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ABSTRACT:  12 

To demonstrate printability and fire performance of 3D printable fiber reinforced cementitious 13 

materials at elevated temperatures, large-scaling printing and fire performance testing are 14 

required for engineering applications. In this work, a mixture design of 3D printable fiber 15 

reinforced cementitious composite (3DPFRCC) for large-scale printing was developed. A 16 

structure with dimensions of 78 × 60 × 90 cm (L × W × H) was printed by a gantry printer in 17 

150 minutes, which demonstrates that the developed 3DPFRCC mixture possesses good 18 

buildability. The rheological property, setting-time, and mechanical properties under normal 19 

and elevated temperatures of the developed 3DPFRCC were then characterized. Final results 20 

indicate that the developed 3DPFRCC is suitable for engineering applications due to its good 21 

printability and mechanical properties under normal and elevated temperatures.  22 

 23 
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1. Introduction  26 

3D printing for building sand construction builds up structures in a layer-atop-layer manner 27 

according to designed CAD models (Bos, Rob, et al. 2016; Chua, Leong, and Lim 2003; 28 

Davtalab, Kazemian, and Khoshnevis 2018; Jiang et al. 2018; Li et al. 2016; Lim et al. 2018b; 29 

Weng et al. 2016; Xia and Sanjayan 2016, 2018). In the 3D printing process, cementitious 30 

materials should be pumpable and buildable, which can be determined by the rheological 31 

properties of materials at fresh state (Li et al. 2013; Weng, et al. 2016; Lim, Panda, and Pham 32 

2018; Lu et al. 2018; Panda and Tan 2018; Salet et al. 2018; Tay et al. 2017, 2018; Weng et al. 33 

2018 a; X. Zhang et al. 2018). Pumpable means how easily the materials can be conveyed in 34 

the delivering system, which requires low yield stress and low plastic viscosity of material 35 

(Chhabra and Richardson 1959). Buildable means how stably the materials can be stacked 36 

together, which requires high yield stress and high Young’s modulus of the material (Perrot, 37 

Rangeard, and Pierre 2016; Wolfs, Bos, and Salet 2018). Therefore, the main challenge of 38 

developing a 3D printable cementitious material would be finding the narrow window to satisfy 39 

the requirements of both pumpability and buildability (Weng et al. 2018 b).  40 

 41 

While some research has reported the development of 3D printable plain concrete (Bos, Wolfs, 42 

et al. 2016; Le et al. 2012; S. Lim et al. 2012). plain concrete is still a type of brittle materials 43 

with low tensile strength and crack resistance. Cracks, as shown in Figure 1, is always a concern 44 

to adopting such material into engineering applications. As short fibers are ideal ingredients to 45 

enhance the mechanical property of cementitious materials and restrain cracks caused by dry 46 

shrinkage in casting concrete (Tang et al. 2015), a number of researchers have worked on 47 

developing appropriate types of 3DPFRCCs with different types of fibers or dosages (Hambach 48 

and Volkmer 2017; Soltan and Li 2018). However, several limitations remained in formerly 49 

developed materials obstruct further implementation of these materials in engineering 50 
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applications. Firstly, large-scale printing is missing in previous studies to test the printability 51 

of developed materials with actual engineering work setup. A number of challenges exist when 52 

upscale from lab scale printing to real building scale printing, e.g. the requirements of 53 

pumpability and buildability become more restrict as the scales of equipment and printing 54 

become much larger, the setting time of materials should be tailored such that the materials 55 

possess proper hydration rate for 3D printing, the mixing procedure should be able to meet the 56 

material consumption rate of printing, etc. (Weng et al. 2018a).  Secondly, the characterization 57 

of mechanical properties of 3DPFRCCs is lacking, which is problematic considering that 58 

proper material characterization serves as a guideline to inform engineering applications. 59 

Thirdly, much more attention should be paid to the fire performance of newly developed 60 

3DPFRCCs for better adoption rates for use in relevant applications, especially when material 61 

properties and structural safety are known to deteriorate and behave erratically at high 62 

temperatures (Dong, Kang Hai, and Aravind 2018; Liu and Tan 2018; D. Zhang, Dasari, and 63 

Tan 2018). To overcome these issues, a comprehensive work should be carried out to 64 

investigate all the aforementioned aspects for developed 3DPFRCCs.  65 

 66 

 67 

Figure 1 Cracks form on the surface of the printed structure 68 
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In the study, a novel mixture of 3DPFRCCs is developed, and a 90 cm high structure was 69 

printed to demonstrate the printability of developed materials. To the authors’ knowledge, 70 

currently this is the highest 3D printed structure with notable short fiber reinforced materials 71 

around the world in the academia. Rheological properties were characterized by static/dynamic 72 

yield stress and plastic viscosity. Workable time of materials for 3D printing was characterized 73 

by setting time (Weng et al. 2018a). The mechanical properties (flexural and compressive 74 

strength) were tested at both normal and elevated temperatures. Besides, spalling effect and 75 

Young’s modulus were also explored.  76 

 77 

2. Experimental design 78 

2.1 Materials and mixing  79 

In this study, the mixture consists of Ordinary Portland Cement type I 42.5 (C), natural river 80 

sand (S), class F fly ash with a fineness of 386 m2/kg (FA), silica fume (SF, undensified, Grade 81 

940, Elkem company), and polyvinyl alcohol (PVA) fiber with 40 µm in diameter, 8 mm in 82 

length and 0.8% oil coating.  Superplasticizer was introduced with the dosage of 3 g/L to adjust 83 

the rheological properties.  These raw ingredients are wide sourcing in civil engineering. 84 

Specifically, fly ash and silica fume are the industrial by-products, which were reused for 3D 85 

concrete printing resulting in decreased cost and increased sustainability of the process (Ruan 86 

and Unluer 2017). Physical and chemical properties of OPC, fly ash, and silica fume are shown 87 

in Figure 2 and Table 1. The gradation curve of natural river sand is shown in Figure 3. The 88 

influence of each ingredient on rheological properties was studied in the author’s previous work 89 

(Weng, et al. 2018 a). The mixture proportion is listed in Table 2 (Weng, et al. 2018).   90 

 91 
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 92 

Figure 2 Particle size distribution of cement, fly ash and silica fume 93 

 94 

Table 1 Chemical composition of fly ash and Ordinary Portland Cement (C) 95 

Formula 

Concentration / % 

Fly ash Cement 

SiO2 58.59 24.27 

Al2O3 30.44 4.56 

Fe2O3 4.66 3.95 

TiO2 2.02 0.55 

K2O 1.51 0.61 

CaO 1.21 62.2 

MgO 0.776 3.34 

P2O5 0.531 0.15 

Na2O - 0.21 

SO3 0.0914 - 

ZrO2 0.04 - 

MnO 0.0351 - 

Cr2O3 0.027 - 
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CuO 0.0254 - 

ZnO 0.0229 - 

 96 

 97 

Figure 3 Gradation curve of sand particles 98 

 99 

Table 2 Mixture proportions 100 

S/Ba W/B FA/C SF/% Fiber/% 

0.5 0.28 1.0 0.05 1 

a  B indicates the binder that is the sum weight of C, FA, and SF 101 

 102 

An 80L Screed Mortar Mixer (Soroto) was used to mix raw ingredients. As rheological 103 

properties are affected by many external factors, such as temperature, mixing time, etc (Ruan 104 

et al. 2018; Yang et al. 2009), the mixing process is fixed to ensure the consistency of 105 

rheological properties of materials (Weng et al. 2018 a). Firstly, the powder of all solid 106 

ingredients was dry mixed for 1 min with stir speed. Water was then added with the mixing 107 

process continued for 1 minute with stir speed. After that, the superplasticizer was introduced, 108 

the mixing process continued for 1 minute in speed I followed by 1 minute with speed II. 109 

Finally, the fiber is introduced, and the mixing process continued for 2 minutes with speed II. 110 
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 111 

2.2 Rheological characterization 112 

Bingham model is a classic rheological model of cementitious materials. According to the 113 

Bingham model, fresh cementitious materials can flow after it overcomes its static yield stress. 114 

During the flow, dynamic yield stress is the minimum yield stress to maintain its flow. The 115 

plasticity viscosity measures how easily the materials can flow once the yield stress is 116 

overcome. 117 

 118 

In this study, the rheological performance was characterized by a Viskomat XL with a six-119 

blade vane probe and a cage, the detailed dimension of the probe, cage, and testing program 120 

were introduced in authors’ previous work (Weng et al., 2018 b).  An example of rheology test 121 

results is plotted in Figure 4. 122 

 123 

 124 

Figure 4 An example of rheology test results  125 

 126 

Then, the static/dynamic torque and torque viscosity can be converted into static/dynamic yield 127 

stress and plastic viscosity via the following equation:  128 
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 = −
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 (1) 129 

where Γ (N·m) is the torque, ω2 (rad/s) is the rotational speed of outer barrel, l (m) and R1 (m) 130 

are the length and radius of the probe, respectively, and R2 (m) is the radius of the outer barrel. 131 

 132 

Setting time is another essential parameter, which determines the workable time of 3DPFRCC 133 

in the printing process. In this work, the setting time of the cement pastes was determined 134 

according to ASTM C 191-13 with an automatic Vicat apparatus. A specimen of normal 135 

consistency fresh cement paste was prepared and placed in a 40 mm high container with a 136 

diameter of 40 mm. A 1.13 diameter needle fixed on a movable rod penetrated the specimen 137 

every 4 minutes, and the penetration depth of the needle was measured. The initial setting time 138 

in this study was calculated from follows: 139 

( )
Initial setting time ( 25)

( )

H E
C E

C D

−
=  − +

−
  (2) 140 

where E (min) is the time of last penetration greater than 25 mm; H (min) is the time of first 141 

penetration less than 25 mm; C (mm) and D (mm) are the penetration depth reading at time E 142 

and H, respectively. 143 

 144 

2.3 Printing test 145 

The printing test was conducted by a gantry printer with a printing volume of 1.2 m × 1.2 m × 146 

1.0 m (L × W × H). The printer, which has the largest print capacity in the authors’ lab, is 147 

shown in Figure 5. To demonstrate the advantage of customization in 3D printing, a special 148 

structure was designed and shown in Figure 6, which illustrates the top-view and overall-view 149 

of the 3D model for printing. The detailed dimension is shown in Figure 6 (a). The height of 150 

the printed structure is 90 cm due to the capacity limitation of the printer.  151 

 152 
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 153 

Figure 5 Gantry printer 154 

 155 
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 156 

Figure 6 3D printing model: (a) top-view of the designed part; (b) overall-view of the 157 

designed part 158 

 159 

2.4 Characterization of mechanical properties and fire properties  160 

Three cylinders with a diameter of 50 mm and a height of 100 mm were adopted for each 161 

spalling test, which was conducted in an electrical furnace. During the test, the furnace was 162 

heated according to the standard heating curve of ISO 834 for 1 h as shown in Figure 7 (Liu 163 

and Tan 2018), and then naturally cooled down to room temperature for 24 h. The extent of 164 

spalling on the cylinders was visually observed. To estimate the influence of fibers on 165 
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mechanical performance of 3DPFRCCs, a control group was also prepared besides specimens 166 

fabricated with 3DPFRCCs. The control group possesses the same formulation as shown in 167 

Table 2 except that the fiber dosage is null. Young’s modulus test was conducted with cylinder 168 

specimens having the same dimensions, materials and heating curve. 169 

 170 

 171 

Figure 7 Heating curve for spalling test 172 

 173 

Flexural and compressive specimens were printed with the gantry concrete printer. The nozzle 174 

used for printing was 30 mm × 15 mm (L × W). The printing and pumping speed were 4000 175 

mm/min and 1.8 L/min, respectively. The standoff distance was 15 mm for each layer. In order 176 

to avoid the effect of material property time dependency and batch-to-batch inconsistency, all 177 

the testing samples were printed together continuously. For the flexural test, the printed 2 layers 178 

(totally 30 mm in height) filaments were cut into separate specimens with 350 mm in length 179 

due to the limitation of equipment capacity for testing (Weng et al., 2018 b). Afterwards, a 180 

four-point bending test with a span length of 240 mm was conducted at 28 days. For the 181 

compressive test, the printed 2×4 layers (totally 60 mm in both width and height) filaments 182 

were cut into 50 mm × 50 mm × 50 mm (L × W × H) cubic specimens (Weng et al. 2018 b). 183 

Then these cubic specimens were subjected to the following isothermal temperatures: 25 °C 184 
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(ambient temperature), 200 °C, 400 °C, 600 °C and 800 °C. The compressive strength was 185 

measured by uniaxial loading in triplicates at 28 days in accordance with the specifications of 186 

ASTM C109/C109M-13. The equipment used for this purpose was a Toni Technik 187 

Baustoffprüfsysteme machine with a loading rate of 100 KN/min.  188 

 189 

3. Results and discussions  190 

3.1 Large scale printing  191 

The results of the rheological test are presented in Table 3. The result of setting time is shown 192 

in Figure 8. According to Figure 8 and Eqn. (2), the initial setting time is 59.2 mins. The static 193 

and dynamic yield stress are 3289 Pa and 314.7 Pa, respectively, and the plastic viscosity is 194 

32.5 Pa·s. According to Weng et al.’s work, materials are able to support the weight of printed 195 

structure with 300 mm height at fresh state when its static yield stress is above 3000 Pa.   196 

Table 3 Testing results of rheological and mechanical performance 197 

Rheological parameters Results  

Plastic Viscosity / Pa·s 32.5 

Static Yield Stress / Pa 3289 

Dynamic Yield Stress / Pa 314.7 

 198 
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 199 

Figure 8 Setting time test result 200 

 201 

The large-scale printing test result is shown in Figure 9. In the printing process, the standoff 202 

distance was 10 mm for each layer. A concrete plate with 400 mm × 35 mm × 15 mm (L × W 203 

× H) was preprinted to support the overhang structure.  204 

 205 

In the large-scale printing process, when materials are at a fresh state, the printed height is 206 

limited within 300 mm, which is a safety height according to rheological properties in terms of 207 

static yield stress. After materials reach initial setting, the development rate of material property 208 

to sustain the weight of subsequent layers evolves extremely fast compared with that of 209 

materials at fresh state (Lowke 2018; Roussel 2006; Wang et al. 2018) such that the printer can 210 

build up higher structure than 300 mm without collapse.  211 

 212 

Therefore, the printed height of 300 mm takes around 50 mins in the printing process. When 213 

the printed height is more than 300 mm, materials have reached an initial setting state where 214 

material properties develop fast, which is desirable for the large-scale printing. The whole 215 

printing process lasted 150 min. The printing result indicates that developed 3DPFRCCs 216 

possesses appropriate rheological properties for a meter-level printing and has the potential for 217 

the future engineering application.  218 
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 219 

 220 

Figure 9 Large-scale printing with the dimension of 78 cm × 60 cm × 90 cm (L × W × H) 221 

        222 

3.2 Characterization of fire performance  223 

Results of the spalling test are shown in Figure 10. As can be seen from Figure 10 (a), 224 

3DPFRCCs can maintain its structure after the spalling test, and only small cracks can be found 225 

on the specimen surface. However, as shown in Figure 10 (b), plain concrete is potentially 226 

explosive, which is undesirable for the building application. The phenomenon indicates that 227 

the addition of PVA fibers is an effective approach to preventing spalling of 3DPFRCCs, since 228 

the microcrack forms in specimens when PVA fibers expand, melt and evaporate at high 229 
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temperature such that microchannels form inside specimens, which is beneficial for water 230 

evaporation to avoid spalling effect (Zhang et al., 2018).  231 

 232 

 233 

Figure 10 Results of spalling test: (a) 3DPFRCC; (b) 3DP plain concrete 234 

  235 

The result of Young’s modulus is plotted in Figure 11. The Young’s modulus of both 236 

3DPFRCCs and plain concrete decreases dramatically after the spalling test. However, 237 

Young’s modulus of 3DPFRCCs is 25 % higher than that of plain concrete at ambient 238 

temperature. The results of Young’s modulus test after the high temperature in this work is 239 

comparable with Carino and Pham’s work (T.Pham and J.Carino 2012).  240 



16 
 

 241 

 242 

Figure 11 Residual young’s modulus: (a) 3DPFRCC; (b)3DP plain concrete 243 

 244 

Figure 12 plots the mechanical property of 3DPFRCCs and plain concrete as a function of 245 

isothermal temperatures. Figure 12 (a) depicts the result of compressive strength at elevated 246 

temperatures. Dehydration of cement paste by driving out of physically bound water at around 247 

110 °C such that microcracks form inside specimens and mechanical performance deteriorates. 248 

Then, the evaporation gas releases at around 300 °C. Water vaporizes at a temperature less than 249 

300  °C, consequently resulting in an increase in concrete porosity and the creation of more 250 

escape routes. Therefore, water vapor pressure in materials reduces. Furthermore, the 251 
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evaporation of water vapor is beneficial for hydration process and can improve the compressive 252 

strength of materials (Zheng, Luo, and Wang 2014). However, the mechanical performance 253 

decreases drastically at 800 ℃ where the mechanical performance becomes less than half. It is 254 

because that C-S-H is unstable at high temperature (Arioz 2007). Consequently, the mechanical 255 

property deteriorates at high temperature as C-S-H is the main contributor of mechanical 256 

property in cementitious materials. The residual compressive strength was 30 MPa and 31 MPa 257 

for plain concrete and 3DPFRCCs, respectively.  258 

 259 

The flexural strength of materials as a function of temperature is shown in Figure 12 (b). The 260 

flexural strength decreases almost linearly with increasing temperature from 200 °C to 800 °C. 261 

Losses in flexural strength result from cracks and pores due to the evaporation of free water 262 

and bound water (Khoury 1992). The residual flexural strength was 1.5 MPa and 2.1 MPa for 263 

plain concrete and 3DPFRCCs, respectively.  264 

 265 
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 266 

Figure 12 Mechanical properties at elevated temperature 267 

 268 

4. Conclusions 269 

3D printable cementitious composites require special rheological properties to satisfy the 270 

demand of printability (buildability and pumpability). In this work, a novel mixture of 3D 271 

printable fiber reinforced cementitious composites (3DPFRCCs) is developed and is capable 272 

of large-scale printing, which is verified by printing test. A 78 × 60 × 90 cm (L × W × H) 273 

structure was printed successfully within 150 minutes, which demonstrates that this novel 274 

3DPFRCCs possess excellent buildability and pumpability.  275 

 276 
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Rheological properties, setting-time, mechanical properties, and fire properties were 277 

characterized. Results indicate that the developed material possesses appropriate rheological 278 

and mechanical properties for the large-scale printing. Rheological properties are designed 279 

based on previous practical printing tests. The static and dynamic yield stress are 3289 Pa and 280 

314.7 Pa, respectively. The plasticity viscosity is 32.5 Pa∙s. The initial setting time is 59.2 mins. 281 

The flexural strengths are 8.6 MPa, 7.7 MPa, 7.4 MPa, 3.5 MPa, 2.1 MPa at 25 ℃ (ambient 282 

temperature), 200 ℃, 400 ℃, 600 ℃ and 800 ℃ respectively. The compressive strength are 283 

64.9 MPa, 48.5 MPa, 48.8 MPa, 50.9 MPa, 31.8 MPa at 25 ℃, 200 ℃, 400 ℃, 600 ℃ and 284 

800 ℃ respectively. The Young’s modulus is 27.6 GPa at 25 ℃. 285 

 286 

In the future, intensive work should be conducted to investigate the printability and fire 287 

performance of 3D printable materials. i.e. methods to improve the printability quality and 288 

printing speed should be studied, and the influence of elevated temperatures and fiber 289 

proportions on Young’s modulus should be explored, and various fire-related properties such 290 

as permeability should be investigated. Besides, the fire rating test of 3D printed structure 291 

should be paid more attention, as it is an essential parameter for engineering applications.  292 
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