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3D printing ultra-high performance concrete (UHPC) can be used for additive construction of structural com- 

ponents, which significantly reduces the reliance on steel reinforcement. This study investigates the effects of 

water-to-binder (w/b) ratios, recycled steel fibre (RSF) volume fraction and thickener content on the rheological 

behaviour, flowability, extrudability, buildability and shape retention ability of 3D printing RSF-reinforced 

UHPC. The results show that decreasing the w/b ratio, RSF incorporation and thickener incorporation in- 

crease the static and dynamic yield stress of the mixture. The dynamic yield stress of the mixture increases by 

27.37 % when the volume fraction of RSF is increased from 1 % to 3 % at the same w/b ratio and thickener 

content. The addition of thickener increases the extrudability and buildability of 3D printing RSF-reinforced 

UHPC, which is mainly related to the adsorption of the thickener on the surface of the cementitious material 

particles and the introduction of bridging forces in the system of neighbouring cementitious material particles. 

The shape retention ability of 3D printing RSF-reinforced UHPC can be improved by increasing RSF volume 

fraction and thickener content. In addition, the mixture with a w/b ratio of 0.16, RSF volume fraction of 3 % and 

thickener content of 0.1 % shows the best printability. 
 

 

 

 
1. Introduction 

 
3D concrete printing is an innovative construction method that uti- 

lises cement-based materials and high-precision layer-by-layer stacking 

techniques to build complex and robust structures. This technology not 

only greatly improves the efficiency of construction, but also signifi- 

cantly reduces the loss of building materials, which is a crucial tech- 

nological innovation to promote the greening of the construction 

industry and reduce its carbon footprint [1–3]. First, it offers a high 

degree of design freedom, enabling complex geometries and structures 

to be realized to meet individualized and customized requirements [4, 

5]. Second, it reduces material waste and improves material utilization 

by precisely controlling the use of materials [6–8]. The automated 

printing process significantly shortens the construction cycle and im- 

proves construction efficiency, while reducing labour costs and con- 

struction risks [9]. In addition, 3D concrete printing allows the use of 

environmentally friendly materials, reducing the impact on the envi- 

ronment and meeting sustainable development requirements. However, 

it has not been able to completely replace traditional reinforced concrete 

 
structures due to its inability to provide tensile strength with built-in 

steel reinforcement, limiting its wide application in large-scale con- 

struction projects [10–12]. 

Ultra-high performance concrete (UHPC) is an advanced concrete 

material with an extremely compact microstructure that significantly 

reduces the risk of porosity and infiltration, resulting in extremely high 

compressive strength and durability [13–16]. The integration of 

fibre-reinforced concrete and 3D concrete printing technology can 

compensate for the current problem of insufficient reinforcement in 3D 

concrete printing [17,18]. Currently, many attempts are being made to 

develop 3D printing technology for UHPC, and increasing attention is 

being paid to the printability and static mechanical properties of 3D 

printing UHPC [19,20]. For instance, the printing of UHPC specimens 

has excellent flexural properties due to the preferential alignment of 

steel fibre oriented along the printing direction [21]. Under the same 

impact velocity conditions, the elastic modulus and strain rate effect of 

the 3D printing UHPC specimens exhibit anisotropic characterization, 

which is attributed to their varying elastic moduli in different directions 

[22]. In addition, it has been verified the feasibility of 3D printing UHPC 
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as a reinforcing material for concrete members [23,24]. 

However, it is undeniable that in practical large-scale applications, 

3D printing UHPC is similar to conventional UHPC with high costs, 

leading to their inability to be used on a large scale. As an integral part of 

UHPC, steel fibre plays a crucial role in enhancing the overall perfor- 

mance of the material. However, the high cost of industrial steel fibre 

(ISF) hinders the large-scale popularization and application of UHPC 

[25]. Recycled steel fibre (RSF) can exhibit similar physical and me- 

chanical behaviours as ISF, while the costs of RSF are approximately 

one-tenth of those of ISF, highlighting the obvious cost advantage of RSF 

[26,27]. Therefore, the use of RSF to partially or completely replace ISF 

in UHPC and the study of its impact on the mechanical properties of 

UHPC has received wide attention. For example, the tensile strength of 

RSF-reinforced concrete is found to be even better than that of 

ISF-reinforced concrete [28], and RSF can significantly improve the 

flexural capacity of concrete [29,30]. It has been shown that the engi- 

neering properties of concrete reinforced with RSF are comparable to 

those of concrete reinforced with ISF [31,32]. Moreover, the dynamic 

splitting strength and energy dissipation capacity of UHPC increase 

when the RSF content is lower than 3.0 % [27]. Although current studies 

have focused on the mechanism of RSF action in conventional UHPC, the 

influence of RSF on the printability of 3D printing UHPC is still unclear. 

Therefore, elucidating the printable properties of 3D printing 

RSF-reinforced UHPC and its mechanism of action is the basis for its 

further application. 

This study aims to comprehensively examine the printability of 3D 

printing RSF-reinforced UHPC. Different water-to-binder (w/b) ratios, 

RSF volume fraction and content of thickener were used to prepare 3D 

printing RSF-reinforced UHPC. The printability of 3D printing RSF- 

reinforced UHPC was investigated by rheological behaviour, extrud- 

ability, buildability and shape retention ability tests on the mixture. 

Finally, the mechanism of RSF and thickener on the printability of 3D 

printing RSF-reinforced UHPC was analysed. This study could promote 

the research progress of printing RSF-reinforced UHPC and provide a 

reference for the development of environmentally friendly 3D printing 

UHPC. 

 
2. Experimental programs 

 
2.1. Raw materials 

 

 

 
 

 
Fig. 1. Particle size analysis of the binders and fine aggregate in 3D print- 

ing mixture. 

 

 

 

 

 

 

 

 

 

P.O. 52.5 ordinary Portland cement and silica fume were utilised as 

binders. For fine aggregate, quartz sand with a density of 2.65 g/cm3 and 

particle size of 0.1–0.6 mm was used. The particle size distribution of 

binders and fine aggregate in 3D printing RSF-reinforced UHPC is shown 

in Fig. 1. The admixtures included both polycarboxylate-based super- 
plasticizers (SP) and hydroxypropyl methylcellulose-based viscosity- 

 
 

 

 
 

Table 1 

 

 

 
Fig. 2. Length distribution of RSF. 

modified admixture (VMA) thickeners. 
Characterization and mechanical properties of RSF. 

 
 

This study used RSF as fibre. RSF was provided by a Chinese tyre 

recycling company. Since the geometry of RSF was irregularly wavy, the 

distance between the two ends of RSF was defined as the fibre length 

Fibre appearance Length 

(mm) 

Diameter 

(mm) 

Tensile 

strength 

(MPa) 

Elastic 

modulus 

(GPa) 

[33–35]. Fig. 2 shows the distribution of RSF lengths based on 1000 RSF. 

After statistical analysis, the minimum length of RSF was 3.3 mm, the 

maximum length was 17.8 mm, and the average length was about 

12.59 mm. Table 1 lists the physical and mechanical properties of RSF. 

 

 

 
 

Table 2 

3.3–17.8 0.22 2165 200 

2.2. Mix proportions 

 
Table 2 shows the mix proportions of 3D printing RSF-reinforced 

UHPC. The mix ratios were based on those used in the previous 

studies [24,27,36] and were adjusted by pre-testing. The mass ratio of 

cement and silica fume in the binders was close to 8:2, and the quartz 

sand-to-binder mass ratio was close to 1.11:1. In order to investigate the 

effects of w/b ratio, RSF volume fraction, and VMA content on the 

printability of 3D printing RSF-reinforced UHPC. The w/b ratios were 

set to 0.14, 0.16 and 0.18, respectively. In pre-testing, it was found that a 

Mix proportions of 3D printing RSF-reinforced UHPC (kg/m³). 
 

Mixture ID Cement Silica 

fume 

Quartz 

sand 

Water SP VMA RSF 

W14R3V0.1 788 200 1100 138 10 1 234 

W16R3V0.1 788 200 1100 158 10 1 234 

W18R3V0.1 788 200 1100 177 10 1 234 

W16R1V0.1 788 200 1100 158 10 1 78 

W16R2V0.1 788 200 1100 158 10 1 156 

W16R3V0.05 788 200 1100 158 10 0.5 234 

W16R3V0.2 788 200 1100 158 10 2 234 
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mixture of 4 % RSF by volume clogged the print head during printing. 

Therefore, RSF was incorporated into the mixture at 1 %, 2 % and 3 % 

volume fractions, respectively. The mass ratios of VMA to binders were 

0.05 %, 0.10 % and 0.20 %, respectively. 

 
2.3. Sample preparation 

 

A six-axis robotic arm 3D printer was used for the experiment. The 

size of the printer is 3000 mm (L) ×  1100 mm (W) ×  1500 mm (H), the 

print nozzle was a circular nozzle that was 20 mm in diameter, and the 

maximum arm span of the robot arm was 1722 mm, as shown in Fig. 3. 

The printing speed of the printer as well as the extrusion speed in the 

experiment were referred to the previous study [37] and followed the 

results of pre-tests. Accordingly, the moving and extrusion speeds of the 

3D concrete printer were set as 60 mm/s and 1.5 L/min, respectively. 

Sample preparation was divided into six steps: (1) Cement, silica 

fume, and quartz sand were poured into a mixer in proportion to the 

mixture for about 3 min to make the mixture homogeneous in the pot. 

(2) RSF was then added slowly into a pot and stirred for 2 min to make 

RSF evenly distributed in the mixture. (3) Half of the water and all of the 

SP were slowly poured into the pot and stirred for about 3 min. (4) All 

remaining water was poured into the pot and stirred for about 2 min. (5) 

The VMA was added for 2 min. (6) Finally, the mixture was mixed at 

high speed for 3 min. 

 
2.4. Test methods 

 
2.4.1. Rheological test 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. Variation curve of rotational speed with time in the rheological 

curve test. 

 
printing RSF-reinforced UHPC. To minimize the effect of errors, all 

mixtures were visually inspected at the end of the rheological test to 

check and confirm that no sand or fibre was separated from the mixture 

[41,42]. 

In order to assess the impact of w/b ratio, RSF volume fraction and 

VMA content on the rheological behaviour of 3D printing RSF-reinforced 
τ = τ0 + μγ̇ (1) 

UHPC, the rheological behaviour of the mixture was measured using a 

NELD-CRV610 rheometer. The blade radius and height were 34.5 mm 

and 69 mm respectively and the blade probe consisted of four blades. 

The outer cylinder was a 3.6 L volume rheometer vessel. After the ma- 

terials were prepared and mixed, the fresh mixture was poured into a 

container. To measure the static yield stress using the stress-growth test, 

a steady rate of 0.025 rps was applied to the mixture for 60 s. The 

change in torque during rotation was observed and the maximum torque 

value was taken to calculate the static yield stress of the mixture [38]. 

After 10, 20, 30, 40, 50 and 60 min of resting, the static yield stress of 

the mixture was measured. 

Dynamic yield stress was performed using a rheological curve test. 

The rheological scheme is shown in Fig. 4. The mixture was pre-sheared 

at 0.6 rps for 40 s and then the applied shear rate was gradually 

decreased [39]. Rheological curves were fitted using the Bingham model 

[40] for determining the dynamic yield stress and plastic viscosity in 3D 

where τ is the shear stress; τ0 and μ stand for the dynamic yield stress and 

plastic viscosity, respectively; and γ˙ represents the shear rate. 

 
2.4.2. Flowability test 

The slump flow test was utilised to characterize the flow evolution of 

3D printing RSF-reinforced UHPC, and the slump test was performed 

using a conical mould following the Chinese standard for cement mortar 

flow determination [43]. The conical mould used in the test was 60 mm 

in height, 60 mm in diameter at the top and 100 mm at the bottom. The 

slump test was carried out by rapidly filling the mould with the mixture 

in two stages. Subsequently, the mould was removed and the slump 

value was recorded as an evaluation criterion for the extrudability and 

buildability test open time of the 3D printing mixture. Subsequently, the 

table was shaken 25 times, the diameter of the mixture was recorded and 

the average of the two orthogonal diameters was taken as the slump flow 

 

 
 

Fig. 3. Schematic diagram of 3D concrete printing equipment. 
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d h (2) 

 

value. The test was carried out at 10-minute intervals within 60 min of 

sampling. 

 
2.4.3. Extrudability test 

The extrudability of the 3D printing RSF-reinforced UHPC was the 

ability to extrude continuously and smoothly through a nozzle. There- 

fore, the extrudability test included two aspects: 

 
(1) Printable time test: The print time test was a print of a 500 mm 

length of single filament at various resting times. This process was 

continued (test every 10 min up to 60 min, every 15 min between 

60 and 120 min, every 30 min between 120 and 180 min, and a 

final test after 240 min of resting if the wire has not broken) until 

filament breakage was observed. The time of maximum rest until 

filament breakage was recorded as printable time [44]. 

(2) Printable filament conformability test: Stable extrusion filament 

geometry was very important for the quality of 3D printing 

structures, especially in the case of lengthy contours. The con- 

formability of the printing filament was assessed by comparison 

of the design width and actual width. In this test, the extrud- 

ability shape retention ability of the filament was assessed by 

printing 20 mm wide filaments in five groups of one to five fila- 

ments each. The length of each filament was 300 mm, and the 

total continuous extruded filament length in the test was 

4500 mm [45]. 

 
2.4.4. Buildability test 

Because there was no formwork throughout the 3D printing process, 

the extruded filament needed to be able to withstand the force of gravity 

as well as the weight of the subsequently deposited filament. In this case, 

the capacity of the extruded filament to maintain its shape reflects the 

buildability of the mixture. Buildability was evaluated by two methods: 

 
(1) Buildable layer test: The buildability was evaluated by printing a 

hollow cylinder with a diameter of 300 mm using different mix- 

tures. The layer height of the hollow cylinder was 10 mm. The 

maximum layers and height of the deposit before collapse were 

recorded as an indicator to assess the buildability of the mixture 

[46]. 

(2) The layer settlement test: The test was to print a test object with 

five pairs of stacked layers. The five-layer test object was 

designed to have a length of 700 mm, a width of 20 mm and a 

height of 50 mm. The buildability was evaluated by calculating 

the shape stability ratio (S) of the actual print height (H) to the 

design height (h) of the test object [47]. 

 
2.4.5. Shape retention ability test 

Shape retention ability (SRA) is the ability of a fresh mixture to retain 

its shape after extrusion [21]. The mixture was loaded in two batches in 

a plastic cylinder 60 mm in diameter and height, tamped gently, and 

then lifted the cylinder. A plastic plate having a side length of 100 mm 

and weighing 10 g was gently placed on the top of the mixture, and then 

two round steel plates were placed in turn on top of the mixture to 

distribute the pressure evenly over the mixture until the plastic sheet 

came off. The circular steel plate was 60 mm in diameter and weighed 

170 g. The mixture was recorded with a camera with images of each 

loading stage. Height and diameter measurements of the mixture at the 

end of the test were also taken to quantitatively assess the SRA of the 

mixture. The SRA of fresh 3D printing RSF-reinforced UHPC was defined 

in Eq. (2). SRAd and SRAh reflected the size changes in the diameter and 

height of the 3D printing RSF-reinforced UHPC sample, respectively. 

SRA = 
dL 

and SRA = 
hL

 

d h 
 

where hL and dL are the bottom height and diameter of a 3D printing 

RSF-reinforced UHPC sample for a specified load L and h, d are the 

bottom height and diameter of the 3D printing mixture specimen before 

loading. 

 
3. Results and discussions 

 
3.1. Rheological behaviour 

 
3.1.1. Static yield stress 

The static yield stress is essential to the rheological behaviour of 

printing concrete [48,49]. Fig. 5 shows the results of static yield stress 

over time for 3D printing RSF-reinforced UHPC. For all 3D printing 

mixtures, the static yield stress increases with increasing resting time. In 

30 min the static yield stress increases relatively slowly and then in- 

creases more rapidly after 30 min. This is essentially because as the 

hydration time increases, the generation of hydration products such as 

C-S-H gels act as connecting bridges among the particles enhancing the 

flocculation structure [50], which leads to a gradual increase in the 

static yield stress. 

Fig. 5(a) shows the influence of the w/b ratio on the static yield stress 

of the 3D printing mixture, which reduces with increasing w/b ratio. 

When the w/b ratio is increased from 0.14 to 0.18, the static yield stress 

of the mixture decreases by 52.65 % at a rest time of 30 min. This is 

mainly because increasing the w/b ratio greatly reduces viscous resis- 

tance during flow deformation of the 3D printing mixture, which leads 

to a reduction in static yield stress [51]. The effect of RSF content on 

static yield stress is shown in Fig. 5(b). When the RSF volume fraction is 

increased from 1 % to 3 %, the static yield stress of the mixture at 

40 min of rest is increased from 530.677 Pa to 2044.674 Pa. The 

incorporation of RSF increases the static yield stress of the mixture, 

which can be explained by the reason that the stiffness of RSF enhances 

that of the 3D printing mixture [46]. Fig. 5(c) shows the effect of VMA 

content on the static yield stress of the mixture. The static yield stress of 

the mixture increases with increasing VMA content. With increasing 

VMA content from 0.05 % to 0.2 %, the static yield stress of the mixture 

at a rest time of 60 minutes increases by 60.99 %. VMA increases the 

static yield stress of the mixture mainly by adsorbing to the surface and 

introducing bridging forces in the system of neighbouring cementitious 

material particles [52]. 

 

3.1.2. Dynamic yield stress and plastic viscosity 

Fig. 6 shows the experimental results of the rheological curve of the 

mixture, and the dynamic yield stress and plastic viscosity of 3D printing 

RSF-reinforced UHPC are obtained by fitting these curves to the Bing- 

ham model, as shown in Table 3. The dynamic yield stress of concrete 

indicates the minimum stress exerted when the concrete is in the flow 

state [53], while the plastic viscosity reflects the size of the internal 

friction of the concrete when the flow occurs [50]. Similar to the results 

for static yield stress, the dynamic yield stress of the mixture also de- 

creases gradually with the increase of the w/b ratio. This is mainly due 

to the fact that the increasing w/b ratio greatly improves the flowability 

of the 3D printing mixture and reduces the viscous resistance to flow 

deformation. This leads to a decrease in plastic viscosity and dynamic 

yield stress of the mixture [51]. As the w/b ratio increases, the dynamic 

yield stress and plastic viscosity of the mixture decrease, and the 

extrudability of the mixture becomes better. With increasing RSF vol- 

ume fraction, the dynamic yield stress of the mixture increases gradu- 

ally. The dynamic yield stress of the mixture with a 3 % volume fraction 

of RSF increases by 27.37 % relative to the mixture with a 1 % volume 

fraction of RSF. This is because the friction between RSF and the inter- 

action of RSF with solid material decreases the packing density of the 

UHPC matrix. On the other hand, as the RSF volume fraction increases, it 

leads to an increase in the possibility of RSF interlocking [42,54]. In 

addition, the plastic viscosity of 3D printing RSF-reinforced UHPC in- 

creases with the increase of VMA content. The plastic viscosity of the 

mixture increases by 29.04 % as the VMA content increases from 0.05 % 
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Fig. 5. Variation of static yield stress with time of 3D printing mixture. 

 
 

 

Fig. 6. Rheological curve fits for 3D printing RSF-reinforced UHPC. 

 

 
Table 3 

Dynamic yield stress and plastic viscosity of 3D printing mixture. 
 

Group Dynamic yield stress (Pa) Plastic viscosity (Pa⋅s) R2 

W14R3V0.1 549.705 192.813 0.954 

W16R3V0.1 351.416 170.540 0.997 

W18R3V0.1 194.455 85.006 0.976 

W16R1V0.1 275.893 128.024 0.991 

W16R2V0.1 341.406 149.865 0.992 

W16R3V0.05 288.437 147.474 0.989 

W16R3V0.2 435.808 190.303 0.997 

 

to 0.2 %. This is mainly because the inclusion of VMA leads to an in- 

crease in plastic viscosity in cement paste [55]. Increasing the content of 

RSF and VMA increases the dynamic yield stress and the plastic viscosity 

of the mixture, which is detrimental to the extrusion of the mixture. 

3.2. Flowability 

 
Fig. 7 shows the influence of different influencing factors for 3D 

printing RSF-reinforced UHPC flowability. Fig. 7(a) shows the influence 

of the w/b ratio for 3D printing RSF-reinforced UHPC flowability. 

Overall, the flowability of all the 3D printing mixtures decreases with 

increasing rest time. The nucleation of early hydration products on the 

surface of un-hydrated particles induces the formation of a compact 

flocculent structure between the particles, which reduces the flowability 

of the slurry [56]. Whereas, with the increase in w/b ratio, there is a 

significant increase in the flowability of the mixture. At a rest time of 

20 min, the spread diameter increases from 115 mm to 151 mm 

following an increase in w/b ratio from 0.14 to 0.18. This is mainly 

because the 3D printing RSF-reinforced UHPC is designed using a very 

low w/b ratio, and the addition of a small amount of water can have a 

large impact on the flowability performance with the same content of 

binders. 

Fig. 7(b) shows the influence of RSF volume fraction for 3D printing 
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Fig. 7. Flow test results of mixtures with different influencing factors at different times. 

 

RSF-reinforced UHPC flowability. The flowability of the mixture de- 

creases with increasing fibre content and there is a significant difference 

in the spread diameter of the mixture after 30 min. The major reason for 

this is that as RSF content increases, the interaction between RSF in- 

creases, and the RSF cross-lap forms a complex three-dimensional 

disordered system inside the mixture, which supports the skeleton and 

hinders the diffusion of the mortar body. In addition, the friction be- 

tween the RSF and RSF as well as the friction between the RSF and the 

slurry also affects the diffusion of the slurry [57]. Fig. 7(c) shows the 

influence of VMA content for 3D printing RSF-reinforced UHPC flow- 

ability. The flowability of the mixture decreases as the VMA content 

increases. At a rest time of 40 min, the spreading diameter of the mixture 

with a VMA content of 0.2 % decreases by 6.61 % compared to the 

mixture with a VMA content of 0.05 %. This may be due to the nature of 

VMA which increases the cement paste viscosity and also improves the 

internal friction of the paste which in turn increases the yield stress and 

plastic viscosity of the paste. Therefore, the addition of VMA to 3D 

printing RSF-reinforced UHPC decreases the flowability of concrete 

[58]. 

The test results of 3D printing RSF-reinforced UHPC slump are shown 

in Fig. 8. Decreasing the w/b ratio, increasing the RSF volume fraction, 

or increasing the VMA content can reduce the slump. With a lower 

slump, the buildability of 3D printing mixtures is higher [59]. Fresh 

mortars with a slump of less than 8 mm have satisfactory buildability 

[60]. The results show that the slump of all the mixtures is below 8 mm 

within 60 min, except for the mixtures of W16R3V0.05 and W18R3V0.1 

with the slump falling below 8 mm at 20 min. Therefore, the results 

indicate that the opening time for reasonable extrudability and con- 

structability testing of 3D printing RSF-reinforced UHPC should be after 

20 min. 

 
3.3. Extrudability 

 
3.3.1. Printable time 

Table 4 shows a schematic of the printable time for all 3D printing 

mixtures. The results show that the printable time of the mixture 

 
 

 

 

 

 

 

 
 

 

Fig. 8. Slump test results of mixtures with different influencing factors at different times. 
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Time (min) 0 10 20 30 40 50 60 80 100 120 150 180 240 

W14R3V0.1 

W16R3V0.1 

W18R3V0.1 

W16R1V0.1 

W16R2V0.1 

W16R3V0.05 

W16R3V0.2 

 

Table 4 

Schematic photos of all 3D printing mixtures at various printing times. 

 

 
 

increases with higher w/b ratios. As the w/b ratio increases from 0.14 to 

0.18, the printable time increases from 100 to 240 min. As the RSF 

content increases, the printable time of the mixture decreases, with a 

mixture with an RSF volume fraction of 3 % having half the printable 

time of a mixture with an RSF volume fraction of 1 %. However, unlike 

the effects of w/b ratio and RSF content on the printable time of the 

mixture, the printable time of the mixture shows an increasing and then 

decreasing trend as the VMA content increases. The printable time of the 

mixture with a VMA content of 0.2 % is 50 min, the printable time of the 

mixture with a VMA content of 0.1 % is 120 min, and the printable time 

of the mixture with a VMA content of 0.05 % is only 20 min. This is 

mainly because the lower amount of VMA results in poor bonding of the 

mixture and fractures within 30 min. In summary, except for mixtures of 

W16R3V0.05 and W16R3V0.2, all the mixtures can be printed for more 

than 60 min. Combining the results of the slump test and the printable 

time test, 20 min can be used as the opening time for extrudability and 

buildability testing of 3D printing RSF-reinforced UHPC. 

 
3.3.2. Printable filament conformability 

The key to ensuring a smooth and continuous 3D concrete printing 

process is that the concrete material needs to have excellent extrud- 

ability. The superior extruded printing filament should be characterized 
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by a continuous and uniform line with a width that is nearly or slightly 

larger than the diameter of the printhead [47]. Fig. 9 shows the test 

results of extruded filament conformability of 3D printing 

RSF-reinforced UHPC with different influencing factors. The influence of 

w/b ratio on extruded filament conformability is shown in Fig. 9(a). The 

results are analogous to the results of the slump and printable time tests 

in the previous section, the difference in extruded filament conform- 

ability between the mixtures having a w/b ratio of 0.14 and 0.16 is not 

significant, and the extrudate width of filaments is essentially the same 

as that of the design width. However, the width of the extruded fila- 

ments of the mixture with a w/b ratio of 0.18 is different from the design 

width. 

Fig. 9(b) shows the influence of RSF volume fraction on the extruded 

filament conformability for 3D printing RSF-reinforced UHPC. The re- 

sults show that the RSF content has little effect on the extruded filament 

conformability, and the results of the extruded width of each group of 

extruded filaments are almost the same, and the extruded width of the 3- 

filament group is wider than that of the design width by 6.01 %-8.83 % 

relative to the design width. Fig. 9(c) shows the influence of VMA 

content on the extruded filament conformability. The extruded width of 

the 0.1 % and 0.2 % VMA mixtures do not differ much from the design 

width, and the extruded width of the 3-filament group is 6.00 % and 

6.66 % wider than the design width, respectively. The extruded width of 

the 0.05 % VMA mixtures differs considerably from the design width, 

with the 3-filament group having an extruded width 22.5 % wider than 

the design width. 

 
3.4. Buildability 

 
3.4.1. Buildable layers 

Fig. 10 shows the comparative results for buildable layers and height 

of 3D printing RSF-reinforced UHPC. The results show that the mixture 

having a w/b ratio of 0.16 has a higher number of buildable layers and 

height, which can be vertically stacked up to 29 layers with a buildable 

height of 285 mm, whereas the mixtures having w/b ratios of 0.14 and 

0.18 can be vertically stacked up to a height of no more than 145 mm. 

The major factor is that the mixture has higher dynamic yield strength 

when the w/b ratio is 0.14, increasing the dynamic yield stress directly 

leads to the weakening of the slurry flow, which is more difficult to flow 

because of the higher dynamic yield stress [61], and thus clogging oc- 

curs when it is printed to the 15th layer. However, the static yield stress 

of the mixture is lower in the case of a w/b ratio of 0.18, so only 15 

layers can be stacked in the vertical direction. 

Unlike the impact of the w/b ratio, the mixture has better build- 

ability as RSF content is increased. As the volume fraction of RSF is 

increased from 1 % to 3 %, the number of vertically stackable layers of 

the mixture increases by 81.25 %. VMA content has a similar effect on 

the 3D printing RSF-reinforced UHPC buildability as RSF. When the 

VMA content is increased from 0.05 % to 0.2 %, the stackable height of 

the mixture increases by 57.56 %. These observations are consistent 

 

 

 

 

 
          

 

 

 

     

 

 

Fig. 9. Width of extruded filament for different groups of 3D printing mixture. 
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Fig. 10. Results of buildable layers and height tests of 3D printing mixture. 

 

with the previous measurements of the rheological behaviour of 3D 

printing RSF-reinforced UHPC. 

 
3.4.2. The layer settlement performance 

When the print samples are stacked at a height comparable to or 

slightly below the model height, good buildability is ensured [47,62]. 

From Fig. 11, it is evident that the stability of the mixture during the 

building process is reduced by increasing the w/b ratio from 0.14 to 

0.18. The mixture stability for the w/b ratios of 0.14 and 0.16 is nearly 

the same, with the shape stability ratios of 0.961 and 0.951, respec- 

tively. Increasing RSF and VMA content improves the stability of the 

mixture. To be more specific, the shape stability ratio of the mixture 

increases by 2.49 % when the RSF volume fraction is increased from 1 % 

to 3 %, and the shape stability ratio of the mixture increases by 6.30 % 

when the VMA content is increased from 0.05 % to 0.2 %. 

 

 
3.5. Shape retention ability 

 
Fig. 12 shows the SRA test photos of 3D printing RSF-reinforced 

UHPC specimens under vertical loading. When the VMA content in- 

creases from 0.05 % to 0.1 %, the load that the mixture can withstand 

increases by 147.82 %. In addition, the mixtures with 0.1 % and 0.2 % 

VMA can withstand the maximum loads in the test. Fig. 13 plots the 

variation curves of SRA indices (SRAd and SRAh) of 3D printing RSF- 

reinforced UHPC under vertical loading. With increasing vertical 

loading, the vertical and horizontal deformations (SRAd and SRAh) of 
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Fig. 11. Test results of 3D printing mixture printing five-layer objects. 

 
 

 

Fig. 12. Shape-retention-ability test results of 3D printing RSF-reinforced UHPC. 

 

different influencing factor mixtures show different trends. Fig. 13(a) 

shows the influence of the w/b ratio on the SRA of 3D printing mixture 

under vertical loading, and it can be observed that the mixture speci- 

mens having w/b ratios 0.14 and 0.16 are damaged by vertical loads 

greater than about 1.71 kg, which is higher than the 1.03 kg load on the 

mixture specimen with w/b ratio 0.18. The influence of RSF content and 

VMA content on the SRA of the mixture are shown in Fig. 13(b) and 

Fig. 13(c). The results show that the influence of fibre content and VMA 

content on the SRA of the 3D printing mixture under vertical loading is 

similar, and the SRA of the mixture gradually increases with the gradual 

increase of the content, and the mixture has a higher vertical loading 

capacity. The mixtures W16R1V0.1 and W16R3V0.05 have similar load- 

carrying capacities, both breaking under a vertically applied load of 

around 0.69 kg, which is below the loading that specimens of the mix- 

tures with the other contents can withstand (i.e., 1.71 kg). Thus, lower 

water binder ratios, usage of steel fibre and VMA can increase SRA and 

improve the ability of 3D printing mixture to withstand vertical loads. 

 
 

3.6. 3D printability evaluation and mechanism evolution 

 
3.6.1. 3D printability evaluation 

The quantitative evaluation of flowability, extrudability, buildability 

and shape retention ability of 3D printing RSF-reinforced UHPC is 

shown in Fig. 14. Among them, flowability is evaluated through spread 

diameter, extrudability is evaluated by taking the results of printable 

time test and printable filament shape retention test, buildability is 

evaluated by test results of buildable time (slump test) and buildable 

layers test, and shape retention ability is evaluated by sustaining vertical 

loads. There are no uniform standards for the printability evaluation of 

3D printing RSF-reinforced UHPC, and here we evaluate the printability 

of 3D printing RSF-reinforced UHPC using the relevant test results of 

W16R3V0.1 mixture as a benchmark. 
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Fig. 13. Shape-retention-ability indices of 3D printing RSF-reinforced UHPC. 

 

The 3D printing environment places stringent requirements on the 

printability of 3D concrete printing. The main reasons for this are as 

follows: (i) 3D concrete printing needs to have sufficient printable time 

to ensure that the material has enough time for initial curing after 

extrusion to form a stable interlayer bond, preventing interruption of 

printing and structural collapse [44]. At the same time, this also pro- 

vides the operator with a window of time to adjust the printing pa- 

rameters and respond to unexpected conditions, ensuring printing 

process continuity and printing quality stability. In addition, the suffi- 

cient printable time also adapts to the curing characteristics of concrete 

under different environmental conditions, enhancing the reliability and 

application range of 3D concrete printing technology. (ii) There is no 

formwork in the process of 3D printing, the printing material needs to 

bear its gravity alone and the vertical load of the subsequent printing 

material during the printing process. During the layer-by-layer stacking 

printing process, each layer of concrete must be accurately moulded and 

maintain its design shape to ensure that the overall structure is consis- 

tent with the design intent, thus requiring good shape retention. In 

summary, 3D printing RSF-reinforced UHPC having a w/b ratio of 0.16, 

RSF volume fraction of 3 % and VMA content of 0.1 % has good 

printability. 

 
3.6.2. Evolutionary mechanisms of fresh mixture 

Fig. 15 divides the mechanistic evolution of 3D printing RSF- 

reinforced UHPC fresh properties into three stages. Stage I (see 

Fig. 15b): 3D printing RSF-reinforced UHPC matrix particles are 

dispersed at the end of the mixing phase (Fig. 15a), and over time, small 

particles are aggregated into larger clusters by flocculation to form a 

colloidal interaction permeation network, during which VMA dissolves 

and hydration products nucleate [56]. This process occurs mainly within 

30 min after hydration [63] and corresponds to the rapid linear growth 

of static yield stress in Fig. 5. Stage II (see Fig. 15c): VMA adsorption to 

particle surfaces, growth of hydration products, C-S-H nucleation at the 

pseudo-contacts of the particles, formation of bigger clusters by con- 

necting the particles, as well as a shift from localized colloidal in- 

teractions to more stringent interactions [64]. Specifically, in the slump 

test, the slump values of the mixture after 30 min are all below 8 mm, 

and all of them have good conformability. At the same time, the mixture 

has a good ability to extrude filaments and withstand vertical loads. 

Stage III (see Fig. 15d): With time, the VMA stretches and bridges, the 

hydration products continue to grow, the size and the number of C-S-H 

bridges increase, and the system grows in size. This phase can be 

considered as a hardening phase [65], which occurs after 60 min and 

corresponds to the fact that the vast majority of mixtures do not fracture 

until after 60 min. 

 
4. Conclusions 

 
In this study, the rheological behaviour, flowability, extrudability, 

buildability and shape retention ability of 3D printing RSF-reinforced 

UHPC is investigated by varying the w/b ratios, RSF content and VMA 

content. The main conclusions are drawn as follows: 
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Fig. 14. 3D printability evaluation of RSF-reinforced UHPC. 

 
 

 

Fig. 15. Schematic illustration of the evolution of interaction of fresh 3D printing RSF-reinforced UHPC matrix: (a) Initial state, (b) Stage I, (c) Stage II and (d) 

Stage III. 

 

• The reduction of the w/b ratio and the increase of the RSF or VMA 

content increase the static and dynamic yield stresses and the plastic 

viscosity of the mixture, while also reducing the slump and flow- 

ability of the mixture. The dynamic yield stress of the mixture in- 

creases by 27.37 % when the volume fraction of RSF is increased 

from 1 % to 3 % at the same w/b ratio and VMA content. This is 

mainly because the friction between RSF and the interaction of RSF 

with solid material reduces the packing density of the UHPC matrix. 

• The printable time of the mixture can be extended both by decreasing 

the w/b ratio and by increasing the RSF volume fraction. However, 

as the VMA content increases, the printable time of the mixture tends 

to increase and then decrease. This is related to the poor bonding of 

the mixture due to the lower VMA contents. The difference in 

extruded filament conformability between mixtures with w/b ratios 

of 0.14 and 0.16 is not significant, whereas the extruded filament 
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width of mixtures with a w/b ratio of 0.18 differs considerably from 

the design width. 

• The increasing content of RSF and VMA improves the buildability 

and shape retention ability of the mixture. As the volume fraction of 

RSF is increased from 1 % to 3 %, the number of vertically stackable 

layers of the mixture increases by 81.25 % and the S-value of the 

mixture increases by 2.49 %. These observations are consistent with 

the previously discussed measurements of the rheological behaviour 

of 3D printing RSF-reinforced UHPC. 

• The mechanistic evolution of fresh properties of 3D printing RSF- 

reinforced UHPC goes through particle dispersion, colloidal 

agglomerate formation, and hydration product growth, which in- 

volves VMA dissolution and adsorption, as well as C-S-H formation 

and extension. Finally, the printability of the mixture is evaluated by 

a combination of extrudability, buildability and shape retention 

ability. The results show that the 3D printing RSF-reinforced UHPC 

with a w/b ratio of 0.16, 3 % volume fraction of RSF and 0.1 % VMA 

content has excellent printability. 

 
The results of this study demonstrate the feasibility of 3D printing 

RSF-reinforced UHPC, and further research will be conducted to inves- 

tigate the effect of the length distribution of RSF on the printability, as 

well as compare the effect of RSF and commercially available fibre on 

the printability of UHPC mixtures. 
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