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Abstract. A gas-liquid two phases model of shotcrete was developed to simulate the whole process from 
the spouting of concrete from nozzle, the scattering in the flow field to its colliding with a wall based on 
computational fluid dynamics theory, in which concrete was regarded as a Bingham fluid. The 
influences of wind pressures、pumping speeds、air incident angles and rheological parameters on five 
characteristic parameters including spouting velocity, jet velocity, jet trajectory, collision velocity and 
distribution of shotcrete on the wall were analyzed in depth. Results showed that concrete was gradually 
mixed well with air in the nozzle with an increasing average velocity, and the increase of velocity was 
most pronounced in the contraction section of nozzle. With the increases of wind pressures and pumping 
speeds, the spouting velocity and spouting mass of concrete both increased. Higher wind pressure and 
pumping speed led to larger jet velocity and more concentrated distribution, resulting in significantly 
longer jet distance, higher collision velocity and larger distribution area. The collision velocity and 
volume fraction of concrete on the wall were distributed symmetrically along Y axis, shifting towards 
the direction of gravity. With the increases of air incident angles, the spouting velocity and spouting 
mass of concrete both decreased, the shifting to gravity is weakened and the volume fraction decreased 
first and then increased. When plastic viscosity decreased, the spouting velocity and spouting mass of 
concrete both increased, accompanying with a higher jet velocity, a longer spraying distance and a 
larger distribution area.   

Keywords: Computational fluid dynamics theory; Construction parameters; Rheological 
parameters；Bingham fluid; Numerical simulation 

1 Introduction 
Shotcrete possesses characteristics such as rapid strength growth, strong bonding force, high 
density, and high impermeability, making it an essential component of tunnel support structures. 
However, limitations in spray equipment, construction techniques and material properties result 
in significant rebounding, which not only reduces project quality but also adversely affects 
construction efficiency and project profits [1-4]. 

It has been pointed out in previous studies that the rebounding of shotcrete is closely related 
to the jet characteristics such as jet velocity, trajectory, and collision velocity [5-8]. In order to 
effectively reduce the rebound rate of concrete, researchers have conducted a series of 
numerical simulations and experimental studies focusing on the jet characteristics of concrete. 
A series of numerical simulations and experimental studies have been carried out to analyze the 
influence of the mix ratio of concrete, nozzle structure and construction parameters on the jet 
characteristics [9-14]. Pan et al. [9] conducted experiments and found that the addition of 
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accelerator and tackifier could slightly reduce the collision velocity of shotcrete, thereby 
reducing the rebound rate. Su [10] and Liu [11] regarded concrete as a Newtonian fluid and 
found the longer the mixing section of the nozzle, the lower spouting velocity of concrete. 
What’s more, the spouting velocity first increased and then decreased with the increase of 
convergence angle and length-diameter ratio of nozzle. Ginouse [12] experimentally studied the 
jet trajectories of concrete under different nozzle structures and found that the jet trajectories of 
tapering nozzle were more concentrated. Li [13] regarded concrete as a Newtonian fluid, 
simulated and found that with the increase of jet pressures, the concrete jet velocity increased, 
while the jet trajectory remained basically unchanged. Zheng [14] regarded concrete as a 
granular flow and studied the impact of different jet distances on the collision velocity of 
shotcrete, finding that the collision velocity was moderate and the rebound rate was low when 
the jet distance was between 0.8-1.1 m. 

So far, existing simulation models usually simplify shotcrete to a Newtonian fluid or 
granular flow, simulating its jet velocity and trajectories at a particular stage. This simplification 
will inevitably lead to large deviations between the simulation results and the real situations. A 
gas-liquid two phases model of shotcrete was developed to simulate the whole process from the 
spouting of concrete from nozzle, the scattering in the flow field to its colliding with a wall 
based on computational fluid dynamics theory, in which concrete was regarded as a Bingham 
fluid. The influences of wind pressures on five characteristic parameters including spouting 
velocity v1, jet velocity v2, jet trajectory Dc, collision velocity v3 and distribution of shotcrete 
on the wall Vf were used to characterize jet characteristics of shotcrete; The mechanism of 
different jet parameters on jet characteristics of shotcrete were investigated and compared with 
the results of Newtonian fluid simulation. 

2 A gas-liquid two phases model of shotcrete 

2.1 Eulerian model 
In the Eulerian model, different phases are regarded as continuous medium with different 
characteristics of interpenetration and coupling, which is widely used in numerical simulations 
of multiphase flow fields [5, 11, 13]. The spraying process can be regarded as a continuous flow 
of gas-liquid two phases. Both gas and liquid phases are assumed to be continuous media, filling 
the entire flow field, with their flow parameters being discontinuous at the phase interface. The 
mass and momentum transfer at the phase interface, following the volume fraction equation, 
conservation of mass, conservation of momentum, and conservation of energy [13, 15]. 

(1) Volume fraction equation 
It is assumed that p phase is air phase and q phase is concrete phase. The volume of phase q 

qV is defined by: 

                                                             q q
V

V a dV= ∫                                                                  (1) 

Where qa is the volume fraction of phase q, 
1

1
n

q
q

a
=

=∑ ; V is the volume of phase q.  

The effective density of phase q is:  
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Where qρ is the physical density of phase q. 
(2) Conservation of mass 
The continuity equation for phase q is                          

                                                    
1
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                      (3) 

Where 
qv
→

is the velocity of phase; 
pqm


characterizes the mass transfer from the pth to qth 

phase; 
qpm


characterizes the mass transfer from phase q to phase p.  

(3) Conservation of momentum 
The momentum balance for phase q yields 
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               (4) 

Where p is the pressure shared by all phases; qτ
= is the qth phase stress-strain tensor; 

pqR
→

 is an 

interaction force between phases; 
pqv
→

and
qpv
→

are the interphase velocity; qF
→ is an external body 

force; ,lift qF
→ is a lift force; ,wl qF

→ is a wall lubrication force; ,td qF
→ is a turbulent dispersion force。 

(4) Conservation of energy 
To describe the conservation of energy in Eulerian multiphase applications, a separate 

enthalpy equation can be written for each phase: 

              1

,
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                   (5) 

Where qh is the specific enthalpy of the qth; 
qq

→
is the heat flux; pqQ is the intensity of heat 

exchange between the pth and qth phase; pqh and qph   are the interphase enthalpy; ,j qh is enthalpy 

of species j in phase q; 
jqJ

→
is diffusive flux of species j in phase q.  
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2.2 Model establishment and grid generation 
A Gas-liquid two phases model of shotcrete based on Eulerian model was shown in Figure 1 
(a), which was composed of nozzle, flow field and wall, where the nozzle was divided into a 
mixing section, a contraction section and an assembling section (Figure 1 (b)). A geometric 
model was first created using SolidWorks software with dimensions as shown in Table 1. Then, 
the hexahedral mesh was generated for the geometry model using ICEM CFD, as shown in 
Figure 1 (c). To improve the accuracy of the model, the grid size of the nozzle was set to 0.008 
m, which was set to 0.02 m in the flow field, resulting in a total of 667265 grids. 
 

 
Figure 1. Gas-liquid two phases model of shotcrete 

Table 1. Geometrical parameters of the nozzle, flow field and wall (size: m) 

Nozzle  Flow 
field  Wall 

Mixing 
section 

Contraction 
section 

Assembling 
section 

Diameter 
of inlet 

Diameter 
of outlet  Jet 

distance  Width Height 

0.1 0.27 0.06 0.025 0.02  0.12  0.8 0.8 
 
The gas phase was air at standard temperature and pressure and the liquid phase was concrete. 

The type of inlet boundary was set to PRESSURE_INLET and the pressure range was 0.1-1.2 
MPa, which was the range commonly used in construction [16, 17]. The type of the outlet 
boundary was set to PRESSURE_OUTLET with the pressure of 0. The no-slip wall boundary 
condition is used for the wall boundary condition. The RNG model was selected to calculate 
the turbulent viscosity coefficient of the fluid in the flow field. The initial values of turbulence 
kinetic energy k and dissipation rate ε were calculated based on a turbulence intensity of 4.4％ 
and a hydraulic diameter of 0.025 m [15]. The transient pressure-velocity coupling was adopted 
to solve the coupled equations of momentum and continuity. The discrete format of the 
momentum equation, volume fraction equation, turbulent kinetic energy equation, and turbulent 
dissipation coefficient equation were all solved using the first-order upwind method. The 
material parameters were based on the Bingham rheological parameters of the sprayed concrete 
in reference [18], with a plastic viscosity of 210 Pas, a yield stress of 190 Pa, and a density of 
2380 kgm-3. 

The spraying process of concrete was divided into three stages: mixing with air and spraying 
in the nozzle, scattering in the flow field, and colliding with the wall. In this paper, the effect 
of different wind pressures on the jet characteristics of shotcrete were explored by analyzing 
the flow velocity and trajectories of concrete.  

5 characteristic parameters were extracted as shown in Figure 2. (1) Spouting velocity v1,: 
velocity of concrete in the nozzle. (2) Jet velocity v2: velocity of concrete at each point in the 
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flow field cross-section at Z=0. (3) Jet trajectory Dc: trajectory of concrete at each point in the 
flow field cross-section at Z=0. (4) Collision velocity v3: velocity of concrete on the wall. (5) 
Distribution of shotcrete on the wall Vf: volume fraction of concrete on the wall.  

 

 
（a）Selected cross section             （b）Cross section Z=0                   （c）Wall 

Figure 2. Schematic illustrations of extracting characteristic parameters 

3 Results and discussion 

3.1 Spouting velocity 
The influences of wind pressures on the spouting velocity of concrete are shown in Figure 3. 
The velocity of concrete continuously increases from the inlet to outlet of nozzle, reaching 
maximum at the outlet.  The velocity increases slowly in the mixing section and the assembling 
section, only reaching 6.03% and 3.12% respectively, while increases rapidly with a growth 
rate of 48.45% in contraction section. The velocity increases rapidly from 2.85 m/s to 21.67 
m/s in nozzle as the wind pressure increases from 0.1 MPa to 1.2 MPa. When regard concrete 
as a Newtonian fluid, the spouting velocity is only 2.77 m/s under a wind pressure of 1.2 MPa. 

It is well known that concrete and air gradually mixed evenly in the nozzle [10, 11, 19]. The 
higher the degree of homogenization from the inlet to the outlet, the faster the speed at which 
the concrete is propelled by the airflow. As the wind pressure increases, the pressure difference 
of nozzle increases, which increases the initial velocity and acceleration of the concrete, 
resulting a higher spouting velocity. In addition, A tapered shape of contraction section promote 
the mixing of air and concrete, which facilitates the air to carry the concrete to be sprayed, 
resulting significant increase in velocity. When regard concrete as a Newtonian fluid, it tends 
to collapse and flow as a whole under the influence of gravity with 0 yield stress, making it 
difficult to mix with air sufficiently and achieve higher spouting velocity. 

 

 
Figure 3. Average velocity of shotcrete in nozzle under different wind pressures 
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3.2 Jet velocity 
The influences of wind pressures on the jet velocity of concrete are shown in Figure 4. When 
the wind pressure increases, the jet velocity of concrete increases and the distribution becomes 
more concentrated. When the wind pressure is 0.1 MPa, the maximum jet velocity of concrete 
is only 4.99 m/s , which is 33.81 m/s as which increases to 1.2 MPa. When concrete is 
considered as a Newtonian fluid, the maximum jet velocity is only 3.68 m/s at 1.2 MPa wind 
pressure.  

It can be observed that the higher wind pressure, the higher spouting velocity, resulting a 
higher jet velocity combined with Figure 3. What’s more, with the improvement of jet velocity 
under high wind pressures, the time of the vertical acceleration caused by gravity is shorter. 
Consequently, concrete sprays at the wall with a concentrated jet. The conclusion is consistent 
with the results reported in reference [13]. The jet velocity decreases caused by low spouting 
velocity when regard concrete as a Newtonian fluid.  

 

 
（a）0.1 MPa                                             （b）0.4 MPa                                           （c）0.6 MPa 

 
          （d）1.2 MPa                                 （e）1.2 MPa（Newtonian fluid） 

Figure 4. Jet velocity of shotcrete under different wind pressures 

3.3 Jet trajectory 
The influences of wind pressures on the jet trajectories of concrete are shown in Figure 5. There 
are short jet distances and limited spray qualities when the wind pressures are low. While air 
carries a large amount of concrete, spraying it in the form of a long and narrow beam as the 
wind pressures are high. 

The jet trajectories in the fluid field are determined by spray qualities and jet velocity. The 
spray qualities can be calculated based on the product of the volume fraction of concrete and 
its density within all the cells at the outlet of nozzle as shown in Table 2 for different wind 
pressures. Combined with figure 4, the spray qualities and jet velocity are both low and the 
influences of gravity have a significant impact, resulting short-range concrete jets. As the wind 
pressure increases, the spray qualities and jet velocity gradually increase, and the influences of 
gravity weaken. Finally, concrete is sprayed in the form of narrow beam with high spray 
qualities. When considering concrete as a Newtonian fluid, the uniformity of the mixture 
between the concrete and air is low. The lower jet velocity and smaller qualities of concrete 
result in a significantly shortened jet trajectories. 
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（a）0.1 MPa                                             （b）0.4 MPa                                           （c）0.6 MPa 

 
（d）1.2 MPa                                 （e）1.2 MPa（Newtonian fluid） 

Figure 5. Jet trajectories of shotcrete under different wind pressures 

Table 2. Mass of shotcrete at nozzle outlet 

Wind pressure / MPa 0.1 0.4 0.6 1.2 1.2（Newtonian fluid） 
Mass / kg 0.1171 0.1179 0.1185 0.1202 0.1163 

 

3.4 Collision velocity 
The influences of wind pressures on the collision velocity of concrete are shown in Figure 6. 
The collision velocity is symmetric along Y-axis and shifts towards the direction of gravity. 
The higher the wind pressure, the greater the collision velocity. When the wind pressure is 1.2 
MPa, the maximum collision velocity reaches 15.1 m/s, which is much higher than 2.6 m/s at 
0.1 MPa. As the wind pressure increases, the distribution area of collision velocity significantly 
expands and the shifting decreases. When concrete is considered as a Newtonian fluid, the 
maximum impact velocity of the concrete is as low as 2.2 m/s with a significant downward 
shifting. 

The variation of collision velocity with wind pressures corresponds to the variation of jet 
velocity and trajectories. Higher jet velocity and concentrated jet trajectories lead higher 
collision velocity and lower shifting, and the expansion of the collision velocity distribution 
areas are mainly due to the increase of the jet flow of concrete under the high wind pressures. 
When considering concrete as a Newtonian fluid, the lower jet velocity and short-range 
injection result in a significant decrease in the collision velocity of concrete and an obvious 
deviation. 
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（a）0.1 MPa                      （b）0.6 MPa 

 
（c）1.2 MPa          （d）1.2 MPa（Newtonian fluid） 

Figure 6. Collision velocity of shotcrete under different wind pressures 

3.5 Distribution of shotcrete on the wall 
The influences of wind pressures on distribution of shotcrete on the wall are shown in Figure 7. 
The distribution of shotcrete on the wall is symmetric along Y-axis and shifts towards the 
direction of gravity. The distribution area of concrete on the wall gradually increases, and the 
collision center moves upward along Y-axis with the increase of wind pressure. The distribution 
area is almost 0 when the wind pressure is 0.1MPa, which is 0.13 m2 at 1.2 MPa. When concrete 
is assumed to be a Newtonian fluid, the distribution area of shotcrete is almost 0. 

The influences of wind pressure on volume fraction i.e. the jet thickness, is shown in Figure 
8. The volume fraction of concrete on the wall is symmetric along Y-axis and shifts towards 
the direction of gravity. As the wind pressure increases, the volume fraction of concrete and the 
thickness on the wall increase, while the peak shifting decreases. When the wind pressure is 0.1 
MPa, the concrete volume fraction peaks at 0.26 m and the shifting along Y-axis is 3.01%. 
While the peak value reaches 0.015 m and the shifting is 51.7% at 1.2 MPa. 

The increase in both distribution range and volume fraction of concrete is attributed to the 
increase in spray qualities and collision velocity under high wind pressure; The shifting of 
collision center and peak is mainly caused by changes in the trajectories of concrete spraying 
under different wind pressures. 

 

 
（a）0.1 MPa                   （b）0.4 MPa                     （c）0.6 MPa 
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（d）1.2 MPa                   （e）1.2 MPa（Newtonian fluid） 

Figure 7. Distribution of shotcrete on the wall under different wind pressures 
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  （a）0.1 MPa                                             （b）0.4 MPa          
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 （c）0.6 MPa                                             （d）1.2 MPa          

Figure 8. Volume fraction of shotcrete on the wall under different wind pressures 

4 Conclusions 
1) The concrete and air are gradually mixed uniformly and the average velocity increases from 
the inlet to the outlet of nozzle, with the most significant increase in the contraction section. 
The air pressure increases from 0.1 MPa to 1.2 MPa, and the spouting velocity of concrete 
increases from 2.85 m/s to 21.67 m/s with the spraying qualities increases. 

2) At low wind pressures, the lower spouting velocity and spraying qualities result in a 
significant decrease in jet velocity and jet distance of concrete in the flow field. As the wind 
pressure increases, the spraying qualities and jet velocity of concrete gradually increase, and 
the influence of gravity weakens. Eventually, concrete is sprayed in a long and narrow beam. 

3) The collision velocity and volume fraction of concrete on the wall are symmetrically 
distributed along the Y-axis and shift towards the direction of gravity. As the wind pressure 
increases, the collision velocity increases, the shifting decreases, and the distribution area 
increases. Moreover, the volume fraction of concrete on the wall increases significantly (the 
peak value increases from 3.01% to 51.7%). This is mainly due to changes of spraying qualities, 
jet velocity and trajectories under different wind pressures. 

4) The five jet characteristic parameters obtained from the simulation of concrete as a 
Bingham fluid are much higher than that of a Newtonian fluid. We are currently conducting 



Shuang ZHANG, Yanrong ZHANG, Kai WU, Xiangming KONG 

 10 

research on the effects of regarding concrete as a discrete medium and investigating the 
influence of nozzle parameters on the characteristics of sprayed concrete jetting. 
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