for both 3DP-UHPC and MC-UHPC, causing a significant decline in bonding strength.

. An increase in the interlayer time interval was associated with a gradual decrease in bonding strength, likely due to differences in
shrinkage, settlement, and other factors between fresh and aged concrete. This highlights the importance of precise construction
scheduling to ensure optimal bonding and structural integrity.

. The interface bonding strength relationship model proposed in this study could be applied to hybrid fibre 3DP-UHPC after elevated
temperature.

The study’s findings offer critical insights for the construction industry, highlighting the impact of temperature and interlayer

timing on 3DP-UHPC bonding, essential for structures in harsh climates or fire-prone areas. The results encourage advancements in 3D
printing to enhance component durability and structural resilience.

Future research directions

Building upon these findings, future research should focus on the long-term durability of 3DP-UHPC under sustained elevated

temperatures and the development of innovative 3D printing techniques to further enhance interlayer bonding. Additionally, the
exploration of alternative fibre types and their effects on elevated-temperature performance could provide valuable insights for the
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development of more resilient 3DP-UHPC formulations. The implementation of monitoring technologies within 3DP-UHPC structures
to track their performance over time is also recommended.

In conclusion, this research enhances the understanding of 3DP-UHPC performance after elevated temperatures and provides
actionable guidance for its use in building more robust and enduring infrastructure. The suggestions for future research presented here
aim to build upon these findings and continue to advance the field of 3D printed construction materials.
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