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Abstract: The efficiency of concrete pumping significantly relies on the lubrication layer near the pipe wall. 
The formation of this layer is believed to be related to particle homogeneity in the pipe. However, there is 
still lack of knowledge and mechanisms of the particle migration during pumping. This work provides both 
experimental and numerical insights into the dynamic behavior of the particles in concrete under pumping. 
The particle distribution after pumping is determined by the CT (computed tomography) test of pumped 
concrete sample. Both the shear and wall effect induced particle migration are observed from the CT results. 
A coupled computational fluid dynamic - discrete element method (CFD-DEM) model is established to 
simulate the behavior of the particle in the pipe flow, the numerical results indicates that the particle 
migration is related to the shear-induced particle collision in pipe flow.
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1. Introduction 
Concrete pumping is the most effective placement technique to deliver large-volume concrete. It is widely 
utilized in the construction site for its high placement rate and low labor cost. However, pumping is also 
potentially dangerous, accidents like blockage and breaking of the pump may happen due to the lack of 
estimation of the concrete pumpability. Generally, good pumpability indicates the low risk of blockage, 
desirable pressure vs. flow rate curve, and no unpredictable changes in the properties of concrete after 
pumping, etc. (1). The pumpability of concrete is related to various factors including its sand ratio, aggregate 
size, paste volume, etc. (2). To appropriately assess the pumpability of different types of concrete, it is 
essential to fundamentally understand the flow characteristic of concrete in pipeline. As a non-Newtonian 
suspension of polydisperse particles, the flow behavior of fresh concrete in pipe is complex due to the 
rheology of suspension and the motion of particles. It is observed that a lubrication layer is formed at the 
interface between concrete and the pipe wall during pumping. This layer is characterized by the high velocity 
and high content of paste and fine sand, with a thickness around 2mm (3). The lubrication layer could play 
a critical role in facilitating concrete pumping by significantly reducing the pumping pressure. The thickness 
and rheological properties of lubrication layer are believed to stay constant along the pipe length during 
pumping, which dominate the pumpability of the concrete rather than those of the concrete bulk (4). 
Furthermore, the viscosity of the lubrication layer has a greater impact on the flow behavior of concrete 
compared to that of the yield stress (2). The lubrication layer for pumping concrete has just reported in 
recent decades. However, the phenomenon of wall slip is quite old, which had been generally observed 
since the very beginning of the development of fluid mechanics. The progress in this field may provide some 
useful information to the investigation of lubrication layer during concrete pumping. According to the works 
of Leighton (5), the shear-induced particle migration is believed to play a major role on the formation of the 
slip layer. Solid particles collide with each other both frequently and intensively in the shear flows, 
particularly in high shear zone, which leads the particles to migrate to the zone with lower shear rate . As 
both the shear stress and shear rate of the suspension decrease from the wall to the centerline in the pipe 
flow, particles tend to migrate from the pipe wall to the pipe center. The heterogeneities of particle 
distribution results in the formation of lubrication layer at near the pipe wall. Another possible cause of the 
lubrication layer is believed to be the wall effect (6), i.e., particles cannot occupy the space near the wall as 
efficient as in the bulk. In Bhaskar’s work (7), the slip velocity is observed by the PIV measure velocity profile 
of the suspension of PMMA spheres. For suspension in the serrated channel, the measure velocity profile 
fits the analysis solution of the Newtonian fluid very well. However, for the suspension in the smooth channel, 
the fluid velocity is found to evidently excess the predicted value, which indicates the exist of slip velocity at 
the wall. It is interested to notice that the distribution of shear stress is basically the same in these two 
channels. It is indicated that the shear induced particle migration shows minor influence on the slip layer, 
since no slip velocity had been found in the serrated channel. The static geometric depletion effect, i.e., wall 
effect, seems play the major role in the formation of the slip layer for this case. Although the slip layer has 
been well studied in the field of rheology, it is doubted to extend the existing knowledge to concrete pumping. 



Since the previous works on the slip layer mainly focus on the particle with uniform size,  which is usually 
no more than hundreds of micrometers (8). While the size of aggregate particles in concrete ranges from 
several millimeters to dozens of millimeters. In other words, there is still a lack of knowledge about particle 
migration in pumped concrete and its relationship with the formation of the lubrication layer. 

In this work, the computed tomography (CT) technique is used to measure particle homogeneity after 
pumping. The shear induced and wall effect induced particle migration are quantified from the CT result. 
And a coupled CFD-DEM model is proposed to simulate the particle motion in the pumping pipe. The 
numerical results are verified by experimental observation. The underlying mechanism of the lubrication 
layer is finally revealed to be related to the particle collisions during pumping.

2. Method

2.1 Experimental method
To investigate the particle distribution in the pumped concrete experimentally, a self-consolidating concrete 
mixture is designed to prepare the pumped concrete sample. The mixture design is given in table 1, And 
the slump flow of this concrete is measured to be 680mm.

Table 1. Mixture design of concrete

Materials
Cement

kg/m3

Fly ash

kg/m3

sand

kg/m3

Aggregate

kg/m3

Water

kg/m3
% Polycarboxylate-

based HRWRA

content 406 174 857 724 174 0.46
A device called Sliper is be utilized to mimic the flow behavior of the concrete during pumping, as shown in 
Fig.2. The concrete is placed in the sliper pipe and held by a bottom plane equipped with a pressure sensor. 
As the pipe slid downwards under the self-weight and the weights attached, the concrete bulk stay in the 
initial position and presses against the sensor at the bottom. Under the shear stress induced by the relative 
motion between the pipe and concrete, the particles will migrate as the concrete is pumped. After sliding, 
the concrete is removed from the setup and stored for setting and hardening. This procedure is handled 
with care to prevent any deformation of the concrete. The hardened concrete is then scanned by X-Ray to 
detect the meso-structure of the concrete. Due to the difference in the density of aggregate and mortar, they 
would absorb different amounts of the X-ray. The detector behind the sample records the intensity of the X-
rays that pass through the concrete at different angles. The data collected from these measurements are 
then processed by a computer to create a detailed 3D image of the concrete. A program is developed to 
process 3D voxel data acquired by the CT test. The aggregate particles are segmented from the matrix by 
using the watershed segmentation method. The reconstructed model of the aggregates is then used to 
determine the particle distribution of the concrete.

Fig.2 Schematic of the experimental process to determine the particle distribution in pumped concrete by 
using CT technique.

2.2 Numerical method
As illustrated in Fig.3, the numerical method employs the Eulerian-Lagrangian framework. The discrete 
particle phase is tracked in the Lagrange framework to consider the interaction between particles, as well 
as the interaction between particles and wall. Here, the DEM (Discrete element method) is used to simulate 
the motion of aggregate particles, where each particle's translation and rotation are governed by Newton's 
second law. The soft-sphere contact model is utilized to determine the contact force and torques between 
particles, where each particle is represented as a soft sphere with a certain stiffness and damping 



coefficient. The normal force between two particles is calculated based on the Hertzian contact model, and 
the tangential force is included according to the Mindlin-Deresiewicz model. The Coulomb friction law is 
used to model the frictional effects between particles when sliding friction occurs. The detail of the particle 
collision model can be found in (9).
The mortar phase is considered as an incompressible fluid, and its motion is governed by the continuity and 
momentum equation. The Euler multiphase model is used to solve the governing equation of the fluid phase, 
where the mortar is considered as a Bingham fluid characterized by yield stress and viscosity. The volume 
fraction of the fluid phase and momentum exchange term are transformed from the information of the 
discrete particle phase in the Lagrangian framework. One of the difficulties for the transform is estimate the 
cell-based solid phase volume fraction. Since the size of the aggregate particle is larger than the cell size 
of the CFD mesh, the particle volume fraction field estimated by conventional methods, such as particle 
centroid method (PCM), may lack smoothness. The diffusion-based method (10) is used here to smooth the 
particle volume fraction field.

Fig.2 Schematic of the numerical model of the Eulerian-Lagrangian framework to simulate the concrete 
flow

A pipe flow of 3.5 m length and 62 mm radius is simulated in this work. The section of the mesh cell is given 
in Fig.3, which includes 58000 cells in total. The minimum cell size is 2 mm near the pipe wall. The fluid inlet 
is set as a constant velocity of 0.5 m/s, and the outlet is set as a pressure outlet. The pipe wall is set as the 
no-slip boundary. The particle size ranges from 5 mm to 15 mm, the particle volume fraction is calculated 
from the mixture design in Table 1. Particles are generated at the fluid inlet and removed from the domain 
once they reach the fluid outlet. 

Fig.3 The model and the mesh cell of the pipe flow

3. Result and discussion



3.1 Experimental result of the particle distribution
The CT slice of the concrete sample is given in Fig.4. The coarse aggregates can be identified by pixels 
with higher brightness. The sand particles are hardly recognizable, which shows the brightness close to the 
mortar matrix. In the zone near the pipe wall, it is found the packing density of the aggregate is lower than 
the bulk. As marked by the red frame, the accumulation of fine sand can also be observed, which indicates 
the presence of the physical lubrication layer. Due to the limitation of the resolution of the voxel data, it is 
hard to determine the composition of the lubrication layer, e.g., the size range of the fine sand in it. However, 
the high contrast between the aggregate and the mortar matrix enables the segmentation of the coarse 
aggregates. The slice and 3D model of the result of the aggregate segmentation are presented in Fig. The 
volume fraction of the aggregate model and the design value is 23.2% and 27%, respectively. This indicates 
the good accuracy of the segmentation process.

Fig.4 The CT slice of the concrete sample and the 3D model of the segmented aggregate

To quantify the distribution of the aggregates after pumping, the radial distribution of the particle 
concentration of the aggregates is calculated based on the 3d aggregate model, as shown in Fig.5 . From 
the pipe center to the pipe wall, the downward trend of the concentration curve is obvious. This trend is 
especially significant in the area near the pipe wall, where the wall effect prevents the accumulation of 
aggregates. While in the area away from the pipe wall, the homogeneity of the particles is mainly caused 
by the shear flow during pumping. 

Fig.5 the comparison between the experimental and numerical result of the distribution of the particle 
concentration

3.2 Numerical results
To provide insight on the mechanism of shear-induced particle migration, the CFD-DEM simulation is 
conducted as described in section 2.2. The numerical result of the particle flux in the pumping pipe is given 



in Fig.6. Since the motion of the particles are dominated by the flow around it, the velocity of the particle flux 
increase from the pipe wall to the pipe center as the characterization  of the pipe flow. 

Fig.6 The cross section of the particle flux in the pumping pipe

The numerical result of the particle distribution is first compared with the experimental data to validate the 
model. The comparison between the experimental and numerical results of the distribution of the particle 
concentration is given in Fig.7. The particle concentration curve at 2 seconds of flow time is presented here, 
since not much change is observed after this time. The numerical curve is found to fit the experimental 
results well, which indicates the reliability of the numerical model. It can be noticed that the numerical particle 
concentration curve is characterized by more oscillations. This resulted from the simplification of the particle 
shape in the numerical model. When the real aggregates of various shapes pack together,  the particle 
concentration curve could be smooth. Although the non-spherical particle is used in our model, only one 
type of shape is considered for simplicity. The smoothness of the numerical curve could be enhanced by 
introducing more types of particle shapes in future work. 

Fig.7 the comparison between the experimental and numerical result of the distribution of the particle 
concentration
3.3 Mechanism of particle migration
The diffusive flux model proposed by Leighton (5) provides a useful theoretical framework for understanding 
the complex behavior of particles in fluid suspensions subject to shear flow. The key insight of the model is 
that the diffusive motion of particles can be enhanced by the shear flow. Specifically, particles in regions of 
high shear experience a greater rate of collisions with other particles, leading to an increase in the diffusive 
flux. Conversely, particles in regions of low shear experience fewer collisions and exhibit a lower diffusive 
flux. The net result of these effects is that particles tend to migrate towards regions of lower shear, i.e., the 
center of the pipe flow. To verify the applicability of the diffusive flux model on the concrete pumping, the 
particle collisions in different areas are acquired, as shown in Fig.8. The pipe section is first divided into six 



annular zones with a width of 10mm(The outermost one has a width of 12mm). The number of particles and 
particle collisions in different annular zones are measured, as given in Fig.8. The particle collision frequency 
is defined as the number of collisions per particle, i.e., the ratio of the number of particle collisions to particle 
number. The distribution of the collision frequency is consistent with the prediction of the diffusive flux model. 
In the zone near the pipe wall, which is of high shear, the collision frequency is much higher than in the zone 
near the pipe center. The gradient of this collision frequency would drive the aggregates to migrate from the 
pipe wall to the pipe center. The fine sand and paste are finally left to form the lubrication layer.

Fig.8. The number of particle collisions in areas with different radial distances to the pipe center

4. Conclusion
To investigate the particle migration of concrete under pumping, CT technique is used to measure the 
particle distribution. The 3D aggregates model is segmented from the CT voxel data by using watershed 
segmentation. Both the shear and wall effect induced particle migration are observed from the particle 
concentration curve. The lubrication layer is also captured in the near wall area, which is found to be 
composed by paste and fine sand. A coupled CFD-DEM model is proposed to simulate the particle flow 
numerically. The numerical particle concentration curve is found to fit the experimental curve well, which 
validates the numerical model. The result of the particle collision confirm that the particle migration is driven 
by the gradient of the collision frequency from the pipe wall to the pipe center. 
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