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� A boundary restraint stress model was proposed for fresh concrete’s opening flow.
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a b s t r a c t

When fresh concrete flows through opening, such as steel bars, blockage may occur due to segregation or
insufficient fluidity. Insufficient fluidity may be attributed to the increase of deformation resistance
because of opening’s boundary restraint. In this paper, opening flow behavior of fresh concrete was ana-
lyzed by Smoothed Particle Hydrodynamics. We proposed a boundary restraint stress model to treat
opening’s boundary restraint to the flow, which clarified that normal stress acting on the shear plane
of fresh concrete increases during opening flow. The parameters in the model were obtained by matching
the experimental and numerical results of V-funnel flow test. Then, the flow of fresh concrete in L-box
with steel bars was simulated. The numerical results indicated that the restraint of opening’s boundary
has considerable effect on the flow behavior when fresh concrete has larger average particle contact angle
and average particle friction angle, or the opening is narrow.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete structure is generally reinforced by steel bars. Block-
age is easy to happen at the position of steel bars, if fresh concrete
has low flow ability or low segregation resistance. Hence, passing
ability is an important property for concrete construction, and it
is necessary to study the flow behavior of fresh concrete passing
through steel bars. Obviously, the passing ability is closely related
to the fluidity and the segregation resistance, not an independent
property of fresh concrete. High flow ability is indispensable for
its flow through narrow gaps of steel bars. J-ring test is usually
used to evaluate the passing ability together with the fluidity of
fresh concrete [1]. However, since the gap of J-ring’s bars is fixed,
the test result would be used to compare the passing ability of dif-
ferent concrete mixtures, but it does not represent actual passing
ability during reinforced concrete placement. With the develop-
ment of computer technology, numerical approach has been
becoming a powerful, labor and time saving tool to reproduce
the flow behaviors of fresh concrete.

Present computational models of fresh concrete were summa-
rized by Roussel et al. [2]. Fresh concrete is usually regarded as a
viscous fluid with a yield stress, most flow simulations in the past
literature have used Bingham model to describe its constitutive
law [3–9]. Bingham model describes shear stress (s) as a linear
function (s = s0 + gbc) of shear strain rate c, in which yield stress
s0 and plastic viscosity gb are constants. However, fresh concrete
is a kind of viscous granular material with both fluid and granular
characteristics, rather than a purely viscous fluid [10]. It is not
doubtful that there are inter-particle friction and particle interlock-
ing in fresh concrete, which cause the vertical pressure–depen-
dence of fresh concrete and affect its flow behaviors. High
fluidity concrete has relatively obvious fluid characteristic, Bing-
ham model may be roughly applied to it, but for ordinary concrete,
the application of Binghammodel is an issue. The Viscous Granular
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Nomenclature

a, b parameters of boundary restraint stress model
(Eq. (12))

ds shear thickness
Cw1 shear resistance caused by the surface tension and suc-

tion effect of mixing water
f(x) arbitrary field function
g gravitational acceleration
h smoothing length
I unit matrix
m mass of particle
n number of moving particles in a shear plane with unit

dimension
p hydrostatic pressure at equilibrium
P total stress tensor
q parameters in kernel equation
s displacement of particle in flow direction
tf shearing time before entering shear failure state
r distance between two particles
t time
v velocity of particle
W kernel function

Greek letters
_c shear strain rate
c0 shear strain limit
cf, _cf shear strain limit and shear strain rate at the shear fail-

ure point, respectively
ci shear deformation of particle i
e normal strain
ei vertical deformation of particle i
g essential viscosity
gb plastic viscosity
hf, hi average particle contact angle and contact angle of par-

ticle i, respectively
j a parameter related to shearing time-dependence
K average moving distance of moving particles
Ki moving distance of particle i
q density of particle
rn normal stress acting on the maximum shear plane
rn0 initial normal stress caused by self-gravity of concrete

sample
s shear stress
s0 yield stress
sf shear failure limit stress
/ average inter-particle frictional angle
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Materials (VGM) model was proposed to describe the nonlinear,
time and pressure-dependent characteristics of fresh concrete
[11]. A new numerical method has been developed by the authors,
using Smoothed Hydrodynamics (SPH) and VGM model. With this
numerical approach, the L-box flowwas precisely simulated [12]. It
is concluded that the VGMmodel can yield more precise numerical
results, compared with Bingham model when the fluidity of fresh
mixed cementitious materials is low.

The flow of fresh concrete is dilatant flow due to the existence
of particle contact angle. When fresh concrete flows through open-
ing or in pump pipe, the dilatant deformation is restricted by flow
boundary, an additional normal stress is thus generated, as shown
in Fig. 1. The additional normal stress will cause an increase of flow
resistance due to the increase of inter-particle friction, etc., even
result in blockage at openings [13]. Li [14] investigated experimen-
tally the change of normal stress with shear strain of fresh concrete
with a shear box, of which the deformation in vertical direction
Fig. 1. Normal stress increases in restric
was restrained, and then proposed a normal stress– shear strain
relational equation.

V-funnel test and L-box with steel bars test are usually used to
evaluate the fluidity and the filling ability of fresh concrete, respec-
tively. The flow in these tests is restricted in some zones by flow
boundary. Waarde et al. conducted two dimensional (2D) simula-
tion of the V-funnel test of fresh concrete, using the Bingham
model and not considering the slippage resistance on the flow
boundaries [15]. The obtained numerical results are not well con-
sistent with their experimental results. The difference between the
numerical and experimental results was larger for the concrete
with water-cement ratio (w/c) of 0.41, compared to the concretes
with w/c of 0.43 and 0.45. Lashkarbolouk et al. also performed
the simulation of the V-funnel test of self-consolidating concrete
(SCC), using the 2D SPH [6]. Because of the 2D SPH and the
assumption of homogeneous fluid, the numerical predictions were
lower than the experimental results. Alyhya et al. developed 2D
ted flow process of fresh concrete.
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and 3D SPH methods to simulate the V-funnel flow of SCC [9]. They
confirmed that numerical simulation results of outflow time, using
3D SPH method, were very agreeable with those recorded in the
test. In contrast, 2D SPH method gave a shorter outflow time than
the experimental result.

Hosseinpoor et al. performed the flow simulation of L-box
using a Flow3D software to investigate the effects of steel bars’
gap and coarse aggregate content on the flow blockage and the
segregation of SCC [16]. AL-Rubaye et al. used the 3D SPH and
the Bingham model to simulate the flow behaviors of SCC in
the L-box [9]. The good agreement of numerical flow simulation
with actual L-box flow revealed that the proposed approach is
very well applied to SCC. Deeb et al. employed SPH to simulate
the flow of SCC with or without steel fibres in the L-box to exam-
ine the distribution and orientation of fibres [4]. However, the
boundary restraint to the flow of fresh concrete is not considered
in these simulations.

Fresh concrete is essentially a particle assembly containing
water. Particle-based Lagrangian numerical approach to the flow
simulation of fresh concrete is simpler and more appropriate than
the mesh-based methods that may adapt to small deformation
simulation. In this study, we first proposed a boundary restraint
stress model for describing the effect of boundary restraint on flow
resistance, then presented a new 3D SPH, using the VGM model
and the boundary restraint stress model, to simulate opening flow
of fresh concrete. As an application example of this numerical
method, the flow behaviors of two series of fresh concrete in L-
box with steel bars were numerically investigated after the param-
eters of the VGM model were measured and the parameters of
boundary restraint stress model were calibrated by matching the
numerical and experimental results of V-funnel’s outflow mass-
flow time relational curve.
2. Smoothed particle hydrodynamics for opening flow

2.1. Basic SPH methodology

SPH is a particle-based numerical approach, in which the fluid
continuum is discretized into particles [17]. The interpolating
points are the particles, which possess material properties. For an
arbitrary field function f(x), it is approximated by an integral
interpolation.

f xð Þ �
Z

f x0ð ÞW x� x0j j; hð Þdx0 ð1Þ

where, W is a kernel function, h is smoothing length. The kernel
function W should satisfy three conditions: delta function property,
compact condition, and normalization. There are a lot of kernel
functions [18]. The popular cubic spine function was used here as
follows.

W q;hð Þ ¼ ad

1� 3
2 q

2 þ 3
4 q

3 0 � q � 1
1
4 ð2� qÞ3 1 � q � 2
0 q � 2
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>: ð2Þ

where, q = r/h, r is distance between two particles.
The continuous form of kernel approximation shown in Eq. (1)

can be written in a discretized form of the summation of the par-
ticles within the influence region of kernel function, as follows.

f xið Þ ¼
X
j

mj

qj
f xj
� �

W xi � xj
�� ��;h� � ð3Þ

where m is mass of particle, q is density of particle.
2.2. Governing equation

Mass and momentum conversation equations are essential for
SPH method.

dq
dt

¼ �qr � m ð4Þ

dm
dt

¼ 1
q
r � P þ g ð5Þ

where, v is velocity of particle, t is time, P is total stress tensor, g is
gravitational acceleration.

The total stress tensor P is expressed by

P ¼ �pI þ s ð6Þ
where, p is hydrostatic pressure at equilibrium, I is unit matrix.

2.3. Constitutive model of fresh concrete

In order to consider the effect of normal stress, resulted from
the restricted dilatant deformation, on the flow of fresh concrete,
the simplified VGM model was used as the constitutive model,
which is expressed in Eq. (7). Details about the SPH method cou-
pled with the VGM model can be found in Ref. [12].

s ¼
sf
_cf
_c s < sf

s�f þ gt
_c s � s f

8<
:

s�f ¼ rntanðhf e�j� _c�ðt�tf Þ þ /Þ þ Cw1;

gt ¼ g
cosðhf e�j�

_c�ðt�tf ÞÞ
_c

sf ¼ rntanðhf þ /Þ þ Cw1

ð7Þ

where, sf is shear failure limit stress, _cf is shear strain rate at the
shear failure point, rn is normal stress acting on the maximum
shear plane, hf is average particle contact angle at the shear failure
point, j is a parameter related to shearing time-dependence, tf is
shearing time before entering shear failure state, / is average
inter-particle frictional angle, Cw1 is shear resistance caused by
the surface tension and suction effect of mixing water, g is essential
viscosity that is associated with temperature and potential energy
of cement when there is no particle contact in fresh concrete.

2.4. Boundary restraint of opening flow

It is considered that granular materials dilate in response to
shear deformation [19–22]. Bi et al. [23] found that the granular
materials with a packing fraction of solid particles smaller than
the critical value might jam together with shear deformation, i.e.
negative dilatancy happens. However, when the packing fraction
is above the critical value, normal stress occurs, accompanying
shear deformation. Ren et al. [24] found that when a disordered
disk assembly was sheared, normal stress firstly increased with
the increase of shear strain. The greater the particle packing frac-
tion, the more the increase of normal stress. Then, the normal
stress approaches to a stable value, when the shear strain is above
a limit. The greater the particle packing fraction, the smaller the
shear strain limit. Since fresh concrete is a kind of viscous granular
material too, it is a dilatant material. Li et al. [14] investigated the
change of normal stress by using a shear box in the state that the
deformation perpendicular to the shear plane is restricted. Based
on the experimental results of normal stress-shear strain relation-
ship shown in Fig. 2, they presented the normal stress-shear strain
relational equations, as expressed by Eq. (8). Because of the con-
straint of shear box’s structure, the maximum shear strain that



Fig. 2. The relationship of normal stress and shear strain (rn-c).
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could be generated was 0.8. That is to say, the Eq. (8) is valid only
when shear strain is less than 0.8.

rn ¼ rn0; 0 � c � c0
rn0 � a c� c0ð Þ2 þ bðc� c0Þ; c0 < c � 0:8

(
ð8Þ

where, rn0 is initial normal stress caused by self-gravity of concrete
sample, c0 is shear strain limit from which normal stress is larger
than its initial value, and a and b are constants that vary with con-
crete mixture.

In the initial stage of shear deformation, the contacts of part of
particles are loose and the degree of particle interlocking is low.
Accompanying the shear deformation caused by applied external
force, some of the particles in the loose state have to move to con-
tact tightly for resisting the external force or shear stress. Hence,
negative dilatancy occurs in this stage. However, as shown in
Fig. 3, negative dilatancy occurs only in the initial stage of shear
flow. If fresh concrete deforms continuously, compacted particles
will expand away, thus positive dilatancy happens. When fresh
concrete flows into an opening, it is considered that fresh con-
crete’s shear deformation already went through the initial stage
of shear flow, only positive dilatancy occurs during flowing
through the opening. Hence, in this study, we only considered
the normal stress resulted from the boundary restraint to the pos-
itive dilatancy. In the following, we will discuss the change of nor-
mal stress based on the analysis of dilatant deformation.

Li et al. [13] clarified the flow mechanism of fresh concrete
based on the probability theory and expanding the Eyring rate pro-
cess theory. In this theory, the shear deformation of granular mate-
rial is caused by particle movement. If one particle moves a
distance Ki at a particle contact angle hi, the granular material or
particle assembly will deform in shear direction for Kicosh,
together with a vertical deformation Ki sinhi, as shown in Fig. 3.

ei ¼ Kisinhi; ci ¼ Kicoshi ð9Þ
Fig. 3. Shear deformation of particle layer.
where, ei is vertical deformation of particle assembly caused by
movement of particle i,Ki is moving distance of particle i, ci is shear
deformation of particle assembly caused by movement of particle i,
hi is particle contact angle of particle i.

When n particles move in the particle layer, normal strain e and
shear strain c of fresh concrete will occur, as expressed by [13].

e ¼ nKsinh; c ¼ nKcosh ð10Þ
where, n is number of moving particles in a shear plane with unit
dimension K is average moving distance of moving particles, and
h is average particle contact angle of moving particle.

Hence, the relationship between normal strain and shear strain
is as expressed by Eq. (11).

e ¼ ctanh ð11Þ
Before entering into the shear failure state, in order to support

the shear stress, some particles move to their new stable positions
where greater inter-particle forces can be supported. The h
increases, i.e. the degree of particle interlocking rises up. And the
greater the shear stress, the more moving particles. Therefore,
before fresh concrete enters into the shear failure state, the normal
strain increases with the increase of shear stress or shear strain. If
the normal strain is restricted, there is no doubt that normal stress
will increase with the growth of shear deformation.

However, when shear stress s and shear strain c reach to their
limit values, respectively, some of the moving particles (hereafter
called as failure particle) cannot find their stable positions because
their inter-particle forces are so large that no position can support
them. That is to say, the h can’t further increase with shear stress or
shear strain, the h reaches to its critical value hf. Once the failure
particle occurs, fresh concrete enters into shear failure state. In
the shear failure state, the failure particles will move without stop-
page because they can not reach to a stable position, and their par-
ticle contact angles decrease and finally approach to zero in theory.
Hence, the average particle contact angle h of ordinary moving par-
ticles and failure particles decreases continually with shear defor-
mation or flow [11]. However, the shear strain increases
Fig. 4. Schematic diagram of fresh concrete passing through steel bars.



Table 1
Mix proportions of concrete mixtures and their slump flow values.

Series No. w/c SP/C (%) Mass per unit volume (kg/m3) Sf (mm)

w c S G SP

1 0.35 1.5 170 486 819 840 7.3 750
2 0.30 1.5 170 567 753 840 8.5 560

Notes: w: water, c: ordinary portland cement, S: sea sand, G: crushed stone, SP retarding type high-range water reducer, w/c: water-cement ratio, SP/C: dosage of high-range
water reduce, Sf: slump flow value.

Table 2
Input parameters for the numerical simulations.

Series No. VGM model Boundary resistance
model

Boundary
restraint stress
model

cf cf (s�1) g (Pas) Cw1 (Pa) / (rad) hf (rad) j rn (Pa) ssy (Pa) gs (Pa.s) a b

1 0.52 0.48 480 153 0.15 0.20 0.28 – 55 360 1040 1080
2 0.55 0.51 600 216 0.20 0.27 0.3 – 80 500 1100 1200

Fig. 5. Geometry of V-funnel.

Fig. 6. Outflow mass-flow time relational curve of V-funnel flow.

Fig. 7. Front side views of the flow pattern of fresh concrete of series No. 1 at two
moments.
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continually in the shear failure state. Hence, present theoretical
analysis does not clarify the change of normal strain with shear
deformation in the shear failure state.

Fig. 2 of Ref. [24] indicates that the normal stress of the sample
with smaller particle packing fraction approached earlier to a
stable value with the growth of shear strain. Ref. [20] shows that
after the blend of silicon oil and glass beads reaches to a certain
shear deformation, its normal deformation does not further
increase. Though the normal stress of fresh concrete increases until
shear strain of 0.8, the slope of the normal stress–shear strain rela-
tional curve becomes smaller and smaller [14]. We believe that if
the shear box test can be conducted for a larger shear deformation,
it is very possible to detect the stable state of normal stress. That is
to say, the normal stress does not increase with shear strain when
the shear strain is larger than a certain value. For the samples with
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larger particle packing fraction, because their shear strains do not
exceed the certain values, the normal stress gets near each stable
value [14,24].

According to the above analyses on the experimental results, it
is thought that after fresh concrete entered into shear failure state,
its normal strain nearly does not change. Therefore, the normal
stress resulted by the restraint of dilatant deformation does not
change with shear strain c. Based on Eq. (8), we proposed a bound-
ary restraint stress model in this study, as expressed by Eq. (12).

rn ¼
rn0 � ac2 þ bc; c < cf
rn0 � ac2f þ bcf ; c � cf

(
ð12Þ
Fig. 8. Front side views of the flow pattern of fresh concrete of series No. 2 at two
moments.

Fig. 9. Comparison of numerical and experimental results of V-funnel flow (exp: ex
consideration of boundary restraint, respectively).
where cf is shear strain limit at shear failure point.
The shear strain c when fresh concrete passes through opening,

e.g. steel bars as shown in Fig. 4 is expressed by Eq. (13).

c ¼ s=ds ð13Þ
where, s is displacement of particle in flow direction, ds is shear
thickness which is equal to distance from the particle to opening’s
boundary.

According to Eq. (12), the increase of shear strain will lead to an
increase of normal stress. Hence, when flowing through a narrower
opening, a greater shear strain will be yielded, and accordingly a
larger normal stress arises. The shear resistance increases with
the increase of normal stress according to Eq. (7), the flow velocity
of fresh concrete will decrease, even cause blockage.

3. Experiment

3.1. Concrete mixtures and rheological properties

Two series of fresh concrete with different water cement ratio
(w/c) was planned. The mix proportions are shown in Table 1. Ordi-
nary Portland cement with density of 3.16 g/cm3, and specific sur-
face area of 3500 cm2/g was used. Coarse aggregate was
continuously graded crushed stone with sizes of 5–20 mm. The
sea sand with maximum size of 5 mm was employed as fine aggre-
gate, which was washed by fresh water to have Cl� content of
0.017%. The coarse and fine aggregate had densities of 2.6 and
2.55 g/cm3 in saturated surface dry state, fineness modulus of 6.5
and 2.8, respectively. Retarding type high-range water reducer
were added.

30 L of concrete sample was prepared by a concrete mixer for
each mixture. The rheological parameters of the VGM model were
measured by the RSNS rheometer. The test protocol consists of tor-
que growth and rotation speed sweep stages. The torque, rotational
angle, and rotational speed of the lower blade were recorded.
Details of the RSNS rheometer, test method, and calculating meth-
ods of the parameters in the VGM model can be found in Ref. [11].
The parameters in the VGM model were calculated and shown in
Table 2. It should be noted that the normal stress is dependent
on the self-gravity of concrete sample and the boundary restraint,
as shown in Eq. (12). Therefore, it is not a constant, and should be
updated according to the shear strain in vertically restricted state.

3.2. V-funnel test

V-funnel test is always used to evaluate the flow ability of fresh
concrete [6,9]. The geometry of the V-funnel used in this study is
shown in Fig. 5. After the concrete sample was filled into the V-
funnel, the gate of funnel was opened quickly. The sample flowed
perimental result, b and nb represent the numerical results with and without
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down into a container located on an electronic scale, the outflow
mass was measured at time interval of 0.5 s. The outflow time
was recorded from the moment when the sample flowed out from
the rectangular outlet. Measured outflow mass-flow time rela-
tional curves of two series of concrete are shown in Fig. 6. Series
No. 1 with higher fluidity flowed faster than series No. 2 with lower
fluidity, and the total outflow time of the former was shorter
(about 4.0 s).

4. Numerical simulation of V-funnel

9392 material particles and 3762 boundary particles were used
to represent fresh concrete and the V-funnel’s wall, respectively.
The diameters of material particles are 10 mm. The number of
material particles was determined to ensure adequate computa-
tion accuracy in a tolerant computation time. Once a material par-
ticle flowed out from the rectangular outlet, the material particle
was deleted from the numerical calculation. The input values of
the parameters used in this paper are shown in Table 2.

The visco-plastic model [25], used in the authors’ past study
[12] to describe the boundary’s slip resistance, was also used in
this paper. The parameters in the visco-plastic model were set
up, as shown in Table 2. The values of parameter a, b in the bound-
ary restraint stress model (see Eq. (12)) were obtained by matching
the experimental and numerical results of outflow mass-outflow
time relationship of the V-funnel test. However, this parametric
study method does harm the following discussion on the necessity
of considering the boundary restraint.

Figs. 7 and 8 show the calculating results of particle distribution
at 0.1 s and 2.0 s for the two series of fresh concrete, respectively.
The color bar indicates the level of apparent yield stress (sf*) in Eq.
(7). The greater the normal stress, the larger the apparent yield
Fig. 10. Geometry of L-b
stress. At 0.1 s of outflow time, because the shear strain of fresh
concrete is small, the normal stress resulted from boundary
restraint is small according to Eq. (12). Therefore, for any of the
fresh concretes, no matter whether boundary restraint is consid-
ered or not, the concrete sample has almost the same distribution
of sf*. But the sf* of series No. 2 is larger than that of series No. 1. This
is because that 1) two series of fresh concrete have different den-
sities, different self-gravity causes different normal stress, and 2)
the sf* and g may increase with the decrease of concrete’s fluidity.

On the other hand, at 2.0 s of outflow time, for series No. 1, the
sample remained in the V-funnel in case of considering the bound-
ary restraint is almost the same with the case of ignoring the
boundary restraint. In contrast, consideration of the boundary
restraint yields more concrete sample of series No. 2 remained in
the V-funnel, compared to the case of ignoring the boundary
restraint.

Fig. 9 shows a comparison of experimental and numerical
results of the outflow mass-outflow time relationship. For series
No. 1, no matter whether the boundary restraint is considered or
not, the numerical results are very close to the experimental
results. However, for series No. 2, only when the boundary
restraint is considered, numerical results become consistent with
the experimental results. The neglect of boundary restraint yields
greater calculating results of outflow mass than the experimental
results.

In case of series No. 2 with relatively low fluidity, the h and /
are large, the normal stress resulted from the restraint of dilatant
deformation is large according to Eqs. (10) and (12), the sf* and g
are large, i.e. the boundary restraint is great. Hence, ignoring the
boundary restraint will cause a greater analytical error. But for ser-
ies No. 1 with relatively high fluidity, the normal stress resulted
from the restraint of dilatant deformation is small, the sf* and g
ox with steel bars.
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are small. Thus, ignoring the boundary restraint does not produce a
great difference.
5. Flow simulation of fresh concrete passing through steel bars

5.1. Concrete mixtures and numerical analysis conditions

The steel bars are generally used in concrete structure, which
make the placement of concrete difficult. Due to the formation of
arches in the entrance of opening, fresh concrete may jam between
steel bars [18]. The probability of blockage of concrete increases
Fig. 11. Velocity
with increasing the volume fraction of coarse aggregate or the ratio
of the maximum size of coarse aggregate to the bars’ gap. The
development of numerical method for the flow behaviors of fresh
concrete between steel bars is of significance for concrete con-
struction. L-box with steel bars is considered to well model the
placement conditions of fresh concrete. Hence, in this study we
simulated the flow of fresh concrete in a L-box with steel bars,
and discussed the effect of boundary restraint on the flow
behaviors.

The geometry of L-box with steel bar mesh (2 columns 	 3 rows
or 3 columns 	 3 rows) is shown in Fig. 10. The diameter of used
steel bar is 10 mm, and either of the gaps between steel bars or
vector field.
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the gaps between steel bars and inside wall of box are 60 mm and
42.5 mm, respectively.

7582 wall particles and 12,980 material particles were used.
The diameters of boundary and material particles are the same
with those used in the numerical analysis of the V-funnel flow.
Every steel bar was represented by 366 boundary particles with
diameter of 2.5 mm. The L-flows of the two series of fresh concrete
were simulated by using the SPHmethod of opening flow proposed
by the authors in this study.

5.2. Numerical results and discussion

In order to examine the effect of w/c on the flow behavior of
fresh concrete, the flow simulation of L-box with 2 columns 	 3
rows steel bars was performed. With the consideration of bound-
ary restraint, the velocity vector field of series No. 1 at flow time
0.5 s and series No. 2 at flow time 0.6 s is shown in Fig. 11. Why dif-
ferent time points were chosen is that the flow distances of the two
series of concrete were almost the same at the two time points (0.5
and 0.6 s). Although the maximum velocities of both the two
concretes occurred at the head of flow, at which the slope of series
Fig. 12. L-flow side views of se
No. 1 was smaller than that of series No. 2. Both of two series had
the smallest velocity at the zone I. The velocity at the elbow was in
the order of zone II > zone III > zone I. For a given fresh concrete, its
flow velocity is dependent on its rheological properties, shear
stress resulted from self-gravity, and normal stress resulted from
self-gravity and boundary restraint. The series No. 1 had low vis-
cosity and small hf, / so that its overall velocity is larger than that
of series No. 2.

Figs. 12 and 13 indicate side views of the two concretes at two
flow moments (0.5 s and 2.0 s), respectively. No matter whether
the restraint effect of steel bars was taken in account or not, the
flow distance at 0.5 s increase with the decrease of hf or /, but
the sf* at the same position of the two series decreases. The sf* of
the concrete, located between two steel bars arranged vertically
to the flow direction, or between a steel bar and inside wall of L-
box, is larger than that of the concrete flowing out of the gaps
when the restraint of steel bars and wall was considered.

In order to clarify the restraint effect of steel bars, the differ-
ences (DN) in the numbers of material particles passing through
the first row of steel bars (the closest to sliding door) without
and with considering the boundary restraint effect of two series
ries No. 1 at 0.5 s and 2 s.



Fig. 13. L-flow side views of series No. 2 at 0.5 s and 2 s.

Fig. 14. Differences (DN) in the numbers of material particles passing through the
first row of steel bars (the closest to sliding door) without and with considering the
restraint effect of two series of fresh concrete in case of 2 columns.

Fig. 15. DN of series No. 2 in case of 2 or 3 columns.
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were investigated, as shown in Fig. 14. For series No. 1, the DN is
small, that is to say, the restraint of steel bars was not obvious
for high fluidity concrete with small hf and /. The DN, however,
became obvious when the hf and / increase. The maximum DN
of series No. 2 reaches to about 50.

Except for the rheological properties of fresh concrete, the gap
between steel bars also affects the passing ability. The flow simu-
lation of series No. 2 in the L-box with 3 columns 	 3 rows was also
conducted. As seen from Fig. 15, before about 0.6 s, theDN of series
No. 2 in case of 2 and 3 columns are zero. This is because fresh con-
crete does not reach to the steel bars. After 1.0 s, due to the
decrease of the gap between steel bars, the total volume of mate-
rial particles which passed through the first row of steel bars in
case of 2 columns is larger than that of 3 columns, thus the DN
of the former is larger than that of the latter. With the advance
of flow time, more and more material particles pass through steel
bars, of which the restraint effect is dominant, the DN in case of 3
columns is greater than that of 2 columns after 1.8 s. The maxi-
mum DN in case of 3 columns is about 4 times of that in case of
2 columns at last.

6. Conclusions

Passing ability is an important factor of influencing the place-
ment of reinforced concrete. Numerical simulation is applicable
to the visualization of flow behaviors of fresh concrete when it
passes through openings. However, how to treat the effect of
boundary, such as mould wall and steel bars in the flow simulation
of fresh concrete is an issue. In this study, the authors developed a
new SPH method to simulate opening flow of fresh concrete. The
VGMmodel shown in Eq. (7) was used to represent the constitutive
model of fresh concrete, and the boundary restraint stress model
shown in Eq. (12) was proposed to express the effect of boundary
restraint on the flow.

Using this new SPHmethod, V-funnel flows of two series of con-
crete were simulated. The comparison of numerical and experi-
mental results of outflow mass-outflow time relationship
revealed that for the fresh concrete with low fluidity, it is needed
to consider the restraint effect of boundary, ignoring the restraint
effect yielded a higher outflow speed than the experimental value.
Through matching the numerical and experimental results of out-
flow mass-outflow time relationship, the values of parameter a, b
in the boundary restraint stress model can be obtained.

The flow simulations of two series of fresh concrete in L-box
with steel bars were performed, and the numbers of material par-
ticles passing through the first row of steel bars were compared.
Numerical results indicate that the flow behaviors are different
from fresh concretes with different rheological properties. Also,
for fresh concrete with lower fluidity, the restraint effect of bound-
ary becomes remarkable. When the gap between steel bars
becomes small, the restraint effect of boundary becomes obvious.
Thus, the restraint action of boundary should be taken into account
for doing a precise flow simulation.
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