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ABSTRACT: The execution of bored piles can be challenging as far as concrete placement is concerned. Insufficient concrete cover 
and entrapment of debris are defects, being commonly observed. This may lead to a lack of structural integrity. In many cases an 
insufficient fresh concrete flow is the main reason effected by insufficient fresh concrete properties and an unfavourable arrangement 
of reinforcement bars. The physical flow process is investigated in several laboratory tests with unreinforced and reinforced piles 
using coloured concrete. The study of vertical cross sections through the cured piles reveals the flow pattern. Additionally, the flow 
pattern is modelled in numerical simulations based upon computational fluid dynamics (CFD) using a material law for the flow limit 
and the viscosity of the curing fresh concrete. For unreinforced piles the numerical simulations show - in good accordance with the 
physical experiments - that the fresh concrete rises approximately uniformly over the full cross section. In contrast, the reinforced 
piles reveal a deviant flow behaviour. It can be shown that the fresh concrete spreads in a shell-shaped structure around the tremie 
pipe during the concrete placement and displaces the ones as poured in previous deliveries more or less horizontally. In effect the 
observed physical reality contradicts the previous imagination and explains several types of defects in the cured piles. Hence a new 
insight is gained about the spreading of fresh concrete in piles bored with casing or under slurry support and a targeted optimization 
of a suited composition of the fresh concrete can be developed. 

RÉSUMÉ: L’exécution de pieux forés peut être difficile si on prend en considération la mise en place. Une couverture de béton 
insuffisante et des débris piégés sont des défaits souvent observés qui peuvent entraîner une manque d’intégrité structurelle. Dans de 
nombreux cas une mauvaise maniabilité (comportement d’écoulement) est la raison principale causée par les propriétés du béton frais et 
un arrangement des barres d’armature défavorable. Le processus de l’écoulement physique a été examiné avec plusieurs tests en 
laboratoire avec et sans armature en utilisant du béton coloré. L’étude de coupes verticales de pieux durcis relève la forme d’écoulement. 
La configuration de l’écoulement a été également modelée avec des simulations numériques basées sur la mécanique des fluides 
numérique (CFD) utilisant une loi constitutive pour la limite d’écoulement et la viscosité du béton frais mûrissant. En bonne concordance 
avec les expériences physiques, ces simulations numériques des pieux non-renforcés montrent que le béton frais monte de façon 
approximativement régulière sur toute la section transversale. En contraste, les pieux renforcés révèlent un comportement d’écoulement 
déviant. On peut montrer que le béton frais s’étale en forme de coque autour de la trémie pendant la mise en place en déplaçant les 
livraisons précédentes plus ou moins horizontalement. En effet, la réalité physique observée contredit la conception courante et explique 
plusieurs types de défaits des pieux mûris. Ainsi, une nouvelle perspective a été acquise sur l’étalement du béton frais dans les pieux forés 
tubés ou à la boue et une optimisation ciblée d’une composition adaptée du béton frais peut être développée. 
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1  INTRODUCTION 

Placing the concrete by means of a tremie pipe is the usual 
method to concrete bored piles under wet conditions or a high 
groundwater level. In order to avoid segregation and contact 
with existing water during concrete placement the tremie pipe 
has to be kept submerged in the previously placed concrete. 
This method is part of several national execution standards and 
re-commendations for concreting bored piles. 

Excavations of cured bored piles often uncover defects and 
damages in the pile structure such as insufficient concrete cover 
or even free reinforcement bars. Further typically occurring 
defects are insufficient bonding with the reinforcement and 
entrapment of debris. The reasons for the mentioned damages 
are assumed to be caused by insufficient fresh concrete flow. 

The imagination of fresh concrete spreading in bored piles 
suggests that the previously placed concrete is displaced piston-
like by the fresh concrete entering from underneath, so that the 
concrete level rises uniformly and vertically over the full cross 
section. Böhle et al. (2013) investigated the concrete flow 
behaviour under real scale conditions. In course of this research 
project, full-scale reinforced piles were concreted with 
differently coloured batches, excavated and subsequently cut 

open longitudinally. The cross-sections of the bored piles show 
that the hardened concrete is distributed mainly in a shell-like 
pattern. This pattern leads to the assumption of a deviant flow 
behaviour of fresh concrete in bored piles. This deviant flow 
behaviour in combination with unfavourable concreting 
conditions is presumably the cause for an insufficient fresh 
concrete flow, and thus for the occurring defects.  

The unfavourable concreting conditions include the 
following factors:  
 Unfavourable arrangement of reinforcement bars 

A narrow arrangement of reinforcement bars can cause the 
blocking of coarse aggregates, so that the flow of fresh 
concrete is disturbed significantly.  

 Insufficient fresh concrete properties 
According to EFFC/DFI (2016) it is the use of an 
inadequate concrete mixture with insufficient workability 
or stability that causes the mentioned problems in bored 
piles: 
 Insufficient workability of fresh concrete 

Workability is defined as the ability of fresh concrete 
to enclose obstacles and to fill in spaces. Concrete 
with good workability fulfils the requirements for 
self-levelling and self-compacting properties. The 
effects of a loss of workability during concrete 
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 placement of large diameter drilled shafts, also 
considering congested reinforcing cages, are 
described in Brown & Schindler (2007). 

 Insufficient stability of fresh concrete 
Stability is defined in Beckhaus et al. (2011) as the 
ability of fresh concrete to retain its batching water 
without bleeding even under pressure as induced by 
the fresh concrete level or the supporting fluids above. 
Furthermore, stability describes the workability life, 
which is the ability to maintain the flow 
characteristics over a fixed period.  

To confirm this assumption of an insufficient fresh concrete 
flow caused by these factors, it is firstly necessary to understand 
the fundamental physical flow process of fresh concrete in piles.  

In this research project, the fresh concrete flow in piles is 
investigated by means of laboratory scale tests and their 
numerical simulation. The laboratory scale tests are conducted 
with an exterior pipe as formwork. The placement of concrete 
takes place in differently coloured batches. A longitudinal cut 
of the cured piles subsequently shows the position of each 
coloured batch and thus presents the flow pattern of the 
concrete. Unreinforced piles as well as reinforced piles are 
examined to separate the influence of the reinforcement cage on 
the flow process. Also, as part of this investigation the flow 
behaviour is computed by means of numerical simulations 
based upon CFD (Computational Fluid Dynamics) using the 
software OpenFOAM. The calibration of the required material 
parameters to simulate fresh concrete as a fluid is determined 
by means of a modified slump test apparatus and its numerical 
modelling in OpenFOAM. 
 

2  LABORATORY TEST PILES 

2 .1  Experimental setup 

The laboratory investigations on a geometrical scale of ca. 1:4 
were executed in plastic pipes with the following size: The 
inner diameter of the external pipe modelling the surrounding 
soil was DPipe = 237.6 mm with a length of LPipe = 1000 mm. 
The tremie pipe has an inner diameter of DTremie = 71.2 mm, a 
length of LTremie = 4000 mm and is positioned centrally in the 
exterior pipe. The distance between the bottom of the exterior 
pipe and the out-let of the tremie pipe is chosen to H = 75 mm. 
For the reinforced laboratory test piles a reinforced cage with 
the following layout was selected: longitudinal reinforcement 
12 x ø 8.0 mm, equally distributed; spiral reinforcement ø 3.5 
mm with a vertical spacing of 4.0 cm.  

To take into account certain scale effects a concrete mixture 
with a maximum aggregate size of 8.0 mm had to be designed 
for the laboratory scale tests to meet the requirements of 
respective standards. 

2 .2  Experimental procedure 

The concrete placement took place in four batches with the 
same fresh flow properties being controlled by means of the 
standard test methods in measuring the flow spread according to 
DIN EN 12350-5. Each batch had a volume of 15.0 litres and 
was coloured differently; the test piles were concreted in the 
following order: red, grey, black and light red. After hardening 
each test pile was cut open longitudinally. The vertical cross 
sections show the final position of each coloured batch and thus 
present the flow pattern of fresh concrete. 

2 .2  RESULTS 

The use of coloured concrete is a simple and economical 
possibility to detect the flow pattern in concrete. Own 
preliminary tests have shown that the used pigments black and 
red have a negligible influence on the flow properties of fresh 
concrete. The also widespread available and tested pigment 
yellow shows differing flow properties. According to the 
manufacturer’s specifications the yellow pigment has a needle-
shaped structure and is able to bind more water so that the flow 
properties decline. Therefore, only the pigments black and red 
in different dosages were used for these investigations. 

Figure 1 shows longitudinal sections of an unreinforced and 
a reinforced laboratory scale pile from the exterior pipe to the 
rotational axis as taken on photo and in schematic drawing in 
comparison.  

The two images on the left side of Figure 1 show the flow 
pattern of an unreinforced laboratory pile. It is obvious that the 
batches being placed as fresh concrete in the order red, grey, 
black and light-red are to be found in the same vertical order in 
the cured pile. Each batch is displaced almost vertically by the 
following batch, which corresponds with the imagination of a 
piston-like spreading. Only at the bottom a slightly shell-shaped 
pattern can be identified. Thus, the previous assumption of a 
vertical rising of the fresh concrete over the full cross section of 
the pile can be basically validated for the unreinforced pile. But 
the surface form of each batch shows a deviation from the 
previous assumption, especially the 2nd (grey) and the 3rd 
(black) one, which do not rise uniformly over the full section 
but rather in a curved form. The surface of the fresh concrete 
rises faster along the tremie pipe as along the exterior wall of 
the pipe.  

 
Figure 1. Longitudinal cut with flow pattern of an unreinforced (left) 
and a reinforced laboratory test pile (right) 
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  The two images on the right hand side of Figure 1 show the 
flow pattern in a reinforced laboratory pile. Here a completely 
deviant flow behaviour is clearly visible. The batch (red) as 
placed primarily can only be found at the bottom and at the left 
margin of the pipe. The following grey batch has broken 
through the red one and raised dominantly inside the 
reinforcement cage. The subsequently placed batches black and 
light-red are also located in the inner part of the reinforcement 
cage. It is obvious that the fresh concrete spreads in a shell-
shaped structure around the tremie pipe and thus displaces the 
previous deliveries more or less horizontally. Consequently, the 
reinforcement cage as an obstacle has a significant influence on 
the fresh concrete flow. 
 

3  NUMERICAL SIMULATIONS 

The CFD-software OpenFOAM (Open Source Field Operation 
And Manipulation) was used for the numerical simulations of 
the fresh concrete flow behaviour. OpenFOAM is a C++ library 
containing numerous numerical solvers and pre-/post-
processing utilities to solve several kinds of flow problems.  

3 .1  Rheological model for fresh concrete 

Regarding the numerical simulations it is assumed that fresh 
concrete is a homogeneous fluid and behaves like a Bingham 
fluid. OpenFOAM offers different transport models for 
incompressible fluids. To calculate the flow of a fluid 
representing fresh concrete the transport model Herschel-
Bulkley is selected. This model can be transformed into the 
Bingham-model by setting the exponent n = 1, as can be seen in 
equation (1):  
 

,γηττ n
0      (1) 

 
where τ = total shear strength; τ0 = yield stress; η = viscosity; 
  = shear strain rate; and n = factor describing a shear thinning 
(n < 1), shear thickening (n > 1) or Bingham (n = 1) behaviour. 
The required input parameters yield stress τ0 (Pa) and viscosity 
η (Pa·s) are input in OpenFOAM in kinematical form, thus they 
are divided by the density of the fluid ρ (kg/m³).   

3 .2  Calibration of material parameters for fresh concrete 
mixtures 

For the numerical simulations of the conducted laboratory scale 
tests with fluids representing fresh concrete, it is necessary to 
determine the required parameters yield stress and viscosity for 
each used concrete mixture. Therefore a modified slump test 
apparatus was designed and as well modelled in Open-FOAM. 

3.2.1   Design of the modified slump test apparatus 
The apparatus (Figure 2) consists of a frame with leading rails 
on both sides. The pulling device includes adapter constructions 
for the following types of shuttering cones: 
 Standardised slump cone for fresh concrete according to 

DIN EN 12350-2 (which is identical to ASTM test method 
C 143/C143M); r1 = 100 mm; r2 = 50 mm; h = 300 mm  

 Haegermann-cone for fresh mortar according to DIN EN 
1015-3; r1 = 50 mm; r2 = 35 mm; h = 60 mm. 
 

The purpose of this apparatus is to record the slump value as a 
function of time srec (t) by pulling the cone in vertical direction 
with a constant velocity. In order to reach a complete recording 
of the slump a laser distance sensor being attached centrally to 
the crossbar is used, which is connected to a computer with 
analysing software. As a control value the diameter of the 
slump is measured when the spreading has reached its final size 
a (t = ∞). 

3.2.2   Numerical modelling: Modified slump test 
To compute the modified slump test by means of OpenFOAM 
the option of rotational symmetry is exercised. A cross section 
wedge with symmetric boundary conditions corresponding to 
the physical dimensions of the slump cone represents the full 
model size. In order to represent the real physical boundary 
conditions as close as possible the vertical pulling process of 
the cone is modelled with the same velocity as in the laboratory 
test.  
 

Figure 2. Modified slump test Apparatus with slump cone for fresh 
concrete according to DIN EN 12350-2 
 
Using this numerical model (Figure 3) several calculations were 
performed with different sets of material parameters as yield 
stress and viscosity. By means of the post-processing tool 
PARAVIEW the corresponding increasing slump value is 
provided as a function of time scal(t). Based on these several 
calculations with different material parameters, a database on 
time-dependent slump development can be created for different 
types of fresh concrete.  

 

Figure 3. Numerical model of modified slump test 

3.2.3   Procedure for determination of rheological parameters 
for fresh concrete mixtures 

For each concrete mixtures being placed in subsequent 
laboratory test piles (as given in section 2) the rheological 
parameters (yield stress and velocity) are to be determined by 
the following procedure:  

A selected fresh concrete mixture is filled into the modified 
slump cone of section 3.2.1. The laser distance sensor is started 
and the cone is pulled with a constant velocity in vertical 
direction. Meanwhile the laser sensor records the slump value 
and provides the slump as a function over time srec (t).  

The determination of the rheological parameters is carried 
out by comparing the recorded function srec (t) with all 
calculated functions scal (t) from the database. The function 
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 scal (t) correlating as close as possible with the recorded 
function srec (t) provides the suited parameter set (yield stress 
and viscosity). The diameter of the slump at the time when the 
spreading has finished is measured in the physical test 
arec (t = ∞) and compared to the simulation value acal (t = ∞), 
serving as an additional control value. 

3 .3  Numerical modelling of the laboratory scale pile 

The size of the numerical model, the boundary conditions, the 
filling speed and the filling volume correspond to the physical 
model of the unreinforced laboratory scale pile as reported in 
section 2.1. In order to decrease the number of cells and thus to 
decrease the number of unknowns and the required calculation 
time the rotational symmetry is utilised. A wedge with 
symmetric boundary conditions represents the full model of the 
casing. 

3 .4  Results of numerical simulations 

In Figure 4 the flow pattern of laboratory scale pile is presented 
by means of the post-processing tool PARA-VIEW. It shows 
the calculated flow of fluids representing fresh concrete.  
 

Figure 4. Numerical model of a) reinforced (half-length) and b) 
unreinforced laboratory scale piles 

Figure 4 b) presents the numerical model of an unreinforced 
laboratory scale pile. The used fluid air behaves like the air in 
the earth’s atmosphere and is placed at the beginning of the 
simulation as default value in the empty pipe. The fluids named 
concrete represent fresh concrete with one set of flow 
parameters. The parameters yield stress and viscosity were 
previously determined by means of the procedure of section 
3.2.3 based on the used concrete mixture as used in the 
corresponding laboratory scale tests of section 2. The fluids are 
placed in following order: concrete0, concrete1, concrete2 and 
concrete3.  

The 2nd picture of Figure 4 b) illustrates the final flow 
pattern. It reveals that the incoming fluid displaces each fluid 
vertically and that the surface of fresh concrete has a curved 
form. This form is caused by a faster rising along the tremie 
pipe compared to the rise along the exterior wall of the pipe due 
to the rough surfaces of the confining materials.  
Figure 4 a) presents the numerical model of a reinforced 
laboratory scale pile. At the beginning the pile is completely 
filled with the fluid concrete0. The fluid concrete1with the 
same flow parameters is subsequently placed in. The final flow 
pattern shows that the fluid concrete1 is located more or less in 
the inner part of the reinforcement cage. The reinforced cage 
represents an obstacle and divides the cross-section of the pile 
in two areas with different flow rates. In the area near the tremie 

pipe a higher flow velocities can be observed. Consequently, 
the reinforcement cage has an influence on the concrete flow. 

It can be identified that the laboratory scale tests and the 
numerical simulations provide approximately the same results. 
Thus the used numerical model can be validated and is suitable 
to examine the flow of fresh concrete in piles.  

According to this, the described use of the CFD-software 
OpenFOAM can be regarded as an appropriate measure to 
investigate flow problems of fluids representing fresh concrete. 

4  CONCLUSION 

Numerical simulations based upon CFD are a useful tool to 
calculate flow problems of fresh concrete and provide a cost-
effective opportunity for investigations of fresh concrete flow in 
bored piles and other underground structures such as diaphragm 
walls or jet grouting columns. The gained results of the 
investigation program for the time being allow for a new insight 
into the spreading of fresh concrete in such structures. The 
evaluation of the calculated numerical simulations of piles 
shows a satisfying agreement with the laboratory scale tests and 
the numerical modelling method can be validated.  
The assumption of a piston-like displacement generated by the 
entering fresh concrete from underneath can be confirmed for 
unreinforced piles. However, a certain deviation is also found as 
far as the concrete surfaces are concerned. The fresh concrete 
level does not rise uniformly over the full cross section, but 
more in a curved form, which can be seen in the laboratory test 
piles as well as in the numerical simulations.  

For reinforced piles, the observed flow pattern is 
completely deviant from the previous assumption. The model 
piles in laboratory scale as well as the full size test piles in 
Böhle et al. (2013) show an unexpected flow pattern. The 
reinforcement cage has an influence on the flow of fresh 
concrete. Thus, the incoming fresh concrete displaces the 
previously placed batches more or less horizontally.  

This characteristic might be the reason for the mentioned 
defects. A more horizontal displacement may harbour the risk 
of defects in the concrete structure. In conjunction with 
insufficient concrete properties (insufficient workability and 
stability) and too narrow reinforcement the occurring defects 
might be provoked.  

Further investigations by means of numerical simulations 
and laboratory scale tests are including the changing properties 
of fresh concrete in terms of time and the loss of workability 
caused by delivering water due to filter loss into the adjacent 
soil.  
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