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A B S T R A C T

This study focuses on the modification and intelligent-digital control of 3D printing materials. 
Based on the significant effect of basalt fiber in improving toughness, the influence mechanism of 
basalt fiber substitution rate, length and other factors on the macroscopic properties and 
microstructure scores of 3D printing cement-based materials was explored. The results show that 
under the combined effect of basalt fiber length and content, the optimal improvement is ach
ieved with 3 % content and 8 mm length, increasing the flexural strength and compressive 
strength by 10.21 % (28 days) and 13.11 % (28 days), respectively. And the structure has been 
optimised at the micro level with an increase in type II gels. Also further use of microdata, 
through data fusion and refined analysis, a model (R2 > 0.85, error < 10 %) and intelligent 
control method that can comprehensively and accurately predict the service performance of 
basalt fiber modified 3D printing cement-based materials are established, which provides new 
development ideas for the intelligent construction and design of future building structures.

1. Introduction

With the development and progress of modern intelligent manufacturing technology, 3D printing cement-based materials are in a 
stage of vigorous development and become one of the hot research fields (Fig. 1). Compared with the preparation and application of 
traditional cement-based materials, 3D printing cement-based materials have significant advantages in energy saving, material 
reduction and cost reduction, and have gradually been recognized and respected [1–13]. The use of 3D printing can save 35–60 % of 
the cost of building structure, realize the integrated and convenient construction of building materials and structure, and overcome the 
shortcomings of unstable construction quality and uncontrollable precision [14–18]. However, 3D printing cement-based materials 
still have problems such as low early mechanical properties, large shrinkage, easy cracking and failure, and weak interlayer bonding 
properties, which restrict the wide application of related technologies in practical engineering. Therefore, how to effectively improve 
the service toughness of 3D printed cement-based materials and realize the coordinated development of strength and toughness has 
become a key issue that needs to be urgently solved in the current research in related fields.

The methods to improve the service toughness of 3D printed cement-based materials mainly include the incorporation of fiber 
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materials (fiber bundles/grids) [19,20], the addition of nanomaterials (nano-silica/nano-titanium dioxide) [21,22] and the change of 
printing methods (improving equipment accuracy, designing reasonable paths) [23,24]. Among them, improving the mechanical 
properties of 3D printed cement-based materials by adding fibers is one of the most economical and effective ways. On the one hand, 
the good adhesion between the fiber and the substrate can reduce the risk of shrinkage damage caused by water loss during the 
preparation process, thereby ensuring the bonding strength and stability between the layers [25,26]. Tran [27] investigated the effect 
of PP fiber on the internal friction and bond strength of 3D printed cement-based materials. The results showed that PP fiber could 
improve the dynamic yield stress and viscosity of the matrix material (increased by 31 % and 94 % respectively when the content was 
1.35 kg/m3). Bohuchval [28] investigated the effect of sisal natural fiber on the permeability and yield stress of 3D printed 
cement-based materials. The results showed that the sisal natural fiber increased the yield stress of the matrix by 2.8 % and reduced the 
penetration by 6.7 %. An appropriate amount of fiber can form bridges, filler effects and constraints in the matrix, and bear a certain 
load, thereby improving the mechanical properties and stability of the material [29,30]. Li [31] analyzed the influence of the 
incorporation of PVA fiber on the mechanical properties of 3D printed cement-based materials. Their results showed that when the 
length of PVA fiber was 6 mm and 12 mm, the compressive strength and flexural strength of the matrix reached the highest (41.9 MPa 
and 10.2 MPa). However, their research results also showed that the mixed incorporation of PVA fiber has a negative impact on the 
mechanical properties of 3D printed cement-based materials. This is because the mixing of multiple fibers will lead to more serious 
fiber agglomeration and cannot play a role. Yan [32] showed that the compressive properties of 3D printed ultra-high performance 
concrete elements can be further improved by using fibre-reinforced polymer wraps. It also evaluates the accuracy of multiple models 
applied to 3DPC and also shows the depth of predictive models under different conditions.

Although all kinds of fibers have excellent performance in the modification ability of 3D printing cement-based materials, the 
application of fiber-modified 3D printing cement-based materials in practical engineering is the embodiment of comprehensive in
terests. The existing research results indicate that the mechanical properties of 3D-printed cementitious materials can be effectively 
improved by the addition of basalt fibres and show good overall benefits [33,34], both in terms of their yield sources, application costs, 
and suitability for use with cementitious materials. However, the working performance, volume stability and long-term service per
formance of the substrate are affected by many factors such as the length, content and type of fiber. In particular, when the basalt fiber 
content is too large, it is easy to cause the agglomeration of nanomaterials/particles in the matrix, which seriously restricts the 
modification effect of various properties such as extrusion performance and service performance of 3D printing cement-based ma
terials. Simultaneously, the basalt fiber will change the hydration process of the matrix material, affect the content of hydration 
products and the distribution of microstructure, and then make the parameter design and macro-micro control of the material become 
complicated and difficult [35–37]. In contrast, scholars have carried out a certain analysis of the macro-micro correlation of traditional 
cement-based materials, and used multi-linear, full-quadratic, interactive regression and other models to predict the mechanical 
properties, and further use the chemical composition data. At the same time, it also shows the contribution of cost perspective, which 
saves a lot of time for laboratory work [38–40]. Similarly, there is a certain space for the in-depth use of the microscopic data of 
fiber-modified 3D printing cement-based materials. Therefore, it is necessary to master the influence mechanism of basalt fiber on the 
macroscopic properties and microstructure of 3D printing cement-based materials, and clarify the decisive factors and key variables, so 
as to provide theoretical support for the parameter design, performance prediction and effective regulation of fiber-modified 3D 
printing cement-based materials. At present, the research on the quantitative correlation and influence mechanism between the 
macroscopic mechanical properties and microstructure of basalt fiber modified 3D printing cement-based materials (BF-3DPC) has just 
started. Therefore, the goal of this study is to fill these research gaps by investigating the influence of the characteristics of basalt fiber 
on the macroscopic properties and microstructure of BF-3DPC. At the same time, based on the characteristic analysis and quantitative 
results of hydration products, the functional relationship between microstructure evolution and macroscopic mechanical properties is 
proposed. Combining macro-micro experiments and correlation mathematical models, this paper provides theoretical support for the 
quantitative evaluation and accurate prediction of the mechanical properties of BF-3DPC.

Fig. 1. Statistics of research papers and development on 3D printing cement-based materials.
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2. Raw materials and experimental methods

2.1. Raw materials

Cementing material is ordinary Portland cement (P.O 42.5) and its physical properties are shown in Table 1, which conforms to 
Chinese standard GB 175–2023. Fine aggregate is natural river sand (produced locally) and its physical properties are detailed in 
Table 2. Chemical constituents of cement and natural river sand are shown in Table 3. The additives include comprehensive poly
carboxylic acid water reducing agent (27 % water reduction, 3.0 % gas content, 20 % uric acid ratio) and industrial-grade xanthan 
gum (in order to print pastes for better setting). The elasticity modulus and tensile strength of basalt fibres are 100 GPa and 3300 MPa. 
Considering the requirements of practical engineering applications and size influencing factors, the lengths of three basalt fibers were 
designed to be 6,8, and 10 mm, respectively [41–45].

2.2. Mix proportion design and 3D printing method

Combined with the actual engineering requirements and literature content, the material system in this study was designed as 
follows [54–59]: 1) The mass ratio of water to cementitious material of basalt fiber modified 3D printing cement-based material 
(BF-3DPC) is 0.35 and the sand-binder ratio is 1.7. 2) The content of basalt fiber is 2 %, 3 % and 4 % mass ratio of cementitious 
materials. 3) The content of polycarboxylate superplasticizer and Xanthan gum is 0.2 % and 1.7 % mass ratio of cementitious material. 
Xanthan gum is used as a thickener to improve and enhance the stability of the printing matrix. According to the corresponding design 
details and concepts, the specific coordination of basalt modified 3D printing cement-based materials is shown in Table 4. In addition, 
it should be noted that unlike the traditional mixing process of cement-based materials, the preparation process of 3D printing additive 
manufacturing cement-based materials is a key step that requires more significant detailed thinking and design. The preparation 
process of basalt fiber modified 3D printing cement-based material is shown in Fig. 2. Firstly, the cementitious material is mixed with 
the aggregate for 120 seconds and then the basalt fiber is added to mix for 90 seconds. Subsequently, water, water-reducing agent and 
xanthan gum were added and mixed for 120 seconds to make all kinds of materials mixed evenly. In the early stage of preparation, the 
extrusion rate and nozzle diameter of the 3D printer were set to a fixed value (4000 mm/min and 40 mm). In the printing process, the 
printing path of each layer of substrate was designed to be following zigzag mode, and stacked after the previous layer was printed. 
Finally, the specimens with sizes of 40 × 40 × 160 mm and 100 × 100 × 100 mm were prepared. All specimens were treated with 
standard curing until 7 days, 14 days and 28 days (20 ± 2◦C, RH≥95 %).

2.3. Experimental method and design

2.3.1. Macroscopic physical properties of BF-3DPC
The experimental test methods of flow properties and mechanical properties of basalt fiber modified 3D printing cement-based 

material were carried out with reference to GB/T 2419-2005 and GB/T 17671-1999, respectively. The equipment used is HYZ-300- 
10 type press-folding integrated machine. The loading speed of flexural test is 50 N/s ± 10 N/s and the loading speed of compres
sive test is 2400 N/s ± 200 N/s [60,61].

2.3.2. Characterization of microstructure evolution in BF-3DPC
The Ca elemental composition and variation of basalt fiber modified 3D printing cement-based material were detected by XPS 

(Axis-ultradld instrument). At the same time, the functional group changes of BF-3DPC matrix material were characterized by FTIR 
detection (FTIR-960 Fourier transform infrared spectrometer). Changes of micro-area structure and morphology of BF-3DPC was 
qualitatively analyzed based on SEM method (GeminiSEM 300 scanning electron microscope). In addition, in order to provide 
quantitative and accurate microscopic composition data for theoretical calculation and analysis, the chemical composition of BF-3DPC 
was analyzed by Q-XRD method. In the process of Q-XRD semi-quantitative analysis, corundum (Al2O3) was used as the internal 
standard reference, and the relative phase content was tested by the internal standard method. The phase retrieval identification and 
quantitative calculation of phase relative content were carried out by using JADE software and the PDF-4 2018 database of the In
ternational Diffraction Data Center (ICDD). Among them, the phase quantitative analysis uses the reference strength ratio (RIR 
method) to calculate the mineral mass fraction [62–67].

Table 1 
Physical and mechanical properties of cement [46–48].

3 Days 28 Days 3 Days 28 Days Fineness (m2/kg) Initial setting Final setting
Flexural strength (MPa) Compressive strength (MPa) Setting time (min)

4.2 8.5 23.5 43.2 331 186 252

Note: The fineness of these is expressed using the sieve residue method.
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Table 2 
Main physical properties of fine aggregates [49–53].

River sand Particle size (mm) Surface density (kg/m3) Stack density (kg/m3) Fineness modulus Water absorption (%) PH 

≤ 2.6 2650 1640 2.6 17.5 6.48

Table 3 
Chemical properties of cement and sand (%).

Materials Chemical Compositions (%)

Cement SiO2 CaO Al2O3 Fe2O3 MgO SO3 LOI
21.47 60.93 5.80 4.04 3.24 2.08 2.44

River sand SiO2 LOI ​ ​ ​ ​ ​
99.88 0.12 ​ ​ ​ ​ ​

Note: The LOI is the loss on ignition of material.

Table 4 
Mix design of basalt fiber modified 3D printing cement-based material.

Number Water 
(kg/m3)

Cement 
(kg/m3)

River 
Sand(kg/m3)

Water reducer 
(%)

Xanthan gum 
(%)

Fiber content (%) Lengths 
(mm)

BF00 262.5 750 1275 0.2 1.7 0 0
BF26 262.5 750 1275 0.2 1.7 2 6
BF36 262.5 750 1275 0.2 1.7 3 6
BF46 262.5 750 1275 0.2 1.7 4 6
BF28 262.5 750 1275 0.2 1.7 2 8
BF38 262.5 750 1275 0.2 1.7 3 8
BF48 262.5 750 1275 0.2 1.7 4 8
BF210 262.5 750 1275 0.2 1.7 2 10
BF310 262.5 750 1275 0.2 1.7 3 10
BF410 262.5 750 1275 0.2 1.7 4 10

Note: 1) BF in BF410 denotes basalt fiber. 2) 4 denotes fiber doping. 3) 10 denotes fiber length.

Fig. 2. The specimen preparation process of basalt modified 3D printing cement-based materials.
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3. Results and discussion

3.1. The fluidity and mechanical properties of BF-3DPC

The fluidity properties of BF-3DPC based on the influence of content and length of basalt fiber is shown in Fig. 3(a). It can be found 
that basalt fiber has a significant adverse effect on the flow properties of 3D printed cement-based materials. A single increase in the 
length of the fibers or in the amount of fibers doped can cause a decrease in flowability. The increase of basalt fiber content leads to 
agglomeration and adhesion of more mortar, which aggravates the flow obstruction inside the matrix and causes uneven dispersion of 
free water. The flow performance of BF26 was close to that of the reference group (only decreased by 2.71 %). This compares to a 
7.69 % decrease in BF46. However, when the content was 4 % and the length was 10 mm, the flow performance of BF410 was the 
worst (18.6 % lower than that of the reference group). This is due to the fact that the increase in basalt fiber length creates a spatial 
lattice structure, which further reduces the flow properties of the 3D printing matrix. However, when the two factors work together, 
the hindering effect becomes complicated and amplified, and thus a significant decrease in the flow properties of BF-3DPC occurs. 
Although factors such as fiber content and length have a negative effect on the flow performance, the prepared material is still in a good 
plasticity range and can meet the needs of 3D printing. Compared with the negative effect of basalt fiber on the flow performance, it has 
a significant mechanical strengthening effect on 3D printed cement-based materials. When the length of basalt fiber does not exceed 
10 mm, the compressive strength and flexural strength of 3D printed cement-based materials increase first and then decrease with the 
increase of fiber content (Fig. 3(b) and (c)). The BF38 group with a fiber content of 3 % and a length of 8 mm had the most compressive 
strength and flexural strength, which were 19.22 % (7d), 19.56 % (7d) and 10.21 % (28d), 13.11 % (28d) higher than BF00. The 
application of appropriate basalt fibers can better utilize their bridging and tensile properties to enhance the mechanical properties. 
The mechanical properties of 3D printed cement-based materials show a continuous decrease with the increase of fiber content when 
the length of basalt fiber is 10 mm. The compressive and flexural strengths of BF410 were 13.7 % and 15.9 % (7d), 17.3 % and 10.3 % 
(28d) lower than those of BF00. When the fiber length and the amount of too large not only affect the fluidity, the agglomeration effect 
will be prone to produce internal defects and can not play a good fiber itself excellent performance. The early mechanical properties of 
BF-3DPC are most directly affected by the change of fiber length, and the mechanical properties at standard age are related to the 
coupling effect of fiber length and dosage.

The engineering pouring of traditional cement-based materials is carried out by vibrating the mixture during the pouring process to 
eliminate bubbles and ensure the compactness and uniformity of the concrete. In contrast, the nozzles of 3D printing cement-based 
materials are printed layer by layer and stacked layer by layer, and there will be some defects such as interlayer voids, weak tran
sition surfaces and bubbles, which will affect the overall mechanical properties. The incorporation of basalt fiber can form a composite 
stable network space structure inside the matrix, thereby improving the early strength and toughness of the matrix and hindering the 

Fig. 3. Macroscopic performance of BF-3DPC. (a) The changes of fluidity performance. (b) Flexural strength and relative change rate. (c) 
Compressive strength and relative change rate.
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further development of cracks. Therefore, the incorporation of fibers within a certain length range can better improve the early 
mechanical properties of 3D printed cement-based materials. However, when the fiber length exceeds a certain value, too long basalt 
fiber will disturb the interlayer stability of the matrix material, hinder the hydration hardening process and expand the interlayer 
disadvantage, and eventually lead to insufficient modification of mechanical properties.

3.2. The evolution law of microstructure in BF-3DPC

Various microscopic analysis methods were used to explore the evolution patterns of functional groups (FTIR), chemical binding 
energy (XPS), hydration products (Q-XRD) and microstructure characteristics (SEM) of BF-3DPC. This research combined macroscopic 
experimental data and analysis results and selected BF00, BF28, BF38 as the experimental groups. At the same time, this research 
considers the preparation process and spatial distribution of 3D printed cement-based materials, mainly focusing on fine, multi-point, 
and multi type sampling work between layers and inside the substrate. Finally, the obtained samples were immersed in an alcohol 
solution and sealed to prevent the influence of re-hydration of the sample on the microscopic analysis results.

Fig. 4. (a) Changes in chemical functional groups. (b) Chemical binding energy and deconvolution calculation results on calcium ion.
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3.2.1. Evolution of functional groups and chemical binding energy of BF-3DPC
The variation of functional groups of BF-3DPC during 28 days is shown in Fig. 4(a). The results show that basalt fibers with different 

contents and lengths will not change the types of key chemical bonds in the matrix material, but will change the distribution of 
functional groups. With the increase of basalt content, the O-H bond in CH (3640 cm− 1) and the C-O bond stretching vibration peak in 
CaCO3 (1426 cm− 1) have undergone to a limited extent vibration. The incorporation of basalt fiber will partially consume CH and lead 
to the further formation of CaCO3. It is worth noting that Si-O tensile absorption peak (1090 cm− 1), Si-O outward bending vibration 
absorption peak (525 cm− 1) and Si-O inward bending vibration absorption peak (455 cm− 1) in C-S-H also change with the increase of 
basalt fiber content. The incorporation of basalt fiber can promote the formation of the main hydration product C-S-H gel in the 
substrate, especially the conversion of CH to C-S-H (II) gel.

Based on quantitatively analyzing the evolution on chemical binding energy of matrix material and binding energy of calcium ions 
in C-S-H, the influence of basalt fiber on the chemical structure of 3D printed cement-based materials was further discussed. On one 
hand, the chemical binding energy and O, Ca, C, and Si elemental peaks of BF00, BF28 and BF38 at 7 and 28 days of standard curing 
were shown in Fig. 4(b). Under the coupling effect of curing age and basalt fiber content, the binding energy of Ca2+ in the hydration 
product C-S-H gel of 3D printing substrate gradually increased. For example, the binding energy peak of BF38 at 28 curing days has a 
certain right shift compared with BF00. In addition, according to the energy peak position of calcium element, it is divided into Ca2p1/2 
and Ca2p3/2. The binding energy of Ca2p1/2 and Ca2p3/2 in the C-S-H hydration products of BF38 was higher than that of BF00, which 
increased by 0.104–0.268 (7d), and 0.74–0.78 (28d), respectively. This is because an appropriate amount of basalt fiber can promote 
3D printed cement-based materials in a rich conditions of calcium ions, which can increase the orbital binding energy of calcium ions 
and promotes the formation of more calcium and gel phases, thereby contributing to the nucleation and crystal growth of hydration 
products.

3.2.2. Changes in microstructure and hydration products of BF-3DPC
The microstructure of BF-3DPC is shown in Fig. 5(a)-(b), it can be seen that the application of basalt fiber has a certain optimization 

effect on the microstructure of 3D printing cement-based materials. In the early curing stage, BF00 has obvious pore cavity defects and 
structural evacuation, while BF38 has fewer defects and relatively dense structure. Basalt fiber can play a better filling role and 

Fig. 5. (a) Microstructure and morphology analysis. (b) Changes in the type and relative phase content of hydration products.
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optimize the compactness of hydration products, thereby improving the microstructure of BF-3DPCD (initial age). With the progress of 
curing, the influence of basalt fiber on the microstructure of 3D printed cement-based materials is more significant. The appropriate 
amount of basalt fiber has good compatibility with the matrix material, which can play a synergistic role and improve the compactness 
of the matrix material and repair micro-cracks by bridging and filling. It is worth noting that an appropriate amount of basalt fiber can 
affect the formation of C-S-H gel and hydration products such as CH, promote the formation of a denser microstructure, and improve 
the macroscopic properties and material structure of BF-3DPC to a certain extent. In addition, the incorporation of basalt can also affect 
the microstructure between the matrix and the matrix. An appropriate amount of basalt fiber can promote the transformation of CH to 
high-density C-S-H gel, thereby weakening the effect of CH on interlayer stability and defect distribution. The relative phase contents 
of C-S-H (I) and C-S-H (II) in BF38 were increased by 12.79 % and 123.53 % (28 d) compared with BF00. Combined with the changes of 
CH in various microscopic experiments, an appropriate amount of basalt fiber incorporation has a very positive effect and positive 
effect on the consumption of CH to generate high-density C-S-H (II) type gel, which is also the key to improving the macroscopic 
properties of 3D printed cement-based materials.

3.3. Parametric model and mechanical properties prediction of BF-3DPC

Basalt fiber, when used appropriately, can significantly enhance the macroscopic properties and microstructure of BF-3DPC, 
particularly improving its toughness and inter-laminar shear resistance. However, optimizing the design and control of service per
formance for different composition systems and ratio requirements, as well as accurately predicting and effectively managing the 
practical application and service characteristics of BF-3DPC, remain challenging in current research. Therefore, the key to addressing 
these difficulties lies in clarifying the quantitative relationship between basalt fiber parameters and the microstructure of BF-3DPC and 
establishing a macroscopic mechanical evolution model based on microstructural changes. This paper presents a mathematical model 
for characterizing the mechanical properties of BF-3DPC based on microstructural variations (Fig. 6). The computational approach and 
analytical principles are as follows: 1) Summarizing and categorizing multi-scale parameters based on physical principles, and pro
cessing relevant parameter datasets quantitatively to obtain initial data. 2) Using the compiled dataset as input for regression analysis 
to establish functional equations between basalt fiber parameters and hydration product content. The accuracy of these equations is 
assessed using correlation coefficients, and the rationality and effectiveness of the mathematical equations are further optimized by 
adjusting the weights and sensitivities of relevant parameters. 3) Based on the quantitative equation for hydration products, proposing 
correlation equations between hydration products and macroscopic mechanical properties, and calculating the variation patterns of 
compressive and flexural strengths of BF-3DPC. The computed mechanical property results are compared with experimental data to 
verify the validity and accuracy of the regression calculations. Subsequently, adjustments to the main algorithm parameters are made 
promptly by analyzing the causes of calculation errors.

3.3.1. Preparation and preprocessing of data sets
The accuracy of regression calculations depends heavily on data selection and quality. Therefore, it’s crucial to preprocess and 

carefully choose the raw data before conducting calculations and analyses [68–70]. In this study, various parameters of BF-3DPC 
undergo preprocessing steps prior to mathematical analysis: 1) Key input variables such as curing age, water-cement ratio, 
sand-cement ratio, water reducing agent, fiber length, and fiber content are defined. These variables are organized into datasets using 

Fig. 6. Quantitative research process of macroscopic mechanical properties and microstructure of BF-3DPC.
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feature selection and dimensionless methods. 2) Similarly, the relative phase content (Q-XRD) of critical hydration products, the 
envelope area (XPS) of chemical element binding energies, and the compressive and flexural strengths serve as output results. These 
outputs are then organized into dimensionless datasets.

3.3.2. Calculation results on microstructure evolution of BF-3DPC
Considering the coupling influence of the length, parameters and ratio design of basalt fiber on the relative phase content and 

chemical binding energy of hydration production, a two-layer hidden layer artificial neural network model is used to establish the 
mathematical characterization and prediction analysis on the microstructure evolution law as follows: 

Θhy =
∑n=n

n=1
[W1X1 +⋯+WnXn] +

∑n=n

n=1
[b1 +⋯+bn] (1) 

Θco =
∑n=n

n=1
[W 1́X1 +⋯+W ńXn] +

∑n=n

n=1
[b́ 1 +⋯+b́ n] (2) 

Fig. 7. The calculation results on relative phase content and chemical binding energy of BF-3DPC. (a) Main parameters and calculation process. (b) 
Accuracy analysis of different calculation models. (c) Calculation results of main hydration products content. (d) Calculation results of chemical 
binding energy of main elements. (e) The correlation analysis between the calculated value and experimental results of hydration product content. 
(f) The correlation analysis between the calculated value and experimental results of chemical binding energy.
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where, Θhyis the relative phase content, Θcois the chemical binding energy, Wand W ís the weight index of influencing factors,Xis the 
macroscopic influencing factors, b and b́  is the correction parameter.

The analysis results on the envelope area changes in phase content of the main hydration products such as C-S-H (I), C-S-H (II), CH 
and AFt are shown in Fig. 7(c). The results show that the envelope area distribution of C-S-H (I), C-S-H (II), CH, the three main hy
dration product phases has a certain concentration area and is dispersed in a certain interval. The envelope area distribution of the 
phase content of AFt is more random and dispersed. The analysis results on the envelope area changes in Chemical binding energy such 
as C, Ca, O and Si are shown in Fig. 7(d). The distribution of the chemical binding energy envelope area results of the four elements of 
Ca, C, Si and O also shows a certain concentration, but it is affected by the increase of the distribution span, and some discrete points 
appear in the results. Then the correlation between the predicted value and the real value is analyzed and compared, and the results are 
shown in Fig. 7(e)-(f). It can be seen that due to the influence of the data point concentration area, the calculation results of the C-S-H 
gel phase envelope area show a high correlation with the real value (R2 is preferably 0.9821), which is 12.57 % higher than the 
prediction correlation of AFt with more dispersed data points. On the other hand, the existence of some discrete points will have a 
negative impact on the accuracy of the calculation. It can be seen that the correlation of the overall chemical binding energy calcu
lation results is slightly lower than that of the relative phase content calculation results. However, whether it is the calculation of 
relative phase content or chemical binding energy, R2 can reach more than 0.85, indicating that this model has certain applicability to 
the calculation of microstructure evolution.

Fig. 8. Discriminant basis and calculation process on microstructure evolution of BE-3DPC.
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3.4. Discriminant basis for the calculation on microstructure evolution

It is feasible to calculate the microstructure evolution of BF-3DPC through the two-layer hidden layer model and has a certain 
accurate feedback ability. However, due to the complex evolution of the microstructure, the calculation data set will be too large and 
the calculation process will be lengthy, which will affect the accuracy and simplicity of the calculation and analysis. Meanwhile, the 
multi-scale and cross-scale effects and the error of experimental characterization may produce the error of microstructure information 
and the deviation of calculation results in the process of data calculation and analysis with high accuracy requirements. In addition, in 
the process of judging the accuracy and authenticity of the calculation results, it is necessary to add additional judgment basis to realize 
the accurate evaluation of the authenticity and validity of the calculation results. Therefore, based on the quantitative results of image 
recognition, this study proposes the judgment conditions of BF-3DPC microstructure evolution calculation, which serves to improve 
the accuracy and effectiveness of the calculation structure [71]. The microstructure image of BF-3DPC is meshed and the crack and 
pore structure are marked in the mesh. Meanwhile, the image recognition calculation software is used to identify and analyze the 
micro-cracks and pore structures in each region in detail and form a classifier of relevant image data. The recognition analysis and 
calculation of the global area of the image are carried out by the classifier, focusing on the calculation of the size and area of the crack 
and pore structure. Finally, based on the area ratio of microstructure such as crack and pore structure, the area ratio range is set as the 
criterion to feedback the compactness of BF-3DPC microstructure and verify the accuracy of the calculation results. The identification 
and calculation results on proportion of crack area, average crack size, total area and number of pore in BF00, BF28 and BF38 is 
10.476–5.131 %, 1.073–0.954 μm, 3036.699–1487.299 μm2 and 2829–1559, which is the determination range of the select ability 
and rationality of microstructure data in BF-3DPC. The flow of this block is presented in Fig. 8.

3.4.1. Mechanical prediction model based on quantitative results of microstructure evolution of BF-3DPC
The macroscopic mechanical properties of BF-3DPC are closely related to the evolution of microstructure, and the change of 

microstructure is affected by content or length of BF, water-cement ratio and other factors. Based on the quantitative research results of 
microstructure and the criterion conditions of calculation, a theoretical model for calculating and predicting the mechanical properties 
of BF-3DPC was established. Considering the factors such as curing age and hydration products, the response indexes of various factors 
to the mechanical properties of BF-3DPC were proposed as: 

M =
Θ̂hy,28

Θhy,28
·

(

Θ̂hy,28 − Θ̂hy,7

)

(3) 

Fig. 9. The calculation results of flexural strength. (a) Based on changes in hydration products. (b) Based on changes of chemical binding energy. (c) 
Calculated mean and variance. (d) The error between calculation and experiment. (e) The error ratio between calculation and experiment.
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MD =
∑

|M[C − S − H(I)]+M[C − S − H(II)] +M[CH] +M[AFt] +⋯| (4) 

Ḿ = ℑSi
co,7 ·

Θco,28 − Θco,7

Θco,28
(5) 

MS =
∑

|M [́Si] +M [́Ca] +M [́C] + Ḿ [O] +M [́H] +⋯| (6) 

where, M is the influence parameters of hydration content, Ḿ  is the influence parameters of chemical binding energy, MD is the 
comprehensive response indicators of hydration content, MS is the comprehensive response indicators of chemical binding energy, 
Θhy,28 is the total relative phase content of hydration product at 28 day, Θ̂hy,28 is the characteristic peak on relative phase content of 
hydration product at 28 day, Θ̂hy,7 is the characteristic peak result on relative phase content of hydration product at 7 day, Θco,7 and 
Θco,28 are the chemical binding energy of main element at 7 and 28 day, ℑSi

co,7 is the parameters for promoting hydration process by 
combining with silicon at early curing time.

According to the changes of hydration products and micro structure, the calculation model of compressive and flexural strength of 
BF-3DPC is deduced as follows: 

Ff (MD) = 0.16 · Θ̂
C− S− H(II)
hy,7 + [ ln(MD)]

2 Ff (MS) = 0.14 · ln
(

ΘSi
co,7

)
+ ln

(
(MS)

3) (7) 

Fc(MD) = 1.3 · Θ̂
C− S− H(II)
hy,7 + [ ln(MD)]

2 Fc(MS) = 1.08 · ln
(

ΘSi
co,7

)
+ ln

(
(MS)

3) (8) 

where, Ff (MD) and Fc(MD) are the calculation results of flexural and compressive strength based on hydration products, Ff (MS) and 

Fc(MS) are the calculation results of flexural and compressive strength based on chemical binding energy, Θ̂
C− S− H(II)
hy,7 and ΘSi

co,7 are the 
characteristic peak of relative phase content of C-S-H (II) and the chemical binding energy of silicon at 7 day.

The calculated results on flexural strength and compressive strength of BF-3DPC are shown in Figs. 9 and 10. The maximum 
calculation error value of flexural and compressive strength obtained based on hydration products is 0.24 MPa and 0.65 MPa (Mean 
values range from 0.07 to 0.17 and from 0.29 to 0.38.), and the maximum calculation error rate is 3.96 % and 1.40 % (Mean values 
range from 1.22 to 2.77 and from 0.58 to 0.84.), respectively. However, the calculation results of mechanical properties using chemical 

Fig. 10. The calculation results of compressive strength. (a) Based on changes in hydration products. (b) Based on changes of chemical binding 
energy. (c)Calculated mean and variance. (d) The error between calculation and experiment. (e) The error ratio between calculation 
and experiment.
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binding energy have relatively large error values and error rates (0.46 MPa (7.67 %) and 2.76 MPa (5.85 %)). From Figs. 9c and 10c it 
can be seen that using chemical binding energy calculations reduces the dispersion of the data without fibre groups, but causes 
dispersion with fibres. Although the mechanical strength development law of BF-3DPC can be calculated based on the chemical 
binding energy, it cannot feedback the influence of interlayer bonding and overall hardening of the material during the calculation 
process, resulting in a certain deviation in the calculation results. Especially in the calculation of bending and flexural toughness, based 
on the evolution of hydration products can get better calculation results. In order to obtain more accurate calculation and prediction 
results to achieve the purpose of reverse design of materials, it is still necessary to optimize the data acquisition and calculation 
process. On the one hand, through the representative sampling and microscopic experimental analysis of multi-directional and multi- 
regional space, a systematic microstructure evolution data set is formed. On the other hand, it is necessary to consider the deformation 
synergistic response between the material layer and the whole under load, and improve the accuracy of calculation from the 
perspective of material-structure-mechanics.

3.5. Intelligent applications and practical engineering prospects of BF-3DPC

Compared with traditional cement-based materials, basalt fiber modified 3D printing cement-based materials show flexible con
struction, can realize rapid prototyping of complex structures, and reduce material waste and construction time. But in its in-depth 
application, based on the previous research and model derivation, considering the complexity of parameters and computational 
challenges in 3D printing composites, the use of microstructures in multiple directions has advantages in promoting model calculation. 
Despite the model being subject to errors, continuous enrichment and optimization are achievable by incorporating data from existing 
or future research data and actual engineering indicators. This approach offers practical guidance for the preparation of 3D printed 
cement-based materials. The introduction of model analysis for the application of 3D printing materials not only reduces the test cost of 
matrix materials, improves the test efficiency, but also ensures the consistency in the construction process of 3D printing buildings 
(Fig. 11). Looking ahead, diverse building styles can be designed to correspond with actual applications, allowing designers to predict 
and control real-time performance through intelligent Platforms. This enables more rapid implementation of precise calculations in 
matrix formulation for structure printing. Such research endeavors contribute to steering the basalt fiber reinforcement system towards 
a more modern and controllable direction.

Although we put forward this idea, considering the complexity of construction and service conditions in practical engineering, and 
due to the limitation of existing data, it has not played a broad representative role in the ion dormitory, long-term mechanics, freeze- 
thaw and other effects of basalt fiber 3D printing cement-based materials. Therefore, it is still necessary to enrich the research on the 
long-term performance mechanics and durability of basalt 3D printed cement-based materials in extreme service environments, and 
expand data resources.

4. Conclusions

In this manuscript, the fluidity, mechanical properties and microstructure of basalt fiber reinforced 3D printing cement-based 
materials were studied and analyzed. The evolution equation of hydration product phase content and chemical binding energy was 
proposed, and the relationship between microstructure evolution and macroscopic mechanical properties of basalt fiber modified 3D 
printing cement mortar was explored, which provided some help for the popularization and application of basalt fiber 3D printing 
cement-based materials. The main conclusions are as follows: 

(1) When basalt fibers are doped, the increase of their length and dosage decreases the flow performance of 3D printed cement- 
based materials. However, when the fiber doping is in the range of 0–4 % mass ratio and the fiber length is 6–10 mm, the 
flow properties of the printed slurry can meet the requirements.

(2) The basalt fiber content of 0–3 % mass ratio has a reinforcing effect on the mechanical properties of 3D printed cement-based 
materials. The optimum dosage is 3 %, the length is 8 mm, the flexural strength is 6.3 MPa, and the compressive strength is 
48.91 MPa.

(3) The incorporation of basalt fiber is helpful to the interlayer hydration of 3D printing cement-based materials. In the interlayer 
hydration of C-S-H cementitious phase, the incorporation of fiber increases the hydration formation ratio of C-S-H cementitious 
phase and reduces the dispersion of crystalline by-products. Among them, the 3 % content has the best promotion effect, but 
when the fiber content is greater than 3 %, the interlayer defects expand.

(4) By predicting the R2 value of the product content and binding energy by the prediction model, it can be seen that the model has 
certain availability (R2 >0.85). At the same time, by comparing the two, it can be found that the prediction of hydration 
products by using the external mixing variables as input values has better results. After that, the correlation equation also shows 
the same advantage for the mechanical calculation results (error<10 %). This also shows that the correlation model can better 
predict the microstructure evolution and mechanical properties of 3D printed cement-based materials, and provide new ideas 
for the evaluation of the mechanical properties of 3D printed cement-based materials.

5. The challenges and limitations that arise

Despite the ideas expressed above, due to the complexity of construction and use conditions in actual engineering, as well as the 
limitations of existing data, the effects of harmful ion erosion, long-term mechanics, freeze-thaw and other factors on the properties of 
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basalt fiber modified 3D printed cement-based materials have not been widely represented. Therefore, further research is needed to 
enhance the long-term performance and durability of basalt fiber reinforced 3D printing cement-based materials in extreme envi
ronments, and data resources in related directions need to be further enriched.
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Fig. 11. Technology prospect of digital assisted BF-3DPC [72–75]. The top left picture is from: https://www.dw.com/en/is-3d-printing-the-future- 
for-building-homes/a-58679995 The bottom left figure is from: http://pre-xsj.699pic.com/tupian/19368h.html The top right picture is from: 
https://www.pinterest.com/pin/135882113727321721/https://www.quanjing.com/imginfo/bji05100078.html.
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