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A B S T R A C T

Herein, a three-dimensional numerical model based on computational fluid dynamics (CFD) for fresh concrete is
developed to predict the slump and slump flow. Fresh concrete is considered as a non-Newtonian fluid, and its
rheological behaviour is characterised by the Bingham and Herschel-Bulkley (H-B) models, respectively. Ex-
periments are also conducted to validate the reliability and accuracy of this model. Through parametric in-
vestigations, the influence mechanisms of relevant factors on the flow characteristics of fresh concrete are
analysed and discussed. The results show that the model predictions agree well with the experimental results.
The predicted results obtained using the H-B rheological model are more accurate compared to the Bingham
model, with average relative errors of 1.73%, 2.03% and 3.95% for slump, slump flow and T500, respectively.
The flowability of fresh concrete is negatively correlated with power index, yield stress and consistency, while it
is positively correlated with density. Grey relational analysis indicates that density has the greatest effect on the
results of slump and slump flow, followed by yield stress and consistency, and finally the power index. The CFD-
based numerical model presented in this study provides an important approach for better understanding the flow
behaviour of fresh concrete from a rheological perspective.

1. Introduction

Concrete is extensively used in civil engineering, as an affordable
building material made from widely available raw materials. After
mixing the constituent materials and before hardening, concrete is in a
liquid-like state and is referred to as fresh concrete. In practical appli-
cations, concrete mixtures need to be poured into moulds or formworks
during the fresh stage to form finished products and components with
specific shapes. At this stage, fresh concrete should have sufficient
flowability to facilitate its transportation, pumping and casting. Flow-
ability refers to the ability of a concrete mixture to flow and uniformly
fill the moulds or formworks under its own weight or mechanical vi-
bration. The flow properties have a significant impact on the workability
of concrete during the fresh stage, as well as the mechanical strength and
durability after setting and hardening [1]. Insufficient flowability makes
it difficult to pour and fill the formwork evenly, leading to construction
defects such as cavities, honeycombing or exposed reinforcing bars,

which will affect the long-term performance of reinforced concrete [2,
3]. If the flowability is too high, although it makes construction easier, it
may easily lead to stability issues in the concrete mixture causing
segregation and affecting the quality of the hardened concrete [4–7].

Fresh concrete is usually regarded as a non-Newtonian fluid, and it
only flows and deforms when the shear stress overcomes the yield stress.
In most cases, the Bingham model is commonly used to describe the
rheological characteristics of fresh concrete [8,9]. However, various
mineral and chemical admixtures are often added to improve the per-
formance of modern concretes, which makes the concrete mixture sys-
tem complex. Some studies [10–13] have found that the shear rate-shear
stress curve of concrete mixtures may deviate from the linear relation-
ship with increasing shear rate, exhibiting shear thickening or shear
thinning behaviour. Shear thickening refers to the phenomenon where
the apparent viscosity gradually increases with increasing shear rate. On
the contrary, shear thinning refers to the phenomenon where the
apparent viscosity gradually decreases with increasing shear rate. Shear
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thickening behaviour not only causes poor flowability of fresh concrete,
but also easily leads to difficulties in pumping and casting during con-
struction [14,15]. Although shear thinning behaviour can improve the
flow and deformation abilities of fresh concrete, it tends to cause the
segregation, settlement and bleeding [16,17]. In such cases, the
Herschel-Bulkley (H-B) model can better characterise the nonlinear
rheological behaviour [18]. Wallevik et al. [19] pointed out that the
rheological properties of most normal concrete conformed to the Bing-
ham model. In contrast, high-fluidity concrete and self-compacting
concrete often exhibited nonlinear rheological characteristics, making
the H-B model a more appropriate characterization for their rheological
properties. Yahia and Khayat [20] found that, in rheological tests, the
yield stresses determined by the H-B model for cement-based materials
exhibiting shear thickening were larger, and for those exhibiting shear
thinning were smaller, compared to those determined by the Bingham
model. According to the findings of Vance et al. [21], in comparison to
the value at the stress plateau, the Bingham and H-B rheological models
might overestimate and underestimate the apparent yield stress of a
given cementitious suspension, respectively. However, when rheolog-
ical evaluations were extended to much lower shear rates, the yield
stress estimated by the H-B model was found to be comparable to the
true apparent yield stress observed at the shear stress asymptote.

Currently, slump test is the most frequently used experimental
method for evaluating the flow performance of fresh concrete in labo-
ratories and construction sites. However, the design of mix proportions
and the properties of raw materials are variable in different working
conditions, and even a small change can have a noticeable effect on the
flowability of concrete mixtures [22,23]. At this point, a large number of
repeated experiments are needed to determine the variation law of the
flow behaviour of fresh concrete. However, it not only consumes a lot of
manpower and material resources, but also faces challenges in funda-
mentally explaining the changing characteristics of flow properties.
Additionally, the control of rheological parameters and experimental
conditions is a tricky problem when researchers attempt to investigate
the influence mechanism of a specific factor.

With the rapid development of computer technologies and numerical
algorithms, numerical simulation methods are becoming increasingly
important in the research field of cement and concrete materials
[24–29]. By means of numerical modelling, it is not only possible to
efficiently conduct many numerical experiments andminimise the waste
of raw materials, but modelling can also help to optimise the mix pro-
portions and achieve suitable flowability. Computational fluid dynamics
(CFD) is an interdisciplinary field that lies between mathematics, fluid
mechanics and computer science. It solves the governing equations of
fluid mechanics through computer technologies and numerical methods
to simulate the flow characteristics of fluids [30–33]. The CFD method
has the advantage of helping researchers to investigate the flow and
deformation phenomena of fluids under a rheological perspective,
which can provide important theoretical guidance and technical support
for experimental studies on the flowability of fresh concrete. For
example, Vasilic et al. [34] simulated the motion process of fresh con-
crete around steel bars by employing CFD. Sassi et al. [35] adopted a
CFD-based model to investigate the flowability of fresh concrete in the
L-box test apparatus. Choi et al. [36] explored the potential of using a
CFD-based model to analyse the flow behaviour of fresh concrete during
the pumping process. Based on CFD technology, Comminal et al. [37]
investigated the effects of printing speed and nozzle height on the geo-
metric shape of 3D printed concrete. However, most of these studies
overlook the role of nonlinear rheological characteristics on the flow
properties of fresh concrete, and the parametric investigations on
flowability and the quantitative evaluation of the contribution degree of
relevant influencing factors are not systematic enough. Moreover, pre-
vious studies lack in-depth discussion on the distribution profile of ve-
locity for fresh concrete during the flow process, particularly ignoring its
impact on flow behaviour in the early stage of slump testing.

Herein, a CFD-based numerical model is developed to predict the

slump and slump flow of fresh concrete, and the linear and nonlinear
rheological characteristics are described using the Bingham and H-B
models, respectively. Furthermore, experiments are also conducted to
validate the accuracy of model predictions. Based on this model, the
effects of power index, yield stress, consistency and density on the
flowability of fresh concrete are systematically analysed and discussed,
and the contribution degree of these influencing factors is ranked
through grey relational analysis. The findings of this study can reveal the
underlying mechanism of the flow behaviour of fresh concrete from a
fundamental point of view.

2. Experimental program

2.1. Materials and mixtures

The binder materials used in the experiment to prepare the concrete
mixture included P.O 42.5 R ordinary Portland cement (OPC), fly ash,
slag and silica fume. The basic properties of OPC were measured ac-
cording to the Chinese standard GB/T 1346-2011 [38], as shown in
Table 1. The densities of OPC, fly ash, slag and silica fume were
3020 kg/m3, 2350 kg/m3, 2910 kg/m3 and 2200 kg/m3, respectively,
and their specific surface areas were 340m2/kg, 390m2/kg, 420m2/kg
and 22,205m2/kg, respectively. The chemical compositions of binder
materials were tested using X-ray fluorescence, as presented in Table 2.

River sand with a density of 2690 kg/m3, a clay content of 1.8% and
a fineness modulus of 2.9 was used as the fine aggregate. Limestone
gravel with a particle size of 5− 20mm, a density of 2670 kg/m3 and a
clay content of 0.6% was used as the coarse aggregate. In addition, a
high-performance polycarboxylate-based superplasticizer was used to
adjust the workability of concrete mixtures. The specific gravity, solid
content and water reduction rate of the superplasticizer were 1.09, 42%
and 40%, respectively.

In the mix proportion design, the water-to-binder ratio (w/b) was
fixed at 0.38, the total amount of binder materials was fixed at 500 kg/
m3, and the dosage of superplasticizer was 0.7 % by mass of the amount
of binder materials. Previous studies [39–41] have shown that the
addition of silica fume could obviously increase the yield stress and
viscosity of mixtures, as well as reduce the flowability of fresh concrete,
due to its extremely large specific surface area. Therefore, four groups of
concrete mixtures with different rheological parameters and flow
properties were designed in the experiment by varying the dosage of
silica fume. The concrete mix proportions are shown in Table 3. The
apparent densities of these four groups of concrete mixtures were tested
according to the Chinese standard GB/T 50080-2016 [42], with an ac-
curacy of 5 kg/m3. The results were 2405 kg/m3, 2390 kg/m3,
2395 kg/m3 and 2385 kg/m3, respectively.

2.2. Slump test

The apparatus for the slump test is made up of a bucket, a feed
hopper, a tamping rod, a vertical ruler and a base plate, as displayed in
Fig. 1(a). The standard slump bucket mould is in the shape of the
frustum of a cone with a top diameter of 100mm, a bottom diameter of
200mm and a height of 300mm [43]. Prior to the slump test, the inner
wall of the bucket and the base plate were pre-wetted with water. During
the test, the concrete mixture sample was placed and compacted by
tamping with a rod in the slump bucket mould. Afterwards, the mould

Table 1
Basic properties of OPC.

Cement Water requirement of normal
consistency (%)

Setting time (min) Soundness

Initial
setting

Final
setting

P.O
42.5 R

28.4 180 240 Qualified
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was raised, and the sample was allowed to subside and spread under the
action of gravity. After the concrete stopped flowing, the vertical dis-
tance between the highest position of the collapsed mixture and the
height of the mould (300mm) was measured as the slump. In the
meantime, two diameters of the mixture were measured using a steel
ruler in approximately orthogonal directions, and the average of the two
was recorded as the slump flow (see Fig. 1(b)). Note that the time taken
for the mixture to spread to a diameter of 500mm (T500) was also
measured in the experiment to further validate the model.

In this study, in order to obtain more accurate measurement results,
the slump, slump flow and T500 values of each group of concrete were
determined by the average of three times of test results, with a relative
error of less than 10 % for these three results. The slump, slump flow and
T500 results were accurate to 1 mm, 1 mm and 0.01 s, respectively. The
experimental results of the slump test are summarised in Table 4. It can
be seen that both the slump and slump flow tend to decrease as the
dosage of silica fume increases, while the T500 value tends to increase.
These are associated with the changes in rheological parameters of
concrete mixtures, which will be discussed in detail later in this study.

2.3. Rheological test

The rheological parameters of concrete mixtures were tested using

an ICAR rheometer, and the vane geometry was a four-bladed shape
with a height and diameter of 127 mm. During the flow curve test, the
rotational speed was initially increased to 0.50 rps and held for about
20 s (pre-shear phase) to ensure the disruption of the internal structure
of concrete mixtures and eliminate the influence of thixotropy on
measurement results. Then, the rotational speed was gradually reduced
from 0.50 rps to 0.05 rps to obtain the descending curve. The number of
test points was 7, with each point lasting for 5 s. After that, the rheo-
logical parameters of concrete mixtures were calculated by fitting the
descending curve based on both the Bingham model and the H-B model,
as expressed in Eqs. (1) and (2), respectively.

τ = τ0 + ηp γ̇ (1)

τ = τ0 +Kγ̇n (2)

where τ is the shear stress, γ̇ is the shear rate, τ0 is the yield stress, ηp is
the plastic viscosity, K is the consistency, and n is the power index that
reflects the degree of shear thinning or thickening. When n < 1, the
material exhibits shear thinning behaviour; when n> 1, it exhibits shear
thickening behaviour; and when n = 1, the material is a Bingham fluid.

Note that the flow curve reflects the relationship between the raw
measurements of torque and rotational speed. The connection between
torque and rotational speed for Bingham and H-B fluids can be repre-

Table 2
Chemical compositions of binder materials (wt%).

Binders CaO SiO2 Al2O3 MgO Fe2O3 SO3 Loss on
ignition

OPC 58.99 22.02 6.19 2.53 2.65 2.67 3.08
Fly ash 7.61 49.93 25.75 1.37 9.73 0.12 1.53
Slag 39.00 32.70 14.03 8.99 0.50 0.20 0.78
Silica
fume

0.76 87.42 0.29 2.49 1.75 0.48 3.30

Table 3
Mix proportions of concrete (kg/m3).

Group w/b Water OPC Fly ash Slag Silica fume Sand Gravel Superplasticizer

1 0.38 190.0 350.0 75.0 75.0 – 765.0 935.0 3.5
2 0.38 190.0 350.0 67.5 67.5 15.0 765.0 935.0 3.5
3 0.38 190.0 350.0 60.0 60.0 30.0 765.0 935.0 3.5
4 0.38 190.0 350.0 52.5 52.5 45.0 765.0 935.0 3.5

Fig. 1. Details of the slump test.

Table 4
Experimental results of the slump test.

Group Slump (mm) Slump flow (mm) T500 (s)

1 228 665 2.70
2 220 618 3.08
3 217 597 3.31
4 211 568 3.68
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sented by Eqs. (3) and (4), respectively.

T = GB +HBN (3)

T = GH− B +HH− BNJ (4)

where T is the torque, N is the rotational speed, GB and HB are deter-
mined from the torque-rotational speed relationship of the Bingham
fluid, which are related to yield stress and plastic viscosity, respectively,
and GH-B, HH-B and J are determined from the torque-rotational speed
relationship of the H-B fluid, which are related to yield stress, consis-
tency and power index, respectively.

For the Bingham fluid, the relationships of yield stress and plastic
viscosity with respect to GB and HB are expressed in Eqs. (5) and (6),
respectively.

τ0 =
GB

4πh

(
1
R2

i
−

1
R2

o

)
1

ln(Ro/Ri)
(5)

ηp =
HB

8π2h

(
1
R2

i
−

1
R2

o

)

(6)

For the H-B fluid, the relationships of yield stress, consistency and
power index with respect to GH-B, HH-B and J are expressed in Eqs. (7)–
(9), respectively.

τ0 =
GH− B

4πh

(
1
R2

i
−

1
R2

o

)
1

ln(Ro/Ri)
(7)

K =
HH− B

22n+1πn+1h
nn

(
1

R2/n
i

−
1

R2/n
o

)n

(8)

n = J (9)

where h is the height of the cylinder, Ri is the radius of the inner cylinder,
and Ro is the radius of the outer cylinder.

To minimize measurement errors, the final values of rheological
parameters of each group of concrete were determined by the average of
three times of test results, as shown in Table 5. As can be seen from
Table 5, the yield stress and plastic viscosity obtained based on the
Bingham rheological model increase with increasing silica fume dosage,
which is consistent with the literature [39–41]. As for the yield stress
and consistency obtained based on the H-B rheological model, they also
exhibit an increasing trend with increasing silica fume dosage.
Furthermore, the shear thinning behaviour of concrete mixtures grad-
ually weakens (a larger power index) with increasing silica fume dosage,
which demonstrates that the addition of silica fume can mitigate the
shear thinning phenomenon to a certain extent in this study.

3. Numerical modelling

3.1. Theoretical method

In this study, the numerical modelling of the slump test is performed
based on CFD. The workflow of numerical modelling of fluid flow by
employing the CFD method is illustrated Fig. 2. The basic idea behind

CFD involves replacing the originally continuous physical field in the
temporal and spatial domains with a collection of variable values at a
series of discrete points. On the basis of the fluid governing equations, a
system of algebraic equations is established to reflect the relationships
among the field variables at these discrete points, and the algebraic
equations are then solved to derive the approximate values of these field
variables.

Fluid flow obeys the conservation laws of mass, momentum and
energy, and the governing equations are the mathematical descriptions
of them. The mass conservation equation, also known as the continuity
equation, can be denoted by Eq. (10).

∂ρ
∂t +

∂(ρu)
∂x +

∂(ρv)
∂y +

∂(ρw)
∂z = 0 (10)

where ρ is the fluid density, t is the time, and u, v and w are the fluid
velocity components in the x, y and z directions, respectively.

For any given physical quantity a→, its divergence can be expressed
as:

∇⋅ a→=
∂ax

∂x +
∂ay

∂y +
∂az

∂z (11)

Therefore, Eq. (10) can be transformed into:

∂ρ
∂t +∇⋅(ρ v→) = 0 (12)

where v→ represents the velocity vector.
If the fluid is incompressible, the fluid density is a constant and Eq.

(10) can be simplified as:

∂u
∂x+

∂v
∂y+

∂w
∂z = 0 (13)

The law of momentum conservation is an application of Newton’s
second law in fluid dynamics. Fresh concrete is generally considered as
an incompressible viscous fluid, and its momentum conservation equa-
tion is described by the Navier-Stokes equation, as follows:

ρD v→

Dt
= − ∇p+ μ∇2 v→+ F→ (14)

where D v→
Dt is the material derivative, p is the pressure, μ is the dynamic

Table 5
Rheological parameters of fresh concrete.

Group Bingham model H-B model

Yield
stress
(Pa)

Plastic
viscosity
(Pa⋅s)

Yield
stress
(Pa)

Consistency
(Pa⋅sn)

Power
index

1 271.3 35.8 260.1 48.7 0.77
2 302.7 38.3 291.7 51.0 0.83
3 328.6 40.1 312.3 53.2 0.86
4 350.8 42.3 332.2 55.1 0.91 Fig. 2. The workflow diagram of CFD.
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viscosity, and F→ is the volume force.
The material derivative of any physical quantity a→ is defined as:

D a→

Dt
=

∂ a→

∂t + ( v→⋅∇) a→ (15)

As a result, Eq. (14) is further expressed as:

ρ
[

∂ v→

∂t + ( v→⋅∇) v→
]

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
1

= − ∇p
⏟̅⏞⏞̅⏟

2

+ μ∇2 v→
⏟̅̅̅⏞⏞̅̅̅⏟

3

+ F→⏟⏞⏞⏟
4

(16)

where the first, second, third and fourth terms represent inertial force,
pressure, viscous force and external force acting on the fluid, respec-
tively.

If the volume force is only gravity and the z-axis is oriented vertically
upwards, it can be expressed as:
⎧
⎨

⎩

Fx = 0
Fy = 0
Fz = − ρg

(17)

where Fx, Fy and Fz represent the volume forces in the x, y and z di-
rections, respectively, and g is the gravitational acceleration.

The law of energy conservation is an application of the first law of
thermodynamics in fluid dynamics, and it is a fundamental law that
must be satisfied for the flow system with heat exchange. The expression
is as follows:

∂(ρT)
∂t +∇⋅(ρ v→T) = ∇⋅

(
k
cp
gradT

)

+ ST (18)

where T is the thermodynamic temperature, k is the heat transfer coef-
ficient, cp is the specific heat capacity, and ST is the viscous dissipation
term.

Note that fresh concrete is an incompressible viscous fluid, and the
heat exchange during the flow process is very small or even negligible.
Consequently, the energy conservation equation is not considered in this
study.

3.2. Model establishment

During the modelling process, a space of 1000 mm × 1000 mm ×

500 mm was taken as the workspace. The frustum of a cone with a top
diameter of 100 mm, a bottom diameter of 200 mm and a height of
300 mm in the centre of the workspace represented the initial state of
fresh concrete, while the rest of the workspace represented air at stan-
dard atmospheric pressure, as shown in Fig. 3(a). Earlier studies [44,45]
have shown that the slump and slump flow were almost independent of
the shape of the mould, and the use of the mould merely confined the

initial position of the concrete. Hence, the model did not consider the
shear stress acting on the concrete by the mould wall. Moreover,
considering that the base plate needed to be pre-wetted prior to the
slump test, this would result in a thin layer of water film formed between
the concrete mixture and the base plate. At this time, the lateral flow of
the concrete mixture primarily caused the shear behaviour with the
water film, and thus there was almost no slip behaviour between the
concrete mixture and the base plate. As a result, the base plate of the
workspace was regarded as a no-slip boundary condition with the con-
crete mixture.

Before the slump test, the velocity components of fresh concrete in
the x, y and z directions within the region of the frustum of a cone were
set as u = 0, v = 0 and w = 0, respectively. The acceleration due to
gravity within the workspace was 9.8 m/s2, and its direction was
vertically downwards. The concrete mixture was regarded as an
incompressible non-Newtonian fluid in the numerical model, and the
time step for numerical calculations was 0.05 s. Additionally, Reynolds
number (Re) was a dimensionless parameter used to characterise the
type of fluid, which could be calculated by Eq. (19). The critical value of
Re when the fluid type changed was not fixed. It was generally consid-
ered that when Re < 2000, the flow of fluid was laminar; when Re >

4000, the flow of fluid was turbulent; and when Re was between these
two values, the flow of fluid was in a transitional state [46,47].
Considering that the movement velocity of concrete mixtures during the
slump test was relatively low, Re was a small value. Therefore, the flow
of fresh concrete was considered as laminar in the numerical model.

Re =
ρVL

η (19)

where V is the fluid velocity, η is the fluid viscosity, and L is the char-
acteristic length.

It should be noted that the constitutive equations for the Bingham
and H-B rheological models are piecewise functions, as shown in Eqs.
(20) and (21). There may exist a non-yielding region in flowing con-
crete, where the shear rate is very small, the shear stress is lower than
the yield stress, and the apparent viscosity theoretically tends to infinity.
This often leads to instability and non-convergence in numerical
calculations.
{

τ = τ0 + ηp γ̇, |τ| > τ0
γ̇ = 0, |τ| ≤ τ0

(20)

{
τ = τ0 + Kγ̇n, |τ| > τ0
γ̇ = 0, |τ| ≤ τ0

(21)

To address this issue, the rheological models were modified in this
study by drawing on Ref. [48], as follows:

Fig. 3. Geometric model of the slump test.
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τ = τ0[1 − exp( − mγ̇)] + ηp γ̇ (22)

τ = τ0[1 − exp( − mγ̇)] +Kγ̇n (23)

Here,m is a regularization parameter, which can control the increase
of stress to avoid discontinuities in rheological model equations. When
m tended to be zero, Eq. (23) was equivalent to the power law model
equation. While when m tended to be infinity, Eqs. (22) and (23) ideally
approached the equations of Bingham and H-B models. Accordingly, a
larger value of m could better reduce the errors after modifying the
rheological model equations. However, if the value ofmwas too large, it
would significantly increase the computation time and even lead to non-
convergence of the solution [49]. Therefore, m was taken as 500 in this
study as proposed by Wu et al. [50].

The mesh division for the numerical model of the slump test is shown
in Fig. 3(b). It is worth noting that a finer grid could result in a smaller
Peclet number, which was beneficial for reducing numerical oscillations
to obtain more accurate results [51–53]. However, this was also
accompanied by higher computational costs [54–56]. Before the mesh
division, sensitivity analysis was conducted to determine the appro-
priate grid size. It was found that in this model, a minimum grid size of
approximately 2.83 × 10–3 m could achieve a good balance between
accuracy and computational time. At this time, the number of grids was
4.91 × 105. In addition, the grid shape was predominantly free tetra-
hedral, as this type of grids offered the best adaptability to geometric

models and efficiency for numerical calculations [57,58].

3.3. Model validation

In this section, the accuracy of model predictions of slump, slump
flow and T500 was validated through the experimental results presented
in Section 2.2. During the modelling process, the rheological parameters
of these four groups of fresh concrete, including the Bingham and H-B
rheological models, were set to be consistent with the experimentally
measured results (see Table 5). Moreover, the densities of these four
groups of fresh concrete were set as 2405 kg/m3, 2390 kg/m3, 2395 kg/
m3 and 2385 kg/m3, which were also measured from experiments.
Taking the first group as an example, the profile diagrams of the slump
process of concrete mixtures in the numerical models using both Bing-
ham and H-B rheological models are depicted in Fig. 4. From Fig. 4, it
can be observed that fresh concrete collapses rapidly under the influence
of gravity at the beginning, and then the flow gradually slows down in
the later period. Compared to the fresh concrete characterised by the
Bingham rheological model, the concrete characterised using the H-B
rheological model exhibits faster flow, as evidenced by greater results of
slump and slump flow at the same time. This is because the H-B model
can capture the nonlinear rheological behaviour, and further discussions
will be presented in Section 4.1.

Through many models, it is found that fresh concrete virtually stops
flowing after 15.0 s, so the values of slump and slump flow at 15.0 s are

Fig. 4. Profile diagrams of the slump process of fresh concrete (taking the first group as an example).
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taken as the final results. The comparison of slump, slump flow and T500
between the numerical model predictions and the experimental results is
illustrated in Fig. 5. Overall, the model predictions agree well with ex-
periments, indicating that the CFD-based numerical model is applicable
and reliable for simulating the slump test. To quantitatively validate the
reliability and accuracy of the present model, the errors of model pre-
dictions relative to experimental results are calculated by Eqs. (24)–(26)
for slump, slump flow and T500, respectively.

δs =

⃒
⃒
⃒
⃒
s − s∗

s∗

⃒
⃒
⃒
⃒× 100% (24)

δsf =

⃒
⃒
⃒
⃒
sf − sf ∗

sf ∗

⃒
⃒
⃒
⃒× 100% (25)

δT500 =

⃒
⃒
⃒
⃒
t500 − t500∗

t500∗

⃒
⃒
⃒
⃒× 100% (26)

where δs, δsf and δT500 represent the relative errors between model
predictions and experimental results for slump, slump flow and T500,
respectively, s, sf and t500 represent the model predictions of slump,
slump flow and T500, respectively, and s*, sf* and t500* represent the
experimental results of slump, slump flow and T500, respectively.

The error analysis results of fresh concrete flowability between the
numerical model predictions and the experimental results are presented
in Table 6. For fresh concrete characterized by the Bingham rheological
model, the numerical model’s predicted error for slump ranges from
1.90 % to 4.39 % relative to experimental results. The relative error for
slump flow ranges from 2.29 % to 5.56 %, and for T500, it ranges from
2.72 % to 12.96 %. The average relative errors of these three flowability
indicators are 3.18 %, 3.74 % and 6.18 %, respectively. While for the
fresh concrete characterised by the H-B rheological model, the error of

the slump value predicted by the numerical model ranges from 0.88 % to
2.37 % relative to experimental results, the relative error of slump flow
ranges from 0.65 % to 3.31 %, and the relative error of T500 ranges from
1.85 % to 4.89 %. In comparison to the Bingham model, the predicted
results obtained using the H-B model are more accurate. The average
relative errors of slump, slump flow and T500 based on the H-B model are
1.73 %, 2.03 % and 3.95 %, respectively. This is because the H-B model
can properly consider the nonlinear rheological behaviour, thereby
obtaining more accurate predicted results. For example, the maximum
errors of slump, slump flow and T500 for the fresh concrete characterised
by the Bingham rheological model all occur in the first group. From
Table 5, it is found that the shear thinning behaviour is the most severe
at this point. The above analysis confirms the importance of considering
shear thinning or shear thickening behaviour when studying the flow-
ability of fresh concrete.

4. Parametric investigations

Based on the CFD-based numerical method developed in this study, a
series of models can be established to carry out parametric

Fig. 5. Comparison of fresh concrete flowability between model predictions and experimental results.

Table 6
Error analysis of fresh concrete flowability between model predictions and
experimental results.

Group Bingham model H-B model

δs δsf δT500 δs δsf δT500

1 4.39 % 5.56 % 12.96 % 0.88 % 3.31 % 1.85 %
2 3.18 % 3.40 % 5.52 % 1.36 % 0.65 % 4.22 %
3 3.23 % 3.69 % 2.72 % 2.30 % 1.17 % 4.83 %
4 1.90 % 2.29 % 3.53 % 2.37 % 2.99 % 4.89 %
Average 3.18 % 3.74 % 6.18 % 1.73 % 2.03 % 3.95 %
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investigations. Compared to experimental studies, numerical simulation
methods are not only cost-effective and time-saving but can also facili-
tate the investigation of the influence mechanism of a single factor on
the flow behaviour of fresh concrete. Considering that Section 3.3 shows
that the predicted results obtained using the H-B model are closer to
actual experimental data compared to the Bingham model, this section
will systematically analyse the effects of relevant factors such as power
index, yield stress, consistency and density on slump and slump flow on
the basis of the H-B model.

4.1. Effect of power index

In the constitutive equation of the H-B model, when the power index
is less than 1, the fresh concrete exhibits shear thinning behaviour, while
when the power index is greater than 1, it exhibits shear thickening
behaviour. The degree of shear thinning or shear thickening behaviour
increases as the value of the power index deviates from 1, and the power
index value is typically less than 2 for fresh concrete [59,60]. In this
section, the yield stress, consistency and density of concrete mixtures
were fixed at 300 Pa, 50 Pa⋅sn and 2400 kg/m3, respectively, and the
power indexes were set as 0.70, 0.85, 1.00, 1.15 and 1.30 to study the
influence of nonlinear rheological characteristics on the flowability of
fresh concrete. The developments of slump and slump flow over time for
fresh concrete with different power indexes are displayed in Fig. 6. It is
found that the slump and slump flow both decrease as the power index
increases. The stronger the degree of shear thinning, the higher the
flowability, while the stronger the degree of shear thickening, the lower
the flowability. The results indicate that shear thinning or shear

thickening behaviour needs to be properly considered when modelling
of the flow properties of fresh concrete.

It is noticeable to mention that the durations of the changes in slump
and slump flow are different. From Fig. 6(a), it can be noticed that the
slump rapidly increases within the first 3.0 s, and then gradually sta-
bilises at 5.0 s. Whereas, the slump flow rapidly increases within the first
5.0 s, and then gradually stabilises at 10.0 s (see Fig. 6(b)). Additionally,
the slope of the curve of slump flow with time during the period of
0–1.0 s is smaller than that during the period of 1.0–3.0 s. The above
results imply that, during the slump test, the vertical flow (change in
slump) of fresh concrete occurs very rapidly in the beginning of collapse,
while the peak rate of horizontal flow (change in slump flow) lags
slightly behind. Compared to the vertical flow, the horizontal flow of
fresh concrete ends later.

Fig. 7 shows the velocity profile diagrams of fresh concrete with
power indexes of 0.70 and 1.30 in the early stage of slump testing.
Regardless of whether fresh concrete exhibits shear thinning or thick-
ening, the peak velocity region is concentrated at the top and the min-
imum velocity region is concentrated at the bottom in the beginning of
the slump test. As the collapse progresses, the region of peak velocity
gradually shifts towards the forefront of the fresh concrete flowing in the
lateral direction, while the velocity in the central region at the bottom of
concrete mixtures is consistently close to zero. In particular, compared
to shear thickening concrete, shear thinning concrete exhibits a greater
peak flow velocity at the same time point. This provides a good expla-
nation for the phenomena observed in Fig. 6, where the development of
slump ends earlier compared to slump flow and shear thinning concrete
exhibits higher flowability compared to shear thickening concrete.

4.2. Effect of yield stress

The consistency and density of fresh concrete were set as 50 Pa⋅sn

and 2400 kg/m3, respectively. A series of numerical models were
developed to analyse the effect of different yield stresses (200 Pa,
250 Pa, 300 Pa, 350 Pa and 400 Pa) on the flowability of fresh concrete
exhibiting shear thinning (n = 0.70) or shear thickening (n = 1.30)
behaviour. The slump and slump flow results of fresh concrete with
different yield stresses are presented in Fig. 8. Both slump and slump
flow decrease as the yield stress increases, and the change in yield stress
has a greater impact on slump flow in comparison to slump. As the yield
stress increases from 200 Pa to 400 Pa, the slump and slump flow of
shear thinning concrete decrease by 6.38 % and 17.69 %, respectively,
while for shear thickening concrete, the slump and slump flow decrease
by 10.90 % and 19.59 %, respectively.

Similar to the findings of this study, Roussel [61] and Sedran and De
Larrard [62] also found a negative correlation between the slump and
slump flow and the yield stress in their studies, and they established
empirical formulas to describe the relationships between them.
Furthermore, this study aims to predict the slump and slump flow of
fresh concrete from a rheological perspective, and conversely, the
magnitude of yield stress can also be roughly estimated based on the
flow behaviour exhibited by fresh concrete. For example, Saak et al. [63]
estimated the yield stress of concrete mixtures on the basis of slump and
slump flow results, and they pointed out that the fundamental rela-
tionship between slump and yield stress was independent of the material
under study and largely unaffected by the geometric shape of the slump
bucket mould.

4.3. Effect of consistency

In this section, the yield stress and density of concrete mixtures were
fixed at 300 Pa and 2400 kg/m3, and the influence of different consis-
tencies of 30 Pa⋅sn, 40 Pa⋅sn, 50 Pa⋅sn, 60 Pa⋅sn and 70 Pa⋅sn on the
flowability of fresh concrete exhibiting shear thinning (n = 0.70) or
shear thickening (n = 1.30) behaviour was analysed and discussed.
Fig. 9 displays the slump and slump flow results of fresh concrete withFig. 6. Effect of power index on slump and slump flow.
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different consistencies. It can be observed that both slump and slump
flow show a decreasing trend with increasing consistency. In the case of
shear thinning concrete with a power index of 0.70, when the consis-
tency increases from 30 Pa⋅sn to 70 Pa⋅sn, the slump and slump flow
decrease by 21 mm and 175 mm, respectively. While in the case of shear
thickening concrete with a power index of 1.30, when the consistency
increases from 30 Pa⋅sn to 70 Pa⋅sn, the changes in slump and slump flow
are small, decreasing only by 6 mm and 33 mm, respectively. The above
results demonstrate that the change in consistency has a greater impact
on the flowability of shear thinning concrete compared to shear thick-
ening concrete.

4.4. Effect of density

During the slump test, the flow of fresh concrete occurs under the
influence of its own weight. Therefore, it is necessary to study the effect
of the density of concrete mixtures on slump and slump flow. In this
section, the yield stress of fresh concrete was fixed at 300 Pa and the
consistency was fixed at 50 Pa⋅sn. A series of numerical models for the
fresh concrete with different densities ranging from 1600 kg/m3 to
2800 kg/m3 have been established. The slump and slump flow results of
fresh concrete with different densities are presented in Fig. 10.

As can be seen from Fig. 10, the flowability of fresh concrete exhibits
a highly positive correlation with its density. Both slump and slump flow
clearly increase with increasing density, and the growth trend gradually
slows down. When the density increases from 1600 kg/m3 to 2800 kg/

m3, the slump and slump flow of shear thinning concrete increase by
16.34 % and 44.57 %, respectively, while the slump and slump flow of
shear thickening concrete increase by 10.93 % and 23.36 %, respec-
tively. In addition, in terms of the magnitude of changes, the increase in
density has a greater impact on slump flow compared to slump, and it
has a greater impact on the flowability of shear thinning concrete
compared to shear thickening concrete. It is noteworthy that in engi-
neering practice, relying solely on gravity is not sufficient for light-
weight concrete to achieve good flowability, and it is also required to
adjust the rheological parameters of the concrete mixture by adding
mineral and chemical admixtures to improve the flowability [64–66].

4.5. Grey relational analysis

Grey relational analysis is a statistical method that determines the
degree of correlation between relevant factors based on the degree of
similarity or dissimilarity in their development trends [67,68]. In this
section, this method is adopted to quantitatively investigate and
compare the degree of the influence of relevant factors on the slump and
slump flow of fresh concrete. Here, the slump and slump flow are
considered as reference sequences, and relevant influencing factors such
as power index, yield stress, consistency and density are considered as
comparative sequences.

Since the dimensions of each group of data are different, it is
inconvenient to directly compare them, and it is also difficult to draw
conclusions. Therefore, before conducting the grey relational analysis, it

Fig. 7. Velocity profile diagrams of fresh concrete with power indexes of 0.70 and 1.30 in the early stage of slump testing.
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is generally necessary to perform dimensionless processing on the data
sequences. In this study, the mean method is used for dimensionless
processing, as follows:

x0(k) =
X0(k)

1
n
∑n

k=1
X0(k)

(27)

xi(k) =
Xi(k)

1
n
∑n

k=1
Xi(k)

(28)

Here, X0(k) and Xi(k) represent the reference and comparative se-
quences, and x0(k) and xi(k) represent the processed reference and
comparative sequences, where i = 1, 2, 3, …, m, and k = 1, 2, 3, …, n.

After the dimensionless data sequences are prepared, the grey rela-
tional coefficients can be calculated using the following equation:

εi(k) =
Δmin + rΔmax

Δ0i(k) + rΔmax
(29)

where r represents the resolution coefficient, which is typically taken as
0.5. The mathematical expressions for Δ0i(k), Δmax and Δmin are shown
in Eqs. (30)–(32), respectively.

Δ0i(k) = |x0(k) − xi(k)| (30)

Δmax =
max
i

max
k |x0(k) − xi(k)| (31)

Δmin =
min
i

min
k |x0(k) − xi(k)| (32)

Considering that the calculated grey relational coefficients are
numerous and their values are discrete, the relational coefficients of
each group of comparative sequences are averaged to obtain the rela-
tional grade, as follows:

γi =
1
n
∑n

k=1

εi(k) (33)

where γi represents the grey relational grade. A larger value of γi in-
dicates a greater influence of this factor on slump and slump flow.

The results of grey relational analysis for slump and slump flow
under different influencing factors are given in Table 7. The grey rela-
tional grades of power index, yield stress, consistency and density with
respect to the slump of fresh concrete are 0.4538, 0.7217, 0.7146 and
0.7740, respectively, and the grey relational grades of these four factors
with respect to the slump flow are 0.5012, 0.7066, 0.7032 and 0.7614,
respectively. Whether it is for slump or slump flow, the order of rela-
tional grades of relevant influencing factors from strong to weak is
density, yield stress, consistency and power index. This implies that
density has the greatest effect on the slump and slump flow of fresh
concrete, followed by yield stress and consistency, and finally the power
index. However, it should be noted that although the power index has a
smaller effect on the results of slump and slump flow compared to other
factors, it significantly affects the flow velocity of the concrete mixture,
as indicated by the velocity profile diagrams shown in Fig. 7.

Fig. 8. Effect of yield stress on slump and slump flow. Fig. 9. Effect of consistency on slump and slump flow.
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5. Conclusions

In this study, a CFD-based numerical model has been developed to
investigate the flow behaviour of fresh concrete through the slump test,
and experiments have been conducted to validate the reliability and
accuracy of this model. The influence of relevant factors on the slump
and slump flow of fresh concrete has also been systematically discussed.
The conclusions can be summarised as follows:

(1) The model predictions agree well with the experimental results.
Compared to the Bingham rheological model, the H-B rheological
model provides more accurate predictions, with average relative
errors of 1.73 %, 2.03 % and 3.95 % for slump, slump flow and
T500, respectively. It confirms the importance of considering the
nonlinear rheological behaviour in the study of fresh concrete
flowability.

(2) During the slump test, the durations of the changes in slump and
slump flow are different. In the beginning of concrete flow, the
peak velocity region is concentrated at the top. As the collapse
progresses, the region of peak velocity gradually shifts towards
the forefront of the fresh concrete flowing laterally. Therefore,
the change in slump occurs more rapidly in the beginning of flow,
and the change in slump flow ends later.

(3) Based on parametric investigations, it is found that the slump and
slump flow of fresh concrete are negatively correlated with power
index, yield stress and consistency, while positively correlated
with density. In particular, the changes in various influencing
factors have a greater impact on slump flow than slump.

Moreover, the changes in consistency and density have a more
significant impact on the flowability of shear thinning concrete
than shear thickening concrete.

(4) Grey relational analysis demonstrates that density has the
greatest effect on the slump and slump flow of fresh concrete,
followed by yield stress and consistency. Compared to the former
three influencing factors, although the power index has a smaller
effect on the results of slump and slump flow, it significantly af-
fects the flow velocity of the concrete mixture during the slump
test.
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Fig. 10. Effect of density on slump and slump flow.

Table 7
Grey relational analysis for slump and slump flow under different influencing
factors.

Group Slump
(mm)

Slump
flow
(mm)

Power
index

Yield
stress
(Pa)

Consistency
(Pa⋅sn)

Density
(kg/m3)

1 228 697 0.70 300 50 2400
2 216 615 0.85 300 50 2400
3 206 554 1.00 300 50 2400
4 200 525 1.15 300 50 2400
5 198 516 1.30 300 50 2400
6 235 763 0.70 200 50 2400
7 231 729 0.70 250 50 2400
8 224 662 0.70 350 50 2400
9 220 628 0.70 400 50 2400
10 211 582 1.30 200 50 2400
11 204 546 1.30 250 50 2400
12 193 490 1.30 350 50 2400
13 188 468 1.30 400 50 2400
14 239 798 0.70 300 30 2400
15 233 744 0.70 300 40 2400
16 223 657 0.70 300 60 2400
17 218 623 0.70 300 70 2400
18 202 540 1.30 300 30 2400
19 200 525 1.30 300 40 2400
20 197 511 1.30 300 60 2400
21 196 507 1.30 300 70 2400
22 202 525 0.70 300 50 1600
23 218 619 0.70 300 50 2000
24 235 759 0.70 300 50 2800
25 183 441 1.30 300 50 1600
26 192 483 1.30 300 50 2000
27 203 544 1.30 300 50 2800
Grey relational grade of
slump

0.4538 0.7217 0.7146 0.7740

Grey relational grade of
slump flow

0.5012 0.7066 0.7032 0.7614
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