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ABSTRACT

In 3D concrete printing, concrete must flow through the hose but needs to remain static when de-
posited on the print bed. Two regimes could be distinguished in this process, fluid and soil behavior.
Fluid behavior is described by the viscosity of the mixture. Soil behavior is dominated by inter-particle
forces, dilatancy, and local frictional effects. A material used for 3D concrete printing could behave
as a fluid or soil based on the volume fraction. By increasing the volume fraction of a material with
fluid behavior, a transition to soil behavior takes place. The characterizing parameters of the transition
point are still unknown in the fresh state of concrete used for 3D printing. Therefore the transition
from a fluid to a soil material structure in the fresh state has been identified with the associated failure
criterion based on strength.

The transition point has been determined for three different mixtures with varying volume fractions:
syrup and glass beads, cement paste, and cement paste with sand aggregates. The mixtures have been
tested with two experimental tests, the RAM Extruder and Direct Shear Test. The RAM Extruder is an
experimental test based on rheology, where the viscosity of a mixture could be obtained. The Direct
Shear Test is a test mainly used in soil mechanics, where the cohesion and angle of internal friction
can be obtained.

Based on the results from the RAM Extruder and Direct Shear Test, the transition point from fluid be-
havior to soil behavior has been observed in two mixtures, cement paste and cement paste with sand
aggregates. The mixtures with syrup and glass beads all behave as a fluid, where the viscosity of the
mixtures is dominant. The transition point for the cement paste mixture was found between volume
fractions 0.53 and 0.56. The mixture with a volume fraction of 0.53 and lower behaved as a Bingham
fluid, a fluid with cohesion, where the cement particles formed chemical and physical bonds between
each other. The cement paste with a volume fraction of 0.56 behaved as soil, where friction between
the cement particles occurred. In the cement paste with sand aggregates mixture, the transition point
was found around a volume fraction of 0.50. The volume fraction with a value below 0.50 behaved as
a fluid, where cohesion between the cement and sand particles was dominant. For volume fractions
higher than 0.50, the friction between the cement and sand particles was dominant, indicating that
these mixtures behave as soil.

The transition point can be identified for mixtures in the fresh state. The transition point varies for
different mixtures based on particle interactions, particle shape, and particle size.
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INTRODUCTION

The extrusion process of materials in 3D concrete printing (3DCP) is a complex combination of required
characteristics for printability and buildability [5] [23]. For describing the physics of deformation and
flow of matter in 3D concrete printing, more attention is required on material rheology [23][27]. Also,
the material behavior under loading is a critical parameter that directly influences the buildability of
the 3D printed concrete in the fresh state [27]. Therefore, two different behavior can be distinguished
in the fresh state of 3D printed concrete, fluid and soil behavior. Fluid behavior for the flowability of
the material, and soil behavior to retain its shape after several layers have been deposited onto each
other [27]. Nonetheless, little is known about the experimental methods for identifying the transition
between fluid and soil behavior [5]. Different material failure criteria can describe the fluid and soil
regimes. The fluid regime is mostly described by rheology, whereas soil mechanics describe the soil
regime [32]. The suitable failure criterion should be applied to define the properties of a mixture in the
transition regime from fluid to soil behavior. In this state, the characterizing parameters are unknown,
and not every experimental test is applicable in both regimes.

Browne and Bamforth [8] already made an approach that described the three regimes, fluid, tran-
sitional, and soil behavior, based on the influence of water-cement ratio and flow resistance. Their
approach was for conventional concrete, where the printability and buildability of 3DCP were not con-
sidered. This approach causes blocking in a pipeline during pumping. Because of a lack of additional
analyses for 3DCB this research identifies the fluid, transition, and soil regime in the fresh state and
determines the associated failure criterion based on strength. This leads to the research objective:

"To identify the transition from a fluid to a soil material structure in the fresh state and determine the
associated failure criterion based on strength."

To identify the transition regime, material compositions in the fresh state are analyzed with two differ-
ent experimental tests to obtain the mechanical material properties. The first is a rheological test, the
RAM extruder, whereas the second test, the Direct Shear Test (DST), is mainly used in soil mechanics
[3][33].

The remainder of this thesis elaborates more on how these tests help with this characterization. Chapter
2 describes the theoretical background of the different material models and characteristics in the fluid,
solid and soil regimes. In Chapter 3, the method is described to obtain the material characteristics
from the DST and RAM Extruder for the fluid, transition, and soil regime with the used mixtures.
Subsequently, the results of the DST and RAM Extruder are presented and discussed in Chapters 4 and
5. The used mixtures are evaluated for the fluid, transition, and soil regime in Chapter 6. Conclusions
from the experimental tests and evaluation are given in Chapter 7. Last, recommendations for follow-
up of the research and for the development of 3D concrete printers are given in Chapter 8.
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THEORETICAL BACKGROUND

The mechanical properties are essential to determine the printability and buildability of the mixture
used in 3D concrete printing [5]. While printing, the material needs to flow inside the hose, but after
deposition, the material needs to remain stable. The material used in 3DCP is mainly characterized as
a visco-plastic material [39]. A visco-plastic material could behave as a fluid, solid or soil material. In
this chapter, the different material behaviors are described by their study, applicable material model,
and dominating effect.

2.1 Fluid behavior

The fluid behavior of a material structure is described in rheology. Different Generalized Newtonian
Fluid (GNF) models can be applied to describe the material. With one of the GNF models, the viscosity
of the material could be determined, which is the dominating effect in a fluid.

2.1.1 General Newtonian Fluid models

In rheology, concrete is considered a viscoelastic material [33]. To describe a viscoelastic material,
different Generalized Newtonian Fluids (GNF) models could be used as a material model due to the
wide variety of viscoelastic materials, given in Figure 2.1. The models are all based on constitutive
relations and can only fit the observed behavior of shear stress and shear rate relation [12] [33]. The
simple Newtonian fluid has a constant viscosity based on the linear relation between the shear stress
and shear rate. This relation is given in Equation 2.1.

T:n-)'f 2.1)

Where 7 is the shear stress in [kPa], 7 is the viscosity in [kPa -s] and 7 is the shear rate in [s~'].

Besides the Newtonian fluid, shear thinning or shear thickening could occur due to viscous dissipation,
which is modified by the flow [33]. The Power-law model describes both effects, shear thinning, and
shear thickening. The Newtonian fluid and power-law models are independent of the yield stress.

The Bingham fluid and Herschel Bulkley models differ from the Newtonian and Power-law models by
introducing additional yield stress, 7. The applied pressure on the material needs to exceed the yield
stress to make the material flow [12] [24] [39]. The equation for the Bingham model to determine the
shear stress is given in Equations 2.2.

T=To+N-y 2.2)

Where 7, is the yield stress in [kPal].

Besides the GNF models, the Benbow-Bridgwater model could be used to quantify the rheological pa-
rameters of different materials. This model is mainly used for fluids, such as molten plastics, clay
suspensions, and cementitious materials [10]. The model describes a material that undergoes a con-
verging flow [12]. The Benbow-Bridgwater model is given in Equation 2.3, 2.4 and 2.5 [4]. In the
model, P1 describes the pressure required to extrude the paste through the die based on converging
flow, where P2 represents the shear yield stress in the die of the RAM Extruder [4] [12].




CHAPTER 2. THEORETICAL BACKGROUND

Where:

Figure 2.1: Overview of several Generalized Newtonian Fluid models based on [9].
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2.1.2 Viscosity
Fluid behavior is described in rheology, where viscosity is a dominating parameter [33], as found in
Equations 2.1 and 2.2. A study of the relative viscosity in suspensions has been performed by Einstein
[13]. The found theory is only valid for low volume fractions and in the case of uniform-sized spherical
particles. Einstein found that the relative viscosity relates to the volume concentration of spheres in
the relation given in Equation 2.6.

Shear stress T

Shear rate y

AP=P1+P2

P, = 2(00 + aVsm) In (&)
Dy

P2:D
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Extrusion speed in the die land [
Diameter of barrel [mm]
Diameter of die [
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N, =L =1+25¢ (2.6)

Mo

In which 7, is the relative viscosity in [kPa - s], and ¢ is the concentration of spheres. The equation
is only valid for low volume fractions below ¢ = 0.05 [37]. The theory of Einstein does not hold for
suspensions with a non-uniform sphere distribution, as observed by Ward and Whitmore [42]. They
found that the relative viscosity depends on the size distribution of the spheres. Roscoe [37] and
Brinkman [ 6] found independently a theoretical expression for the relative viscosity. This expression is
presented in Equation 2.7, which is valid for all concentrations, with uniform and non-uniform sphere
distribution [37].

n,=(1—¢)** 2.7)

2.1.3 Krieger-Dougherty

Krieger and Dougherty [26] developed a model which describes the impact of an increasing volume
fraction on the apparent viscosity, where the volume fraction is the number of particles added to a
liquid. The model is validated for the theory of Einstein, as given by Equation 2.6. The model of
Krieger-Dougherty was found for spherical particles and is presented in Figure 2.2 and 2.4. The num-
bers presented on the X-axis in the figure have been found for spherical particles, as presented by the
rectangular boxes above, where ¢,,,, is reached at a value of 0.64 [7]. For non-spherical particles,
the model of Krieger-Dougherty is also applicable, but other values for ¢ could be found. The model
is valid for low and high shear rates [26]. The viscosity, as presented in Figure 2.2, is obtained by
Equation 2.8 [26].

@®=0,06 ®=0,3 ® =006 Dmax

Figure 2.2: Krieger-Dougherty graph increase of particles based on [35].

n=mn(1— ynle (2.8)

max
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Where 7, is the viscosity of the liquid in [mPa - s], ¢ is the volume fraction presenting the number of
particles in the suspending liquid, ¢, is the maximum packing density, and [7] is the intrinsic viscos-
ity in [dL/g], which is 2.5 for spherical particles. The intrinsic viscosity represents the true viscosity
independent of the concentration in the suspension. The shear stress of a fluid can be determined with
the viscosity in relationship with the shear rate, which is given in Equation 2.1.

When particles are added to a fluid, they act as obstacles, which hinder the flow of the fluid and in-
crease the flow resistance, as presented in Figure 2.3. These particles influence the viscosity of the
total suspension.

Figure 2.3: Flow around particle in liquid [35].

2.2 Solid behavior

Solid behavior can be described in the fluid and soil regime, which depends on the yield stress. In
Equation 2.2, the yield stress is included. The material transitions from fluid to solid behavior when
this parameter becomes significant. This transition from fluid to solid behavior is also found in the
model of Krieger-Dougherty, Figure 2.2. The transition is at ¢,,., where the critical packing density
is reached. The critical packing density is not a well-defined parameter but depends on the particles’
distribution and shape [39]. The yield stress occurs due to inter-particle forces, which is the dominating
effect in the solid behavior.

2.2.1 Inter-particle forces

Inter-particle forces could occur when particles interact with each other. At the grain level, frictional
interactions occur between smaller particles, also described as local friction. At the cement paste scale,
colloidal interactions take place [45]. The different inter-particle forces at the cement paste scale can
affect the behavior of a paste [12]. Such forces are dispersion forces, often called Van der Waals forces,
electrostatic forces, and steric forces [16] [19]. The forces are the main cause of the agglomeration of
cement particles in concrete and result in poor flow properties. Additional materials, such as a super-
plasticizer, could be added to the mixture to encounter these forces.

Between the particles, attractive and repulsive forces can be found. Dispersion forces between identical
particles are always attractive [16]. Electrostatic and steric forces are both repulsive. The electrostatic
and steric forces are not great enough to overcome the attractive Van der Waals forces between cement
particles, causing the clustering of the particles [17].
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Q)CT d)max

Figure 2.4: Krieger-Dougherty graph with maximum packing density.

When larger aggregates are added to a cement paste, the cement paste could be considered homoge-
neous, where only the frictional interactions between the aggregates are considered. In the case of dry
aggregates, the contact between the solid aggregates is dominant over the other types of inter-particle
contact, such as electrostatic contact with adhesive forces, capillary cohesion, and solid bridges. The
contact force of solid particles at a macroscopic level is dominated by elastic repulsion, often called
Hertz contact, and friction, also named Coulomb’s law. The Hertz contact, given in Figure 2.5, is based
on particles that interact by an external normal force, Fy.

Besides the normal force, also a tangential component occurs when particles at the grain level interact
since particles are packed randomly. This interaction is the friction between particles, as given in Fig-
ure 2.6. Besides these inter-particle effects at the grain level, another particle interaction in the flow
case should be considered, collision. The collision occurs when two particles with a velocity interact,
as shown in Figure 2.7 [2].

A model to predict the yield stress was developed by Flatt [18]: YODEL. In this model, inter-particle
forces, suspension microstructure, and particle size distribution have been considered by the parame-
ter m;. For determining this parameter, G,,,,, the maximum attractive interparticle force, takes into
account the Van der Waals attraction forces, with the Hamaker constant, A, [18].
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lFN

e,

Figure 2.5: Elastic particle inter- Figure 2.6: Solid friction particle Figure 2.7: Collision between
action based on [2]. interaction based on [2]. two particles based on [2].

2.3 Soil behavior

Soil behavior is described by soil mechanics, which is the science of equilibrium and motion of soil
bodies [41]. The shear stress is mainly addressed with the Mohr-Coulomb failure criterion. the failure
criterion of Mohr-Coulomb is based on two principal stresses [41]. The Mohr-Coulomb model is visually
presented in Figure 2.8. The equation for the Mohr-Coulomb model is given in Equation 2.9.

T

Figure 2.8: Mohr-Coulomb failure criterion.

T=C+oy-U 2.9

Where C is the cohesion in [kPa], oy is the normal stress in [kPa], and u is the coefficient of friction.
The cohesion indicates that a certain shear stress is necessary for a shear failure, even when the normal
stress is zero [41], indicating that soil behavior is yield stress dependent.

In the model of Krieger-Dougherty, Figure 2.4, the soil behavior is observed from ¢,,,,. Here dilatancy
and local friction become the dominating effects. Dilatancy is the effect where particles cannot move
anymore without moving away from each other, and the volume increases with Ah, see Figure 2.9.

8
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Besides dilatancy, also local friction occurs in the soil behavior, where particles slide over each other
and cause friction, which is also affected by the particle shape. The black arrows present this effect in
Figure 2.9. The angle of internal friction in the Mohr-Coulomb failure criterion includes the effects of
dilatancy and local friction. The angle of internal friction could be determined with the shear stress
and the normal stress by Equation 2.10.

P :arctan(i) (2.10)
On

Where 7 is the shear stress in [kPa] and o is the normal stress in [kPal].

Shear Shﬁ{

Ah

QOO0 90000
h =y |
0.0000 100000,

Figure 2.9: Dilatancy effect with particles.

2.4 Transition

Material can be described by rheological behavior, which is a regime dominated by hydrodynamic in-
teractions, namely the viscosity, by solid behavior, dominated by the inter-particle forces or the soil
behavior, dominated by the friction, including dilatancy and local friction effects [45].

Solid behavior can be observed in the fluid and soil regime. In the fluid regime, a Bingham fluid can
have cohesion and stresses below the critical yield stress, where it behaves as a solid but is not pressure-
dependent. Solid behavior can be observed in the soil regime when the material is pressure-dependent.
Considering the two regimes, fluid and soil, where the solid regime is in either one, means a transition
point exists between the fluid and soil regimes. This is in line with the regimes found by Browne and
Bamforth [8]. They observed the soil behavior, which is dominated by friction between particles and
requires a significantly higher pressure to displace the concrete than the fluid regime referred to as
a hydrodynamic stress transfer. The transition in behavior from fluid to soil could also be found by
combining Equation 2.2, for materials in the fluid regime, and Equation 2.9, for the soil regime, into
Equation 2.11.

T=To+U-On+n-y (2.11)

Here 7 is the shear stress in [kPa], 7, is the static yield stress in [kPa], u is the coefficient of friction,
oy is the normal stress in [kPa], 7 is the apparent viscosity in [kPa-s] and 7 is the shear rate in [s™1].
Combining the formulas for determining the shear stress for a Bingham fluid and a soil mixture, shear
stress could be found. Also, the dominating regime could be found. If parameters u and oy are the
most significant values for the overall shear stress, T, the mixture behaves as soil. If the parameters n
and y influence the overall shear stress, T, the most, the mixture is in the fluid regime. The parameter
T, can be significant in the fluid and soil behavior, as it presents the static yield stress, which is the stress
required for initiating flow before the structure of a material is broken down, which is also referred to
as yield stress or cohesion [36].
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METHOD

The influence of the material’s structure on the identification of the behavior of a material could be
determined by two different approaches. The first approach is to start with a fluid and add particles
until the material behaves like soil, as visually presented in Figure 3.1. The other approach starts with
only particles, where water is added. In this method, first, the voids between the cement particles
will be filled with water. When all voids are filled, the particles will be enveloped by water, making
the mixture more fluid and eventually behaving like a liquid. This approach is visually presented in
Figure 3.2. For simplification, no distinction is made between the water to fill the voids and the water
to envelop the water. The approach of this research is to start with a liquid and add particles until soil
behavior is observed, the approach presented in 3.1.

To observe the transition regime in a material based on strength, two different experimental tests
have been performed, the RAM Extruder and the Direct Shear Test (DST). Different mixtures have
been tested, with varying water-to-cement ratios and varying amounts of aggregates. All mixtures
are related to volume fractions, where the tested volume fractions are: 0.47, 0.50, 0.53, and 0.56.
The mixtures which have been used in this research are first described. After that, the experimental
program of the DST has been explained. Last, the experimental program used in this research for the
RAM Extruder has been described.

Figure 3.1: Approach adding water to particles.

11
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Figure 3.2: Approach adding particles to water.

3.1 Material

Three different material compositions have been used, as presented in Table 3.1 as mixtures SG, CB
and CS. Mixture SG consists of glass beads and syrup. Glass beads have an almost perfect spherical
shape, as presented in Figure 3.3. The syrup used is Van Gilse Schenkstroop, which is more viscous
than water and gives a homogeneous mixture with the glass aggregates. Mixture CP (cement paste)
consists of cement in combination with water. The cement used is CEM III/C, which is composed of
5-19% of Portland cement clinker and 81-95% of blast-furnace slag. Due to the high level of blast-
furnace slag, the cement has a slow strength development compared to other cement types [14]. The
slow strength development has also been researched and presented in Appendix H. In mixture CS,
cement is combined with water, with a water-to-cement ratio of 0.43, and sand aggregates. Sand has
an irregular shape, as given in Figure 3.4, which causes extra colloidal effects. The cement paste in
this mixture is assumed as a fluid, where the sand aggregates have been considered as the particles for
the calculation of the volume fraction (¢), according to Equation 3.1. The relative mixing proportions
of the three different mixtures have been presented in Table 3.1.

_ P
¢=w (3.1

dP df
Where m,, is the mass of the particles in [kg], d, is the density of the particle in [kg/ m?], m; is the

mass of the fluid in [kg] and d is the density of the fluid in [kg/m>].

Figure 3.3: Microscopic view of glass aggregates Figure 3.4: Microscopic view of sand aggregates
[12]. [12].

Three different type of particles have been used, glass beads, cement grains, and sand grains. The
particle size distribution of all three type of particles is given in Figure 3.5. The cement particles have
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Table 3.1: Relative mix proportions by weight.

Mix- Volume w/c ratio Proportions
ture  fraction
g g
< (1]
50 50
2 E % §
) i P 5 o
G = E 5 £
&) [92) &) = n
SG 0.47 1.44 1
0.50 1.62 1
0.53 1.83 1
0.56 2.07 1
CP 0.47 0.38 2.64 1
0.50 0.34 2.98 1
0.53 0.30 3.36 1
0.56 0.26 3.79 1
CS 0.47 0.43 2.33 4.1 1
0.50 0.43 2.33 4.6 1
0.53 0.43 2.33 5.2 1
0.56 0.43 2.33 5.9 1

a particle size range of 106 to 180 um, with a mean diameter of 140 um. The sand particles have a
particle size range of 600 to 1400 um, with a mean diameter of 1 mm. The particle size of glass beads
ranges between 150 and 200 um, with a mean diameter of 195 um.

The densities have been used to determine the volume fractions of the mixtures presented in Table 3.1,
according to Equation 3.1. The densities of the dry particles, cement grains, sand aggregates, and glass
aggregates have been determined with a Micromeritics AccuPyc II 1340 gas pycnometer and presented
in Appendix A. The fluid materials, water and syrup, have been determined by Equation 3.2 with the
measured volume, V, in [m®] and weight of three samples, m, in [kg]. The densities of the materials

are given in Table 3.2.

p:

m
Vv

Table 3.2: Densities of used materials.

Material Density [kg/m]
CEM 1II/C 2969.7
Sand aggregates 2640.2
Glass aggregates 2434.7
Water 997.0
Syrup 1500.0

3.2)
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Figure 3.5: Particle size distribution curves for glass beads, cement grains, and sand grains.

3.2 Direct Shear Test

The Direct Shear Test (DST) is mainly used in soil mechanics to determine the mechanical properties of
soil [20] [24] [25]. The test setup is designed according to ASTM D3080 [1] and contains two plates
with a circular opening with a diameter of 70 mm and, when placed on top of each other, giving a
sample height of 36 mm, a pulley, and a steel rope, presented in Figure 3.6 and 3.7. The setup was
placed in a Schenck RM100 test rig with a 5 kN load cell. The test is performed by pulling the steel
rope via the pulley, with a constant speed of 15 mm/min, where the top plate is moved with respect
to the bottom plate. The friction between the two plates is minimized by grooves in the bottom plate
and steel balls in the top plate sliding in the grooves of the bottom plate. By moving the top plate, a
shear plane is formed in the fresh concrete, which is forced by the movement of the test setup [34].
The experimental test has been performed a minimum of three times for each unique combination of
applied normal force and mixture composition. The shear stress 7 in [kPa] could be calculated from
the applied shear force Fy in [kN] and effective area A,¢; in [m?] by Equation 3.3.

Fg
= (3.3)
Acrg

Besides the applied shear force, three different external normal forces were applied on the samples,
0N, 4.220 N, and 12.536 N, resulting in the normal loads: 1.5 N, 5.720 N, and 14.036 N, where the
self-weight of the sample has been included [44]. From the resulting normal force Fy in [kN] and
effective area A, in [m?], the normal stress o in [kPa] could be calculated with Equation 3.4.

Fy

(3.4)
Aesy

O-NZ

In Equation 3.3 and Equation 3.4, a force is divided by the effective area. The effective area decreases
with an increasing horizontal displacement, as was found by Kozicki et al. [25], therefore Equation 3.5
is applied to calculate the effective area A, ¢, where D is the diameter of the box in [m], in this research
0.07 m, and Ah is the horizontal displacement in [m] [43], as also visually presented in Figure 3.8.
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Figure 3.6: Test setup of Direct Shear Test.

Figure 3.7: Abstract test setup of Direct Shear Test based on [12].

1., [ Ah Ah AhY)?
Aeff=§D cos F — F 1— F (35)

A typical test result for a mixture considered in the soil regime of the DST is presented in Figure 3.9.
The shear stress first increases linearly, after which the shear stress decreases and becomes constant.
These could also be named the static and dynamic phases, as visually presented in Figure 3.9. Here
the static phase takes place in the first 10% of the shear strain (y), where the static yield stress can
be obtained, and the dynamic phase takes place when the shear stress reaches a plateau value and is
close to the dynamic yield stress with an increasing horizontal displacement [31] [39].

In soil mechanics, also another effect is considered, which influences the development of the shear
stress over the horizontal displacement and the packing of the material. Dense and loose packed are
considered in soil mechanics, where the typical test results are presented in Figure 3.10. The loosely
packed material has no dilatancy effect but has the same local friction effect if the particles are consid-
ered equal. Dilatancy and local friction between particles are effects of the densely packed material,
which are effects of the static phase, whereas, in the dynamic phase, only local friction effects are
present. For a fluid mixture, no dilatancy effects are visible, which leads to almost constant shear
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Ah

Figure 3.8: Determination of the effective area in DST.

stress over horizontal displacement, as also presented in Figure 3.10.
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Figure 3.9: Typical shear stress versus horizontal displacement for a soil based on [11] and [41].

From the test results of the DST, the static yield stress peak could be established. The static yield stress
peak is visually presented by a cross in Figure 3.10, which occurs in the first 7 mm of horizontal dis-
placement, which is a shear strain, v, of 10%. The found static yield stress peak, based on a minimum
of three individual experimental tests, is a shear stress, T, which is plotted against the normal stress,
oy - The normal stress, oy, is determined by the applied normal forces. With the application of various
normal forces, with a minimum of two different applied normal forces, and the corresponding static
yield stress peak, a fit could be made with a trend line. The trend line is a linear relationship, which
describes the Mohr-Coulomb behavior, mainly used to describe the shear failure of rock and soil [29].
The cohesion, C, is the shear stress found with a normal stress of zero, and the angle of internal fric-
tion, ¢, is found by taking the inverse tangent of the slope of the trend line, as presented in Equation
2.10.

The DST is meant to establish a local shear plane failure. However, due to the sample height of 36 mm,
global shear stress could be measured. Therefore the sample height was varied to study the influence
of a global and local shear effect. These results are presented in Appendix J.
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Figure 3.10: Determination of maximum shear stress from DST.

3.3 RAM Extruder

The RAM Extruder is based on extruding from a larger diameter through a smaller diameter, which is
also common in 3D printing. In a 3D concrete printer, the concrete goes via a hose through a nozzle,
where it is deposited on a print bed. The RAM Extruder also follows the principle from a larger to
a smaller area. The RAM Extruder is an experiment that is mainly used in rheology and is called a
capillary, mostly used to calculate the viscosity of polymer blends [33].

Piston

Barrel

| I De

Figure 3.11: Abstract test setup of RAM Extruder.

The RAM Extruder consists of different elements, a large container, the barrel, and the die, a smaller
circular container, as presented in Figure 3.11 and 3.12. The material flows from the barrel into the
die by pushing with the piston. The displacement-controlled piston measures the force needed to push
the material through the die. Here the RAM Extruder has a principle of converging flow from a larger
to a smaller area [12]. The test setup has been placed in an Instron 5985. The barrel has a diameter
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of 36 mm and a length of 300 mm. The piston is pushed from the entry of the barrel to 230 mm of
vertical displacement. Two different programs have been performed. The first program is given in
Table 3.3, here the piston is pushed with different speed rates. The second program pushes the piston
at a constant speed rate of 5 mm/s. Different die’s have been used, with a constant length of 15 mm
and a varying diameter of 12, 18, 24, or 30 mm. This results in length over diameter (L/d) values of
1.25, 0.83, 0.63, and 0.5. The experiment has been performed with a minimum of three repetitions of

a unique combination of mixture composition and die diameter.

Figure 3.12: Test setup of RAM Extruder.

Table 3.3: Experimental program 1 for RAM Extruder.

Speed rate [mm/s]

Vertical displacement [mm]

2
1
0.5
0.25
2

Inside the barrel of the RAM Extruder, a unidirectional converging flow occurs, where the material
slides along the surface of the barrel to the entry of the die. Inside the barrel, the shear rate is not
constant. The shear rate in the middle of the barrel is higher than at the barrel’s walls, as visually
presented in 3.13. The shear rate distribution over the cross-section of the barrel could vary, which is
dependent on the material in the barrel [33].

0-30
30-80
80-130
130-180
180-230
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Build-up
material

Figure 3.13: Flow inside the barrel of RAM Ex- Figure 3.14: Build-up of material in the barrel of
truder based on [33]. RAM Extruder.

Due to the effect of the varying shear rate in the barrel and the converging flow due to the transition
from the barrel, with a diameter of 36 mm, to the die, with a smaller diameter (12, 18, 24, or 30 mm),
the material could build-up around the die entry, as visually presented in Figure 3.14. The build-up
around the die entry could vary per mixture. For fluid mixtures, the particles slide along each other.
For very stiff materials, the build-up could cause blockage due to remaining particles, where water is
pushed out. This also leads to an inhomogeneous mixture.

The RAM Extruder is mainly used to calculate the viscosity of mixtures and to describe a mixture by a
model, for instance, the Benbow-Bridgwater model [4] [12]. To calculate the viscosity and obtain the
parameters for the Benbow-Bridgwater model, different experiments and corrections to the data need
to be performed. To obtain these parameters, a displacement-controlled and force-controlled program
should be executed. The displacement-controlled experiment should be performed for a variation of
piston speeds, leading to a variation of die speeds, to obtain the shear yield stress and a variation
of die diameters to obtain the bulk yield stress [4]. Experimental program 1 could be used to ob-
tain these results, where a typical result of this program is given in Figure 3.15. The force-controlled
experiment should be performed to make a correction for the wall slip, which occurs between the
piston and the barrel, to obtain the correct measured shear rate. Besides this correction, two other
corrections should be made to obtain the viscosity: a correction for the entrance pressure since the
material is undergoing a converging flow. This pressure could be obtained from a Bagley plot. And
the Weissenberg-Rabinowitch correction should be made, which corrects the shear rate for the velocity
profile, which shape depends on the material, as presented in Figure 3.13 [12] [33].

Besides obtaining the parameters for the Benbow-Bridgwater model, a static yield stress peak could be
obtained from the experimental results of the RAM Extruder. A typical result of the RAM Extruder for
one applies speed rate is given in Figure 3.16. The static yield stress peak describes the force required
to initiate flow.
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Figure 3.15: Typical result for experimental program 1 for RAM Extruder.

Static phase

.
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Dynamic phase
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Figure 3.16: Typical normal force versus vertical displacement result of RAM Extruder.
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RESULTS AND DISCUSSION:
DIRECT SHEAR TEST

The Direct Shear Test (DST) has been performed, with the experimental program presented in Section
3.2, for different material compositions with the equipment shown in Figure 3.6. The tests have been
performed with four different shear boxes. The shear boxes have a small friction contribution, which
has been subtracted from the presented results. The results have been presented and discussed below.
The individual results of these experimental tests are presented in Appendices B, C, D, and K.

4.1 Mixture Syrup Glass (SG)

The results of mixture SG are presented in Figure 4.1 and Table 4.1. The trend line of the mixtures with
a volume fraction of 0.47, 0.53, and 0.56 lie close to each other. The trend line of volume fraction 0.50
has a negative slope resulting in a negative angle of internal friction. Also, the individual experimental
results, presented in Appendix B, do not show a typical test result for soil, as presented in Figure 3.9.
The individual results have almost constant shear stress over horizontal displacement.

The negative slope of the trend line of volume fraction 0.50 could be caused by the minimal experimen-
tal tests resulting in a larger spread in the results, or an error in the test setup could have caused it. The
almost constant shear stress over horizontal displacement of the individual experimental results could
occur due to the test setup or by not forming a horizontal shear zone, as was found by Grabowski and
Nitka [20] for samples with a larger void ratio. Here the particles start to compact in the upper plate
and become an inhomogeneous mixture. This could indicate that the mixture for all volume fractions
is in the fluid regime. So, the determination of the static yield stress is unreliable for determining the
Mohr-Coulomb values.

Table 4.1: Results of DST for mixture SG.

Volume fraction Slope Cohesion [kPa] Angle of internal friction [°] R?

0.47 0.1173 0.4907 6.6902 0.4495
0.50 -0.0427 0.4508 -2.4450 0.6922
0.53 0.0985 0.6229 5.6255 0.6058
0.56 0.1323 0.3498 7.5365 0.9833
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Figure 4.1: Shear stress over normal stress for mixture SG.

4.2 Mixture Cement Paste (CP)

In Figure 4.2 and Table 4.2, the results of mixture CP are given. The mixtures with volume fractions
of 0.47, 0.50, and 0.53 lie close to each other, and the highest volume fraction of the three gives
the highest cohesion. However, the coefficient of friction, in Table 4.2 presented as slope, decreases
with an increasing volume fraction for these volume fractions. The individual experimental results,
presented in Appendix C, also give this trend. Volume fractions 0.47 and 0.50 show almost constant
shear stress over horizontal displacement, and the externally applied normal forces do not influence
the shear stress. The individual experimental results of volume fraction 0.53 show an increase of shear
stress over horizontal displacement but do not show a normal pressure dependency based on the dif-
ferent applied normal forces. The trend line of volume fraction 0.56 has a higher shear stress, based
on Figure 4.2. The cohesion value is more than twice as high as the value of volume fraction 0.53, and
the friction coefficient is higher than the friction coefficients of lower volume fractions, leading to a
higher internal friction angle. The individual experimental results, presented in Appendix C, also show
that the mixture, with a volume fraction of 0.56, is pressure-dependent. The self-weight (1.5N) has
the lowest peak value, whereas the sample with 14.036 N applied normal force has the highest static
yield stress.

Table 4.2: Results of DST for mixture CP

Volume fraction Slope Cohesion [kPa] Angle of internal friction [°] R?
0.47 0.1440 0.1517 8.1943 0.9382
0.50 0.0752 0.6944 4.3005 0.4187
0.53 0.0392 0.9428 2.2448 0.2635
0.56 0.2616 2.5914 14.6601 0.8064

The decreasing slope with an increasing volume fraction, between volume fraction 0.47 to 0.53, is
not in correspondence with the newly predicted model by Lu and Wang [29], in which it is assumed
the angle of internal friction has no significant influence for a cement paste and only the cohesion
increases with the increase of the volume fraction of a cement paste. This could have been caused by
the small experimental test program, with a minimum of three test, or by an error in the test setup

22



CHAPTER 4. RESULTS AND DISCUSSION:
DIRECT SHEAR TEST

8.0 r = 0.47
7.0 4 0.50
4 0.53
6.0
® 0.56
— 50
<
W 0.56
E 4.0 y = 0.2616X + 2.5914
o 3.0 //
[ ]
2.0 r 0.53 0.50
y =0.0392X + 0.9428  y = 0.0752X + 0.6944
O s ¢ S—_
L//. 0.47
V= 0.144X + 0.1517
O-O 1 1 1 1
0.0 1.0 2.0 3.0 4.0 5.0

On [kPa]

Figure 4.2: Shear stress over normal stress for mixture CP

causing variation in the angle of internal friction. The increase of cohesion with an increasing volume
is in correspondence with the newly predicted model of Lu and Wang [29], but still more than twice
as low as the mixture with a volume fraction of 0.56, which could indicate that these mixtures with
lower volume fractions are in the fluid regime.

The higher angle of internal friction for volume fraction 0.56 is also not in correspondence with the
results found by Lu and Wang [29], in which the angle of internal friction does not significantly change
due to a change in volume fraction. However, the tested mixtures by Lu and Wang have a lower w/c
ratio than the mixture with a volume fraction of 0.56. Therefore, the mixtures of Lu and Wang could lay
in a fluid regime based on a comparison between volume fractions 0.47, 0.50, and 0.53 and mixtures
of Lu and Wang. Also, the individual experimental results, where volume fraction 0.56 shows pressure
dependency is in correspondence with the findings of Lu and Wang [29], who concluded that normal
stress has a significant effect on the maximum shear resistance of mortars with low flowability. In these
mortars, sand aggregates were added to a cement paste, resulting in soil behavior. Also, the typical
peak and constant dynamic phase, as presented in Figure 3.9, is observed. Therefore, mixture CP with
a volume fraction of 0.56 can be considered as soil, whereas the other tested volume fraction can be
considered a fluid. The transition regime has not specifically been found with these volume fractions
but will be between volume fractions 0.53 and 0.56 based on these results.

4.3 Mixture Cement Sand (CS)

The results for the DST of the mixture with sand aggregates, mixture CS, are presented in Figure 4.3
and Table 4.3. The mixtures with a volume fraction of 0.47 and 0.50 originate close to each other,
which is also the case for the mixtures with a volume fraction of 0.53 and 0.56. However, the mixture
with a volume fraction of 0.50 has a steeper slope than the mixture with a volume fraction of 0.47.
The individual experimental results also do not show a pressure dependency, based on the individual
experimental results presented in Appendix D.

The mixtures with a volume fraction of 0.53 and 0.56 have a cohesion value that is around twice as
high as the values of volume fractions 0.47 and 0.50. Also, the coefficient of friction is higher for
volume fractions 0.53 and 0.56 compared to the lower volume fractions. The individual experimental
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Figure 4.3: Shear stress over normal stress for mixture CS.
Table 4.3: Results of DST for mixture CS.

Volume fraction Slope Cohesion [kPa] Angle of internal friction [°] R?
0.47 0.1970 0.8545 11.1446 0.8693
0.50 0.4695 0.7031 25.1501 0.9846
0.53 1.0666 1.8722 46.8458 0.9948
0.56 0.6140 2.2885 31.5499 0.9523

results, given in Appendix D, show the typical static yield stress peak and dynamic yield stress.

The steeper slope for volume fraction 0.50 compared to volume fraction 0.47 indicates that volume
fraction 0.50 is pressure-dependent. Higher friction between particles and interlocking of particles
during shearing takes place, as was also found by Assaad et al. [3]. Besides this effect, both mixtures
do not show the typical solid behavior as presented in Figure 3.9, which indicates that these mixtures
both are in the fluid regime. Also, the particles in the mixtures with volume fractions of 0.47 and
0.50 are more loosely packed than those with volume fractions of 0.53 and 0.56, which could cause
compaction of the particles near the sides of the shear box, as was found by Grabowski and Nitka [20],
and visually presented in Figure 4.4. Also, the more loosely packed mixture of Grabowski and Nitka
showed a lower internal friction angle, as was also found by mixtures with a volume fraction of 0.53
and 0.56.

The relation for cohesion and angle of internal friction of volume fraction 0.53 and 0.56 compared to
volume fractions 0.47 and 0.50 was also found by Lu and Wang [29] for mortars, where the cohesion
and internal friction angle increase with the increase of volume fraction. The static and dynamic yield
stress which has been found for volume fractions 0.53 and 0.56 indicates that both mixtures behave as
soil. Besides, both mixtures show a pressure dependency, where the samples with the highest applied
external normal force (14.036 N) give the highest peak of shear stress. For volume fraction 0.56, the
static yield stress peak is lower for the applied normal force of 5.72 N than for the applied normal
force of 1.5 N (self-weight). This could be caused by the relatively small sample size, causing larger
deviations, as one experiment gives different output than the other two repetitions.
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Figure 4.4: Compaction of a loose mixture at sides of the shear box based on [20].

Another remark is that a higher angle of internal friction has been found for the mixture with a volume
fraction of 0.53 than the mixture with a volume fraction of 0.56. Also, a higher shear stress capacity
has been found for the mixture with a volume fraction of 0.53 for normal stress around 1.6 kPa and
3.9 kPa compared to the mixture with a volume fraction of 0.56. Different effects could cause this.
First, the experimental setup could have caused any unwanted effects, leading to a higher shear stress
for a volume fraction of 0.53 or a lower shear stress for a volume fraction of 0.56. This could be
eliminated by performing more experiments and randomizing the experimental program. Second, a
plateau value could have been reached, where the maximum shear stress fluctuates around. This was
also found by Heymann et al. [21], where they found a plateau at low shear rates, which affects the
apparent yield stress. This could indicate that the dilatancy and frictional effects are not increasing
anymore with an increasing volume fraction. This could be an effect due to the particle size diameter,
which is equal in both experiments. This can be investigated by performing more experimental tests.
Two variations in additional experimental tests can be made: performing more than three repetitions
per volume fraction and applied normal force and additional experimental tests with volume frac-
tions around 0.53 and 0.56. Last, the forming of the horizontal shear band could influence the peak
shear stress. The shear band forms in the first few millimeters of displacement from an s-shaped shear
zone into a horizontal shear zone, as was found by Grabowski and Nitka [20] [34] and Kozicki et al.
[25], and visually presented in Figure 4.5. This could be further investigated by creating an analyti-
cal model and focusing on the forming of the horizontal shear band in the post-peak shear stress phase.

vafesl=l=

Figure 4.5: Shear band evaluation in mixture based on [20].

Concluding from the results of mixture CS, the mixtures with a volume fraction lower than 0.50 can be
considered a fluid, whereas mixtures with a volume fraction and higher than 0.50 can be considered a
mixture in the soil regime. The transition regime of mixture CS is around volume fraction 0.50, based
on the experimental results.

4.4 Comparison between mixture compositions

Combining the results of mixtures SG, CB and CS in one graph gives the results presented in Figure
4.6. Here the angles of internal friction are presented over the volume fraction. The angle of inter-
nal friction gives information about the dilatancy and local friction effects, as presented in Figure 3.9.
Mixture SG has an overall lower angle of internal friction compared to the mixtures CP and CS, with a
deviation at volume fraction 0.53, where mixture SG has a higher angle of internal friction compared
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to mixture CP. The lower angle of internal friction for mixture SG compared to mixture CP has been
caused by the particle shape since both particles are in the same particle size regime. The glass beads
in mixture SG are perfectly spherical, whereas the cement grains are irregularly shaped, causing higher
local frictional effects. Also, the angle of internal friction decreases for mixtures SG and CP Mixture
SG decreases between volume fractions 0.47 and 0.50, after which the angle of internal friction only
increases. For mixture CB the angle of internal friction decreases from volume fraction 0.47 to 0.53,
after which it increases with a larger slope. The decreases could be caused due to the fluid regime
where the mixtures fall, and as was stated by Lu and Wang [29], the angle of internal friction should
not significantly vary in the fluid regime for a cement paste.
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Figure 4.6: Angle of internal friction per volume fraction for different mixtures.

Mixture CS has the highest increase of internal friction angle from volume fractions 0.47 to 0.53 com-
pared to the other mixtures. This indicates that the dilatancy and local frictional effects have also been
increasing with the increase of volume fraction. The dilatancy and local frictional effects are more
dominant than for the other mixtures. This could be caused by the size and distribution of the aggre-
gates [38]. The average aggregate size of the sand is 1 mm, combined with the cement particles, with
an average size of 140 um. The glass aggregates have an average particle size of 195 um. The sand
particles are seven to ten times larger than the cement and glass particles, causing a larger dilatation
effect. However, also the combination of sand particles and cement particles contributes to this effect.
The difference between the mixtures CS and CP is presented in simplified Figure 4.7, where the voids
between the sand aggregates have been filled with cement grains, and in the cement paste the voids
have been filled with water. The decrease between volume fractions 0.53 and 0.56 for mixture CS could
be caused by reaching a plateau, which was also found by Heymann et al. [21], as also presented in
Section 4.3.

Besides the angles of internal friction, the cohesion values are visually presented together in Figure
4.8. The cohesion value represents the shear failure without normal stress, where dilatancy and local
frictional effects occur. Mixture SG has an almost constant cohesion value, which is the result of the
glass beads. The glass beads have no bonding, where no additional forces between the particles occur.
Mixture CP has particles in the same particle size regime, however, the particles have an increasing
cohesion with the increase of volume fraction. This is caused by physical or chemical interactions,
such as Van der Waals forces, as described in Subsection 2.2.1. Also, the inter-particle forces occur in

26



CHAPTER 4. RESULTS AND DISCUSSION:
DIRECT SHEAR TEST

Figure 4.7: Difference in particle compaction, left mixture CS, right mixture CP (drawing not to scale).

mixture CS, which has an increasing cohesion value from volume fraction 0.50 to 0.56.
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Figure 4.8: Cohesion per volume fraction for different mixtures.
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RESULTS AND DISCUSSION:
RAM EXTRUDER

The RAM Extruder experiments have been performed according to the program described in Section
3.3. The program has been performed with a vertical displacement rate of 5 mm/s for mixtures SG,
CB and CS. Also, the program with varying speeds has been performed for mixture CP and CS, but
with different volume fractions as mentioned in Section 3.1. Other researchers also performed the
experiment with various speeds varying between 0.25 mm/s to 2 mm/s [10] [12]. A typical result of
the experimental program with varying speeds is given in Figure 5.1. The other results of this exper-
imental program are given in Appendix I. From these test results, no shear rate dependency has been
found, as was found by Chaves Figueiredo [10] and Dorresteijn [12]. Therefore, the results have not
been elaborated extensively since the Bingham properties and Benbow-Bridgwater parameters can not
be obtained from the experimental results. The results from the experimental program with a verti-
cal displacement rate of 5 mm/s have been elaborated more extensively and will be discussed in this
chapter for mixtures SG, CB and CS.
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Figure 5.1: Typical result for RAM Extruder with varying speed rates (mixture CB VF 0.48 and die
diameter 12mm).

The die’s which have been used in this research differs from the original setup, which has been used
by Chaves Figueiredo [10] and Dorresteijn [12]. The die’s, that also have been used for the results
presented in Appendix I, consist of the same diameter size, 12 mm, and a varying length, resulting in
different lengths over diameter (L/d) ratios. However, most mixes in the experimental program did
not perform with these diameters because the mixes were too stiff, resulting in blocking in the barrel.
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Therefore, die’s with a constant length of 15 mm and varying diameters have been used, as given in
Section 3.3. With this adjustment, the mixtures presented in Section 3.1 have been tested.

5.1 Mixture Syrup Glass (SG)

The results of the extrudability of mixture SG in the RAM Extruder are given in 5.1. In the table,
positive results represent an extrudable mixture composition, and mediocre results present mixture
compositions that are extrudable but with a deviation. Negative results represent mixture composi-
tions that have been tested but do not extrude in the RAM Extruder.

Table 5.1: Overview of experimental results for mixture SG, volume fraction against die diameter:
green: positive results, orange: mediocre results, red: negative results, gray: material not tested.

E E E E
E E E E
N oo < O
— — N ™

0.47

0.50

0.53

0.56

Volume fractions 0.47, 0.50, and 0.53 have not been tested in the RAM Extruder with a diameter of
18, 24, and 30 mm because the mixture was too liquid and did not remain static in the barrel before
applying pressure with the piston. Volume fraction 0.47 in combination with a die diameter of 12 mm
and volume fraction 0.56 in combination with a die diameter of 18 mm gave mediocre results, the
combinations did remain static inside the barrel but ran out through the die faster than the displace-
ment of the piston.

The static yield stress peak represents the force that initiates flow of the material, as presented in Sec-
tion 3.3 in Figure 3.16. The static yield stress peak is observed for the positive and mediocre results
presented in Table 5.1 and presented in Figure 5.2. The individual experimental results are presented
in Appendix E. The values for the different volume fractions are all between 0.42 kN and 0.70 kN.

The static yield stress peak of all volume fractions with a die diameter of 12 mm and for volume fraction
0.56 with a die diameter of 18 mm are all around the same value indicating that all volume fractions
are in the same regime.
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Figure 5.2: Normal force per volume fraction for mixture SG with different die diameters.

5.2 Mixture Cement Paste (CP)

The results of the peak values of normal force per volume fraction for mixture CP are given in Fig-
ure 5.3, the results of the individual experimental tests are presented in Appendix F. Not all volume
fractions for mixture CP were suitable to test in the RAM Extruder for all die diameters. An overview
is given in Table 5.2. Volume fraction 0.47 was stiff enough to fill up the barrel. After filling up the
barrel, the material started running out through the die due to the self-weight. This is the same effect
as found for mixture SG with a volume fraction of 0.47 and a die diameter of 12 mm and a volume
fraction of 0.56 for a die diameter of 18 mm. Also, volume fraction 0.56 with a die diameter of 24 mm
and 30 mm gave mediocre results. This is caused by blocking, where the material becomes too stiff
inside the barrel. The program is not fully completed and stopped at a maximum applied force of 10 kN.

Table 5.2: Overview of experimental results for mixture CB volume fraction against die diameter:
green: positive results, orange: mediocre results, red: negative results, gray: material not tested.
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The mixtures with a volume fraction of 0.47, 0.50, and 0.53 were suited for testing with the given
die diameters in Table 5.2. These mixtures did flow well in the barrel through the die of the RAM
Extruder. This could indicate that the mixtures are saturated, as described by Feys [39] and Yammine
[45]. They distinguish mixtures as saturated and unsaturated concrete. Saturated concrete has a suf-
ficient lubricate layer around the particles, in this case, cement particles, which cause a hydrodynamic
stress transfer. This is the movement of concrete depending on the shear rate in the interstitial liquid
between the particles. Unsaturated concrete movement is dominated by a frictional stress transfer,
which is the particles colliding with each other. As volume fractions 0.47, 0.50, and 53 are indicated
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Figure 5.3: Normal force per volume fraction for mixture CP with different die diameters.

as saturated, it would mean that the movement can be indicated as a hydrodynamic stress transfer,
which is dependent on the shear rate. However, based on results presented in Appendix I, mixture CP
does not show a shear rate dependency. This could be due to the test program which is applied, with
varying piston speeds in one program. To exclude this effect, individual tests with one shear rate can
be performed for various shear rates, which could be related to the flow rate of the concrete in the
hose of the 3D concrete printer. With this addition, the shear yield stress could be obtained for the
Benbow-Bridgewater model [4]. The mixtures with a volume fraction of 0.47, 0.50, and 0.53 show all
the same maximal normal force, independently of the die diameter, compared to the volume fraction
of 0.56.

The blocking of the mixture with a volume fraction of 0.56 has occurred during the pushing of the
piston, where the material starts compacting, and the particles are packed closer to each other. A side
effect of this is that the material starts becoming inhomogeneous, and the cement particles are sep-
arated from the water. After a certain time of applying force, only water is running through the die
instead of a homogeneous mixture as also been described by Feys [39] and Yammine [45] for saturated
and unsaturated concrete. Browne and Bamforth [8] performed tests within a pipe for saturated and
unsaturated concretes, and they found that unsaturated concrete was far less pumpable than saturated
concrete. The unsaturated concrete exceeds the pump pressure required to move the concrete, which
causes blocking. According to Browne and Bamforth [8], the blocking in the pipe is caused by dewa-
tering of the mixture, which could happen in a relatively short length of a pipe. This means that the
concrete must have a low permeability to avoid blockage. Based on the results of volume fraction 0.56
presented in Figure 5.3 and the dewatering during the experiment, the mixture can be classified as
unsaturated, which has a too-high permeability indicating that mixture CP with a volume fraction of
0.56 is in the soil regime.

Since there is not a significant difference between the volume fractions 0.47, 0.50, and 0.53, indepen-
dent of the die diameter, and a significant difference with volume fraction 0.56, which was considered
in the soil regime, it indicates that the mixtures with a volume fraction of 0.47, 0.50, and 0.53 are in
the fluid regime even though no shear rate dependency was found. The transitional regime in mixture
CP would be between volume fractions 0.53 and 0.56, based on these results.
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5.3 Mixture Cement Sand (CS)
The RAM Extruder is a suitable test for two combinations of volume fractions with die diameter for
mixture CS: for a volume fraction of 0.47 with a die diameter of 24 mm and a volume fraction of 0.50
with a die diameter of 30 mm, according to Table 5.3. The mixture with a volume fraction of 0.47
and a die diameter of 30 mm has been tested. However, the mixture was not stiff enough to fill up the
barrel without material running through the die.

Table 5.3: Overview of experimental results for mixture CS, volume fraction against die diameter:
green: positive results, orange: mediocre results, red: negative results, gray: material not tested.

12 mm
18 mm
24 mm

=
g
(=]
o
0.47 |
0.50
0.53
0.56

The mixtures with a combination of volume fraction 0.47 with a die diameter of 18 mm, volume frac-
tion 0.50 with a die diameter of 24 mm, and volume fraction 0.53 with a die diameter of 30 mm gave
mediocre results. During the program, with an increasing vertical displacement, the normal force in-
creased up to 10 kN, after which the experiment was stopped for safety. However, a static yield stress
peak has still been observed in these mixture compositions in the first 7 mm of vertical displacement.
The results of the static yield stress peak per volume fraction and die diameter are given in Figure 5.4.
The individual experimental results for mixture CS are presented in Appendix G.
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Figure 5.4: Normal force per volume fraction for mixture CS with different die diameters.

In Figure 5.4, the normal force increases with the increase of volume fraction. The mixture becomes
stiffer and needs a higher force to set in motion. The peak of the static yield stress is higher. Besides
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the increasing normal force with increasing volume fraction, also the normal force increases with a
smaller die diameter. This effect is observed for volume fractions 0.47 and 0.50, where two different
die diameters have been used.

The effect when the normal force increases up to 10 kN has been caused by pressure bleeding, visu-
ally presented in Figure 5.5. Here particles, in this case, sand and cement particles, are starting to
interlock within the barrel. The particles build-up and only the paste or water is pushed out. In the
case of mixture CS, sand particles and cement particles have been segregated from the water. The seg-
regated water runs through the die. The effect of pressure bleeding depends on the type of mixture.
The mixture can be saturated, but due to pressure, the mixture can become unsaturated, and the force
on the piston rapidly increases due to the particle interlocking [8]. This can only occur if the mixture
has an internal resistance to the flow of mixed water while under pressure, which is not the case for
mixtures with a volume fraction of 0.47 in combination with 18 mm die, a volume fraction of 0.50
with a die diameter of 24 and with a volume fraction of 0.53 with a die diameter of 30 mm, which was
also found for mixture CP with a volume fraction of 0.56. The effect could be avoided by adding an
anti-segregation and anti-bleeding agent, like Nanometric Silica slurry Rhoximat CS 60 SL [40]. This
effect does not occur immediately after the test program has started. Therefore the results of the static
yield stress peak, which occurs in the first 7 mm of vertical displacement, can still be considered valid.

Particle Water or paste
interlocking segregation

Frictional resistance

Figure 5.5: Principle of pressure bleeding based on [8][39].

To overcome the problem of pressure bleeding, the tested mixtures could all be chosen in the saturated
regime. However, according to Browne and Bamforth [8], a saturated concrete mixture could still
transform into an unsaturated concrete mixture, which still causes pressure bleeding. The pressure
bleed test could be performed to measure the dewatering characteristics of the mixture [8]. However,
with this method, still, not all mixtures could be tested with the RAM Extruder. To obtain the proper-
ties for a Bingham fluid, Equation 2.2, a different experimental test could be performed with the same
mixtures.

A possible suitable test to obtain the Bingham properties is the Vane Rotational Rheometer. This test
has first been used in soil mechanics to measure the shear strength of soils, which would be suited for
the mixtures that behave as soil. Nowadays, it has become a standard technique in rheometry in which
the parameters of the Bingham fluid, Equation 2.2, can be defined [15] [33]. Therefore, this experi-
mental test could be suitable for the fluid and soil regime to determine the yield stress and viscosity
via regression analysis [39] and identify and characterize the transition regime.
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Other rheometers could also suitable to determine the properties of a Bingham fluid but not for a
mixture with aggregates of 1 mm. For instance, the parallel plate test has a gap of 1 mm. To test a
mixture with aggregates, the gap must be five to ten times larger than the maximum particle size in
the mixture [39]. Also, in the research of Dorresteijn [12], the parallel plate test gave an error in the
experiment for mixtures with glass and sand particles due to the particle size. The Vane Rotational
Rheometer gave mediocre results for these mixtures because these materials created a shear plane
next to the vane, which would indicate that the internal friction was too high, and only the yield stress
could be determined. Toutou and Roussel [40] also used a Vane Rotational Rheometer for a cement
paste and mortar, by which they successfully obtained the yield stress. It is recommended to use a
Vane Rotational Rheometer for the mixtures presented in Section 3.1 to obtain the parameters for a
Bingham fluid.

5.4 Comparison between mixture compositions

Combining the results of the extrudability for all mixtures gives Table 5.4. The mixtures with the lowest
volume fraction, 0.47, show different extrudability options. Mixture CS is the only mixture suitable to
test with a die diameter of 24 mm, caused by the internal friction between the sand particles.

For volume fraction 0.50, mixture CP has been tested for all die diameters, compared to mixture SG,
this is caused by the cohesion between the cement particles, which has not been found for mixture SG.
Mixture CS has only been tested for die diameters of 24 and 30 mm, compared to mixture CP where
all die diameters were possible. This is caused by a different effect than cohesion, which was found
for mixture CP. For mixture CS the friction between the sand particles causes this effect based on the
limited possible die diameters.

Table 5.4: Overview of experimental results for mixtures SG, CB and CS, volume fraction against die
diameter: green: positive results, orange: mediocre results, red: negative results, gray: material not
tested.

12 mm
18 mm
24 mm
30 mm

0.47 SG
CP
cs ]

0.50 SG
CP
CS

0.53 SG
CP
CS

0.56 SG
CP
CS

The same effect was observed for the mixtures with a volume fraction of 0.53. Here mixture CP shows
positive results for die diameters 18, 24, and 30 mm, whereas mixture SG only shows positive results
for die diameter 12. This indicates that for mixture SG there is limited to no cohesion or friction be-
tween the glass particles. The large variety of suitable die diameters for mixture CP indicates that the
cohesion value is high, where the cement particles bond based on chemical or physical interactions.
Mixture CS has only been tested for a die diameter of 30 mm, which gave mediocre results, as was also
found for volume fraction 0.50, it indicates that it has beencaused by the friction between the sand
aggregates.
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For volume fraction 0.56, mixture SG has been suitable for die diameter of 12 mm and gave mediocre
results for die diameter of 18 mm. The die diameter of 12 mm has also been suitable for lower volume
fractions, which indicates that cohesion and friction between the glass particles do not play a role for
volume fractions of 0.56 and lower. Mixture CP shows mediocre results for die diameters 24 and 30
mm, here the friction between the cement grains is dominant, causing pressure bleeding. The friction
between the sand particles has been estimated as too high for mixture CS, based on volume fraction
0.53, to perform the RAM Extruder.

Combining the results of the static yield stress peaks of mixtures SG, CB and CS gives a normal force
over volume fraction graph, presented in Figure 5.6. Here the average normal force per different mix-
ture, die diameter, and volume fraction is given based on the static yield stress peak. Mixture SG has
the most constant values for the normal force, where all volume fractions are in the same regime.
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Figure 5.6: Normal force per volume fraction and die diameter for different mixtures.

Mixture CP shows an increase in average normal force after volume fraction 0.53, where the normal
force is higher than 1.0 kN. This indicates that this mixture has transitioned from the fluid to soil
behavior between volume fractions 0.53 and 0.56. Also, the values of volume fractions 0.47 to 0.53
with different die diameters do not show a significant difference. This could indicate that the cohesion
between the cement particles is dominant and friction between the particles is less dominant based
on the principle of converging flow and build-up, as in Figure 3.14. Another remark is that the static
yield stress peaks of mixture CP with volume fractions 0.47 to 0.53 are lower compared to the results
obtained for mixture SG for the same volume fractions. Since both mixtures with volume fractions be-
tween 0.47 and 0.53 are in the fluid regime, this could be influenced by the particle size distribution,
as presented in Figure 3.5.

The last mixture, mixture CS, has an increase of normal force with the increase of volume fraction.
However, the slope depends on the die diameter. The die diameter has a significant influence on the
normal force for mixture CS. This has been caused by the friction between the sand particles in com-
bination with the converging flow, which creates build-up around the die entry, as presented in Figure
3.14. The largest difference is found for volume fraction 0.47, between die diameters 18 and 24 mm,
indicating that the friction between particles is dominant for the normal force. For a die diameter of
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18 mm, mixture CS with a volume fraction of 0.47 is in the fluid regime, as was also found for mixture
SG and mixture CB for volume fraction 0.47 to 0.53. For a die diameter of 24 mm, mixture CS with
a volume fraction of 0.47 is in the same region as volume fraction 0.50 for die diameters 24 and 30
mm. The normal force of volume fraction 0.53 is in the same region as mixture CP with a volume
fraction of 0.56, indicating that mixture CS, with a volume fraction of 0.53, also behaves as soil. This
indicates that volume fraction 0.47 with a die diameter of 24 mm and volume fraction 0.50 are around
the transition point from fluid to soil behavior.

To study the rheological behavior of the mixtures with more widely possible mixtures in the fluid and
solid regime, a different experimental test could be used. The Vane Rotational Rheometer is proposed
as another experimental test setup, which is used in different researches [12] [15] [40], to determine
the Bingham parameters. The experimental test uses the principle of simple shear flow and can be
displacement or force-controlled [12] [33].
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COMPARISON BETWEEN DIRECT SHEAR
TEST AND RAM EXTRUDER

Two experimental tests have been performed, namely the Direct Shear Test (DST) and RAM Extruder.
The DST is used to obtain the properties for the Mohr-Coulomb model, as presented by Equation 2.9.
The RAM Extruder is a rheometer that is used to obtain the properties of a Bingham fluid, as presented
in Equation 2.2. These formulas are combined into Equation 2.11 presented in Section 2.4. The ob-
tained parameters by the DST and RAM Extruder could be filled into the equation, and significant
parameters can be found. Either the friction coefficient and normal stress or the apparent viscosity and
shear rate are dominant. This indicates if a material behaves as soil, with the Mohr-Coulomb model,
or behaves as a fluid, with the Bingham model. However, the viscosity and shear rate could not be
obtained with the experimental program performed for the RAM Extruder. The shear rate could not
be obtained since only one displacement rate has been applied. Therefore, only the static yield stress
peaks and the behavior of the results of the DST and RAM Extruder have been compared.

First, the behavior of the different mixtures in both experimental tests. Mixture SG has a low angle
of internal friction in the DST caused by the perfect spherical shape of the glass beads. Also, in the
DST, a low cohesion value was found for mixture SG. No chemical or physical bonds arise between
the glass beads. Frictional effects could occur when higher volume fractions are being tested when
particles interact. A similar result has been found in the RAM Extruder. The normal force remained
almost constant with an increase in volume fraction, indicating that no bonds between the glass beads
occur. Also, in the RAM Extruder, it is expected that the normal force increases with a higher volume
fraction, above 0.56, where the glass beads interact based on friction.

For mixture CB different behavior has been observed than for mixture SG. In the DST, mixture CP shows
the effects of chemical and physical bonds between the cement grains. The cohesion value increases
with the increase of volume fraction, indicating the bonds between the cement grains. The angle of
internal friction, including deviations, is around the same value for volume fraction 0.47 to 0.53, as
was found Lu and Wang [28]. These volume fractions behave as a fluid, which could explain the differ-
ence with volume fraction 0.56. Here the angle of internal friction is a dominant factor caused by the
additional effect of friction between the cement grains. The effect of friction between cement grains
for a volume fraction of 0.56 has also been observed in the RAM Extruder. In this experimental test,
the effect of pressure bleeding occurred when the water was segregated from the cement grains. The
effect of friction between cement grains for volume fraction 0.47 to 0.53 is not dominant in the RAM
Extruder, based on the small differences between the die diameters. The small differences between the
die diameters for mixture CP are caused by the cohesion between the cement particles, where chemical
and physical bonds have been created. This is in correspondence with the cohesion found in the DST.

Mixture CS has an increasing angle of internal friction between volume fractions 0.47 to 0.53, caused
by the friction between the sand particles. The particle shape and size are important factors causing
friction between the particles. Also, an increasing cohesion with the increase of volume fraction has
been found, which is the effect of chemical and physical bonds between the particles, sand and cement,
in the mixture. Frictional effects between the sand particles have also been found for mixture CS in the
RAM Extruder. In the experimental test, pressure bleeding occurred when particles started to interlock
in the barrel and water was segregated from the sand and cement particles.

39



CHAPTER 6. COMPARISON BETWEEN DIRECT SHEAR TEST AND RAM EXTRUDER

Second, the static yield stress peak is discussed. The static yield stress peak is the stress required for
initiating flow [36]. This applies to both experimental tests, where a flow is initiated by shear, for DST,
or normal force, for RAM Extruder. The output of the DST is a shear stress, whereas the output of the
RAM Extruder is a normal force. The shear stress is normalized to the highest found cohesion value
for a specific mixture, where the normal stress is zero. The normal force found in the RAM Extruder is
normalized to the highest found normal force for a specific mixture in the results of the RAM Extruder.
For the normalized values, only a trend could have been found for mixture CP since the die diameters
do not influence the normal force due to the cohesion of the mixture. The trend of mixture CP for the
RAM Extruder and DST is given in Figure 6.1.
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Figure 6.1: Normalized static yield stress peak per volume fraction for mixture CP

The normalized values in Figure 6.1 show a similar course for the DST and RAM Extruder. For volume
fractions 0.47 to 0.53, a difference has been observed between the two experimental tests. The cohe-
sion value increases in the DST, whereas in the RAM Extruder, the effect of cohesion between cement
particles is less dominant. After volume fraction 0.53, the normalized static yield stress peak increases.
In the DST and RAM Extruder, frictional effects occur between the cement grains, causing the higher
static yield stress peak compared to the lower volume fractions.

Ma et al. [30] also investigated the effect of increasing the volume fraction of cement paste. They found
that the static yield stress increases with the volume fraction. This is mainly affected by the strength of
colloidal interactions between the cement particles. Also, in the research of Ma et al. [30], the highest
increase of static yield stress peak was between volume fraction of 47.5% to 49.41%. However, no
higher volume fractions have been researched. Therefore no comparison between the research of Ma
et al. [30] and the found data in this research could be made since, in this research, higher volume
fractions have been taken.

Lu and Wang [28] also compared results from a direct shear test and a rheometer for a cement paste
with different w/c ratios based on the static yield stress. They found that the static yield stress increases
rapidly from a water-cement ratio of 0.35 and lower. Where in this research, an increase in static yield
stress is found for mixtures with a lower water-cement ratio than 0.30. This difference could be influ-
enced by the cement type and temperature during mixing and testing or mixing procedures.
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Heymann et al. [22] investigated the transition from a liquid to a solid state for spherical particles.
They found that at low shear rates, a plateau can be seen, which affects the apparent yield stress. This
was also observed for mixture CS between volume fractions 0.53 and 0.56. This indicates that if a
material behaves as soil, a plateau occurs, where the static yield stress is not increasing anymore with
an increase in volume fraction.

More research has been done on the transition from a fluid to a solid regime on fresh concrete by
Heymann et al. [21], Yuan et al. [46] and Roussel et al. [38]. Here variations such as time depen-
dency, shear rate, and admixtures were taken into account, influencing the transition from a fluid to a
solid regime. They found that the static yield stress peak also depends on the shear rate. Therefore,
additional research on the shear rate dependency on the static yield stress peak could be useful for a
more detailed description of the transition from a fluid to a solid regime.
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CONCLUSION

In this study, three different mixture compositions have been studied on their rheological and soil-like
behavior to identify and characterize the transitional regime. An experimental program was set up and
performed to obtain the material properties. The experimental method consists of the Direct Shear Test
(DST) and RAM Extruder, mainly used in soil mechanics and rheology studies. With this experimental
program, the structure of a material has been identified and characterized in three different regimes:
fluid, transition, and soil. These regimes are related to specific failure mechanisms based on strength
properties.

The transition between fluid and soil behavior depends on the type of mixture, where particle inter-
actions, particle shape, and particle size are important factors. The interaction between particles can
occur in chemical or physical interactions, dominated by cohesion or dilatancy and local frictional ef-
fects. The particle shape can cause the interlocking of particles, resulting in a higher cohesion. The
particle size can cause various dilatancy effects, where a larger particle has a larger effect.

Three different mixture compositions have been tested to find a transition point from fluid to soil be-
havior. First, mixture SG (syrup and glass beads), where the transition point has not been found. This
aligns with the literature, where the transition point is around a volume fraction of 0.64 for perfect
spherical particles. The tested volume fractions for mixture SG are lower than 0.64 and, found by the
DST and RAM Extruder, in the fluid regime. In this regime, viscosity is the dominant parameter.

Second, Mixture CP (cement paste) has the transition point from fluid to soil behavior between volume
fractions 0.53 and 0.56. The volume fraction where the transition occurs in mixture CP is lower than
for mixture SG. This is caused by the chemical and physical interactions in the mixture, such as the
Van der Waals connections. The cohesion found for volume fractions 0.47 to 0.53 can be related to
solid behavior, where inter-particle forces dominate. However, the friction angle does not dominate
for volume fractions 0.47 to 0.53, indicating the solid behavior in the fluid regime. Between volume
fractions 0.53 and 0.56, frictional effects become more dominant, caused by the particle shape and
interlocking of particles. This leads to a dilatancy effect and local friction, a characteristic of soil be-
havior. Therefore the transition point for mixture CP is between volume fractions 0.53 and 0.56.

Last, the transition point of mixture CS has been found around a volume fraction of 0.50. The angle
of internal friction increases between volume fractions 0.47 and 0.50, indicating that the material is
becoming more pressure-dependent, a characteristic of the soil regime. Volume fraction 0.47 behaves
as a solid in the fluid regime, where the angle of internal friction is lower because of less pressure
dependency than volume fraction 0.50. Volume fractions above 0.50, 0.53, and 0.56 behave as soils,
where friction between particles is dominant. This results in larger dilatancy and local frictional effects
than a volume fraction of 0.50.

From this research, it can be concluded that with the material structure, a transition between fluid
and soil behavior in the fresh state can be identified, where the transition is influenced by particle
interactions, particle shape, and particle size.
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RECOMMENDATIONS

This research gives insight into identifying the transition from fluid to soil behavior in the fresh state
based on experimental test results and the associated failure mechanism for 3D concrete printing.
More insight into the transition could be obtained through further research. Therefore, in this chap-
ter, suggestions have been made which improve the insight into the transition between fluid and soil
behavior. Besides these suggestions for further research, some suggestions have been made for 3D
concrete printer developers.

First, the suggestions to improve insight into fluid to soil behavior transition will be discussed. The
Bingham properties could be obtained, where all parameters of Equation 2.11 could be filled in to
find the dominant regime of the mixture, either fluid or soil behavior. The Bingham properties could
probably be obtained by an adjustment of the RAM Extruder or an adjustment to the material. No
shear rate dependency was found with the setup used in this research. Adjusting the RAM Extruder
to a larger barrel, where the diameter is enlarged, the parameters could be obtained when the experi-
ment is performed for different vertical displacement rates. One vertical displacement rate per test is
recommended to exclude the effects of the transition to different vertical speed rates. Also, an anti-
segregation admixture could be added to the mixture, excluding the effect of pressure bleeding.

An analytical model could be made to obtain more knowledge about a mixture’s behavior inside the
RAM Extruder’s barrel. The converging flow, in combination with the angle of the build-up material
at the die entry, could be observed with an analytical model, and blockage inside the barrel could be
described.

Besides adjusting the RAM Extruder, other experimental tests could also be performed to obtain the
Bingham properties. The Vane Rotational Rheometer is a possible test to obtain these properties. This
is an experimental test based on rheology. However, it has also been used in soil mechanics research.
The experimental test uses the principle of simple shear flow. A remark to this test is that only the
yield stress could be obtained for specific materials because a shear plane could occur next to the vane.
Therefore, close attention should be paid to forming a shear plane to obtain the Bingham parameters.
Besides the Vane Rotational Rheometer, also the DST could be used to obtain the Bingham parameters.
The Bingham properties could be obtained by performing the DST with different shear rates. Close
attention should be paid to the static yield stress peak. The peak could increase with an increasing
shear rate. Also, the possibilities with the current experimental setup of the DST at the SED laboratory
of the Eindhoven University of Technology should be investigated. The current experimental setup
could be unsuitable for applying a variation of displacement rates.

Also, the vertical displacement of the sample in the DST could be measured. The volumetric strain
could be found by obtaining the vertical displacement of the sample. With the volumetric strain, the
dilatancy effect could be described individually. This research only describes the dilatancy effect in the
static yield stress peak, which combines the dilatancy and local friction effects.

The experimental program could be extended for the individual mixtures in this research. For mixture
SG, additional tests could be performed with higher volume fractions, within a range of 0.56 to 0.70,
to validate that ¢,,,, for round particles is around 0.64, as was found in other research and to validate
the model of Krieger-Dougherty. With volume fractions higher than 0.64 for round particles, behavior
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related to the soil regime should be observed. Also, the experimental program for mixture CS could
be extended. The results observed a plateau at volume fractions 0.53 and 0.56. For more insight into
this plateau and to obtain a specific value after which it occurs, it is recommended to perform more
experimental tests in the range of volume fractions 0.52 to 0.60. During the testing, attention should
be paid to randomizing the experiments to avoid errors in the experimental setup. Also, more repeti-
tions are recommended to exclude uncertainties.

Second, suggestions for developers in 3D concrete printing. To obtain more insight into the relationship
between the 3D concrete printer and the experimental results, other, more complex mixtures could be
used, or the experiments could be scaled up. The mixture could be made more complex by adding
plasticizers, VMA, fibers, and various particle-size aggregates to the cement paste. Additions to the
cement paste could influence the failure criterion used to describe the material in a specific regime.
By scaling up the experiments to the scale of the 3D concrete printer, a comparison could be made
between the experimental results and the behavior of mixtures in the 3D concrete printer.

Besides more insight into the relationship between the 3D concrete printer and the experimental re-
sults, recommendations have been made for developing 3D concrete printers. If the mixture behaves
like soil, a shorter hose is recommended. The soil behavior is dominated by dilatancy and local fric-
tional effects, where the friction causes blocking, as observed in the RAM Extruder. The shorter the
hose, the less likely blocking occurs due to friction between particles. Also, it is recommended to make
the nozzle smaller than the diameter of the hose. In the RAM Extruder, it has been observed that ma-
terials that behave as soil or as a fluid fall through the die when the diameter of the die is too large.
Therefore the applied pressure from the pump is more difficult to control and the printing trial can be
less constant.
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AccuPycll 1340 V2.00
Serial Number: 1076
Density and Volume Report

Sample ID: Glass Beads Started: 06/02/23 11:39:21
Sample Mass: 25.9120 g Completed: 06/02/23 11:58:09
Temperature: 22.4 ?C

Number of Purges: 10 Equilibration Rate: 0.0050 psig/min
Cell Volume: 37.7887 cm3 Expansion Volume: 73.9736 cm3

Volume Deviation Density Deviation Elapsed Temperature
Cycle# cm3 cm3 g/lcm3 g/cm3  Time ?C
1 10.6413 -0.0016 2.4350 0.0004 0:05:35 22.2
2 10.6383 -0.0046 2.4357 0.0011 0:07:05 22.2
3 10.6389 -0.0040 2.4356 0.0009 0:08:33 22.2
4 10.6408 -0.0021 2.4352 0.0005 0:09:57 22.2
5 10.6433 0.0004 2.4346 -0.0001 0:11:24 22.3
6
7
8
9

10.6444 0.0015 2.4343 -0.0003 0:12:53 22.3
10.6431 0.0002 2.4346 -0.0001 0:14:21 223
10.6451 0.0022 2.4342 -0.0005 0:15:47 22.4
10.6457 0.0028 0.0006 0:17:11 22.3
10 10.6482 0.0053 2.4335 -0.0012 0:18:40 22.3

N

~

w

~

o
1

Average Volume: 10.6429 cm3 Standard Deviation: 0.0030 cm3
Average Density: 2.4347 g/cm3 Standard Deviation: 0.0007 g/cm3



AccuPycll 1340 V2.00
Serial Number: 1076
Density and Volume Report

Sample ID: Sand Started: 13/12/22 11:05:01

Sample Mass: 32.2937 g Completed: 13/12/22 11:24:55
Temperature: 20.9 ?C

Number of Purges: 10 Equilibration Rate: 0.0050 psig/min
Cell Volume: 37.7887 cm3 Expansion Volume: 73.9736 cm3

Volume Deviation Density Deviation Elapsed Temperature
Cycle# cm3 cm3 g/lcm3 g/cm3  Time ?C
12.2331 0.0015 2.6399 -0.0003 0:05:31 20.5
12.2266 -0.0050 2.6413 0.0011 0:07:13 20.6
12.2317 0.0001 2.6402 -0.0000 0:08:45 20.6
12.2270 -0.0046 2.6412 0.0010 0:10:24 20.6
12.2324 0.0009 2.6400 -0.0002 0:11:53 20.7
12.2327 0.0012 2.6399 -0.0003 0:13:24 20.7
12.2371 0.0056 2.6390 -0.0012 0:14:49 20.7
12.2303 -0.0012 2.6405 0.0003 0:16:25 20.8
12.2317 0.0002 2.6402 -0.0000 0:18:07 20.8
10 12.2329 0.0013 2.6399 -0.0003 0:19:46 20.9

OCoO~NOOUILA,WNPE

Average Volume: 12.2315 cm3 Standard Deviation: 0.0029 cm3
Average Density: 2.6402 g/cm3 Standard Deviation: 0.0006 g/cm3
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RESULTS DST FOR MIXTURE SG

Volume fraction 0.47

Shear stress [kPa]

6.0

5.0

4.0

3.0

2.0

1.0

Table B.1: Static yield stress peak values for mixture SG VF0.47 in kPa

1 2 3 | Average
15N 0.110 0.634 0.350 0.365
5.72N 1.149 1.465 0.341 0.985
14.036 N | 0.176 2.201 0.245 0.874

1.5N

Horizontal displacement [mm]
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Volume fraction 0.50

Shear stress [kPa]

6.0
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4.0

3.0

2.0

1.0

0.0

-1.0

Table B.2: Static yield stress peak values for mixture SG VF0.50 in kPa

1 2 3 | Average
15N 0.493 0.355 0.336 0.395
5.72 N 0.407 0.220 0.675 0.434
14.036 N | 0.497 0.000 0.280 0.259

I 1.5N

W

D 1 3 6 9 11 14 16 18 20

Horizontal displacement [mm]
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Volume fraction 0.53

Shear stress [kPa]

6.0
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4.0
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Table B.3: Static yield stress peak values for mixture SG VF0.53 in kPa

1 2 3 | Average
15N 0.339 0.689 0.648 0.559
5.72 N 0.979 0.640 1.186 0.935
14.036 N | 1.801 0.791 0.258 0.950

i 1.5N

Horizontal displacement [mm]
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Volume fraction 0.56

Shear stress [kPa]
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Table B.4: Static yield stress peak values for mixture SG VF0.56 in kPa

1 2 3 | Average
15N 0.254 0.724 0.291 0.423
5.72 N 0.857 0.000 0.776 0.544
14.036 N | 0.999 0.154 1.402 0.852
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D 1 3 6 9 11 14 16 18 20

Horizontal displacement [mm]
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RESULTS DST FOR MIXTURE CP

Volume fraction 0.47

Table C.1: Static yield stress peak values for mixture CP VF0.47 in kPa

1 2 3 4 | Average
15N 0.081 0.541 0.231 0.186 0.260
5.72N 0.337 0.297 0.362 - 0.332
14.036 N | 0.397 1.297 0.459 - 0.718
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Volume fraction 0.50

Shear stress [kPa]
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Table C.2: Static yield stress peak values for mixture CP VF0.50 in kPa

1 2 3 4 | Average
1.5N 0.451 0.349 0.968 - 0.590
5.72 N 0.751 0.803 0.538 1.999 1.023
14.036 N | 0.473 1.548 0.877 - 0.966
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Volume fraction 0.53

Shear stress [kPa]
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Table C.3: Static yield stress peak values for mixture CP VF0.53 in kPa

1 2 3 4 | Average
1.5N 1.203 0.573 1.365 - 1.047
5.72 N 0.485 1.390 1.1014 0.614 0.876
14.036 N | 1.615 1.191 0.644 - 1.150
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Volume fraction 0.56

Shear stress [kPa]
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Table C.4: Static yield stress peak values for mixture CP VF0.56 in kPa

1 2 3 4 | Average
1.5N 2.629 2537 2.413 - 2.526
5.72 N 1.672 4.170 3.326 3.955 3.281
14.036 N | 2.963 2.366 5.535 - 3.561
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Combination
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RESULTS DST FOR MIXTURE CS

Volume fraction 0.47

Shear stress [kPa]
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Table D.1: Static yield stress peak values for mixture CS VF0.47 in kPa

1 2 3 4 5 | Average
15N 0.446 1.269 0.857 1.1015 0.596 0.837
5.72N 0.897 1.693 1.488 - - 1.360
14.036 N | 1.098 1.764 1.874 1.226 - 1.490
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D 1 3 6 9 11 14 16 18 20

Horizontal displacement [mm)]
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Volume fraction 0.50

Shear stress [kPa]
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Table D.2: Static yield stress peak values for mixture CS VF0.50 in kPa

1 2 3 | Average
15N 0.793 0.659 1.027 0.826
5.72 N 1.471 1.334 1.913 1.573
14.036 N | 2.877 2.722 1.966 2.525
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Volume fraction 0.53

Table D.3: Static yield stress peak values for mixture CS VF0.53 in kPa

1 2 3 | Average
15N 2.141 2.059 3.077 2.426
5.72 N 3.480 3.634 3.155 3.423
14.036 N | 5.183 7.468 5.661 6.104
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Volume fraction 0.56

Shear stress [kPa]
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Table D.4: Static yield stress peak values for mixture CS VF0.56 in kPa

1 2 3 | Average
15N 1.867 3.674 2.629 2.723
5.72 N 3.202 2.653 3.015 2.957
14.036 N | 4.751 5.239 4.311 4.767
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Combination
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RESULTS RAM EXTRUDER FOR MIXTURE
SG

Volume fraction 0.47

Table E.1: Static yield stress peak values for mixture SG VF0.47 in [N]

12mm 18mm 24 mm 30 mm

1 727.29
2 566.81
3 517.59

Average | 603.90

1800 12mm
1600 |
1400
1200
1000
800 |

600

400

Measured force barrel [N]

200

0 20 40 60 80 100 120 140 160 180 200 220
Piston displacement [mm]

Volume fraction 0.50
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Table E.2: Static yield stress peak values for mixture SG VF0.50 in [N]

12mm 18mm 24 mm 30 mm

1 457.82 - - -
2 424.04 - - -
3 436.32 - - -
4 495.30 - - -

Average | 453.37 - - -

1800 r
1600
1400
1200
1000 +

800

600

400

Measured force barrel [N]

200

12mm

0 20 40 60 80 100 120 140 160 180 200
Piston displacement [mm]

Volume fraction 0.53

Table E.3: Static yield stress peak values for mixture SG VF0.53 in [N]

12mm 18mm 24 mm 30 mm

1 418.08 - - -
2 384.52 - - -
3 457.03 - - -

Average | 419.88 - - -

220
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Volume fraction 0.56

Table E.4: Static yield stress peak values for mixture SG VF0.56 in [N]

60 80

100

120 140 160

Piston displacement [mm]

180

12mm 18mm 24 mm 30 mm
1 367.68 885.83 - -
2 663.87 630.25 - -
3 656.34 578.99 - -
Average | 562.63 698.36 - -

200

220
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Combination
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RESULTS RAM EXTRUDER FOR MIXTURE
CP

Volume fraction 0.47

Table E1: Static yield stress peak values for mixture CP VF0.47 in [N]

12mm 18mm 24 mm 30 mm

1 46.87  43.93
2 68.44  40.28
3 57.71

Average | 57.67  42.11

1800 r 12mm
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Volume fraction 0.50

Table E2: Static yield stress peak values for mixture CP VF0.50 in [N]

12mm 18mm 24 mm 30 mm

1 102.37 70.19 48.91 35.98
2 78.54 58.40 36.39 67.85
3 58.51 68.53 57.45 53.55

Average | 79.81 65.71 47.58  52.46
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Volume fraction 0.53

Table E3: Static yield stress peak values for mixture CP VF0.53 in [N]

12mm 18 mm 24 mm 30 mm

1 - 261.1 196.75 120.47

2 - 199.47 116.34 73.90

3 - 23.35 123.23 98.29
Average - 161.31 145.44 97.55

10000 18mm
9000 |
8000 |
7000 |
6000 |
5000 |
4000
3000
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Measured force barrel [N]
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Piston displacement [mm]
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Volume fraction 0.56

Table E4: Static yield stress peak values for mixture CP VF0.56 in [N]

12mm 18 mm 24 mm 30 mm

1 - - 3686.80 4839.61

2 - - 883.41 1148.11

3 - - - 1148.17
Average - - 2285.11 2378.63

10000 24mm
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8000 |
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5000
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Combination

1800

1600

1400

1200

1000

800

600

400

Measured force barrel [N]

200

0

1800

1600

1400

1200

1000

800

600

400

Measured force barrel [N]

200

12mm

—0.47

60 80 100 120 140 160 180 200 220
Piston displacement [mm]

60 80 100 120 140 160 180 200 220
Piston displacement [mm]

101



APPENDIX E RESULTS RAM EXTRUDER FOR MIXTURE CP

1800 ,' 24mm
'_|1600 - | e 0.50
=
— 1400 | | ---053
[ |
S 1200 | — —0.56
< |
() L
8 1000 I
L goo |
S |
S 600 |
>
@ |
S 400
= | cm——— -

200 | P ~——_ - e meme == -

[ ,---
B s
1 21 41 61 8 101 121 141 161 181 201 221
Piston displacement [mm]

1800 | N 30mm
1600 - II : , /2 0.50
= Ly
= 1400 |/ | 7N ---053
e I | ’\/

5 1200 | | ] — 0536
0 , ,/
$ 1000 |- |
S
L goo |/
kS |
S 600
©
® 400
>
200

141
Piston displacement [mm]

101 121 161

102



RESULTS RAM EXTRUDER FOR MIXTURE
CS

Volume fraction 0.47

Table G.1: Static yield stress peak values for mixture CS VF0.47 in [N]

12mm 18 mm 24 mm 30 mm
1 - 287.86 822.50 92.62

2 - 516.35 696.11 -

3 - 497.15 1671.37 -
Average - 433.787 1063.33  92.62

10000 r 18mm
9000
8000 -
7000
6000
5000 -
4000
3000 -

2000 -

Measured force barrel [N]

1000

0 20 40 60 80 100 120 140 160 180 200 220
Piston displacement [mm)]
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Volume fraction 0.50

Table G.2: Static yield stress peak values for mixture CS VF0.50 in [N]

12mm 18 mm 24 mm 30 mm

1 - - 1485.68 979.21

2 - - 1213.43 1283.09

3 - - 1465.35 1290.55
Average - - 1388.15 1184.28
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Volume fraction 0.53

Table G.3: Static yield stress peak values for mixture CS VF0.53 in [N]

12mm 18 mm 24 mm 30 mm
1 - - - 1783.15
2 - - - 2657.04
3 ; ; ; i,
Average - - - 2220.10
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DEVELOPMENT OVER TIME

In Section 3.1, it has been stated that the used cement, CEM III/C, has a slow strength development
compared to other cement types over time. Wolfs [44] found time can have a significant influence on
the strength development. Therefore, the time when the experimental test started has been tracked.
The time started when the water was added to the dry mix, in this research, cement with possibly sand
particles, and has been noted when the experimental test started. The time was tracked for mixture
CP in the DST and RAM Extruder and for mixture CS in the RAM Extruder. Based on the static yield
stress peaks with the time indication in Tables H.1, H.2 and H.3, no time dependency was found in the
first 30 minutes after water and cement came in contact.
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Table H.1: Starting time of experiment for Direct Shear Test with mixture CP

Volume frac- Normal force

tion IN] 7 [kPa] Time
0.47 1.5 0.08 7:29
0.54 4:59
0.23 2:18
0.19 5:28
0.47 5.72 0.34 9:56
0.30 11:22
0.36 2:26
0.47 14.036 0.40 2:55
1.30 5:31
0.46 8:07
0.50 1.5 0.45 7:20
0.35 9:39
0.97 2:15
0.50 5.72 0.75 2:48
0.80 5:16
0.54 7:27
2.00 4:37
0.50 14.036 0.47 10:24
1.55 2:17
0.88 4:44
0.53 1.5 1.20 7:21
0.57 9:48
1.36 2:54
0.53 5.72 0.49 11:13
1.39 2:49
1.01 5:06
0.61 5:47
0.53 14.036 1.61 3:11
1.19 5:36
0.64 8:38
0.56 1.5 2.63 3:14
2.54 5:38
2.41 7:56
0.56 5.72 1.67 10:22
4.17 3:08
3.33 5:45
3.96 6:46
0.56 14.036 2.96 8:41
2.37 11:21
5.35 3:50
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Table H.2: Starting time of experiment for RAM Extruder with mixture CP

Volume frac- Die diameter

tion [mm] Fy [N] Time
0.47 12 46.87 4:37
68.44 14:52
57.71 24:02
0.47 18 43.93 4:53
40.28 3:58
0.50 12 102.37 5:32
78.54 17:10
58.51 28:14
0.50 18 70.19 5:37
58.40 16:14
68.53 26:18
0.50 24 48.91 5:41
36.39 14:29
57.45 25:11
0.50 30 35.98 5:50
67.85 14:54
53.55 24:25
0.53 18 261.10 6:19
199.47 7:36
23.35 19:01
0.53 24 196.75 7:18
116.34 18:14
123.23 28:45
0.53 30 120.47 6:02
73.90 15:07
98.29 23:37
0.56 24 3686.80 5:35
883.41 22:59
0.56 30 4839.61 6:24
1148.11 19:09
1148.17 25:44
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Table H.3: Starting time of experiment for RAM Extruder with mixture CS

Volume frac- Die diameter

tion [mm] Fy [N] Time
0.47 18 287.86 4:.07
516.35 9:17
497.15 14:06
0.47 24 822.50 3:39
696.11 7:07
1671.37 14:05
0.47 30 92.62 3:36
0.50 24 1485.68 3:43
1213.43 9:18
1465.35 23:33
0.50 30 979.21 4:20
1283.09 9:28
1290.55 14:47
0.53 30 1783.15 4:47
2657.04 11:32
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RESULTS RAM EXTRUDER FOR THE
EXPERIMENTAL PROGRAM WITH VARYING
SPEEDS

The experimental test RAM Extruder has been performed with a program with varying speeds, as
presented in Table I.1. The program consists of two types of barrels, where only the large barrel was
used for the experimental program presented in Chapter 5. This appendix presents the results of an
experimental program with the short and long barrels. The short barrel (SB) has a diameter of 36
mm, equal to the long barrel (LB). The SB has a length of 120 mm. The test has also been performed
with different die’s. The diameter of all die’s is 12 mm, where the length varies. The used lengths are:
15 mm, 60 mm, and 120 mm. The experimental program has been performed for different mixture
compositions than presented in Section 3.1, but with the same materials, cement, sand, and glass
beads. The glass beads have an average diameter of 1 mm, which differs from the material presented
in Section 3.1. The glass beads are mixed with a cement paste, similar to the combination of sand with
cement paste. The volume fractions of the mixtures are presented in Table I.2.

Table I.1: Experimental program with varying speeds for RAM Extruder

Speed rate [mm/s]

Vertical
displacement for
long barrel [mm]

Vertical
displacement for
short barrel [mm ]

2 0-30 0-10
1 30-80 10-30
0.5 80-130 30-50
0.25 130-180 50-70
2 180-230 70-90
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SPEEDS

Table 1.2: Relative mix proportions by weight

Mix- Volume w/c ratio Proportions
ture  fraction

g g
3] <
g &
5 5%
o 3 85
o © 3+
[} o [7:) E
5 5 L 5
(&) [95) &) 3
CP-2 0.42 0.46 2.16 1
0.44 0.43 2.34 1
0.48 0.36 2.71 1
0.52 0.31 3.23 1
0.55 0.27 3.64 1
CS-2 0.27 0.37 2.70 1.85 1
0.35 0.37 2.70 2.37 1
0.40 0.37 2.70 2.50 1
0.47 0.37 2.70 2.78 1
0.55 0.43 2.33 5.81 1
CG-2 0.42 0.37 2.70 1.85 1
0.44 0.37 2.70 2.08 1
0.48 0.32 3.17 2.70 1
Mixture CP-2
Volume fraction 0.42
1800 LB 60mm
1600 |
=
= 1400 +
g
S 1200
o]
glooo =
L g00
©
g
5 600 -
(%]
o 400 |-
>
200
0

0 40 70 90 110 120 130 140 150 160 160 170 180 230
Piston displacement [mm)]
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Volume fraction 0.48

1800 LB_120mm
1600

1400
1200
1000
800
600
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Measured force barrel
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0 I 1 1 1 1 1 1 1 1 1
0 44 74 92 107 122 133 141 148 156 163 171 178 225
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1800 ¢ LB _15mm
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1400
1200
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600 -

400 r

Measured force barrel [N]

200 -

0 I 1 1 1 1 1 1 1 1 1 1
0 44 74 92 107 122 133 141 148 156 163 171 178 225

Piston displacement [mm]
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SPEEDS
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SPEEDS

Volume fraction 0.52

10000
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8000
7000
6000
5000
4000
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1000
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SPEEDS
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Volume fraction 0.44

1800 SB _15mm
1600
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RESULTS DST WITH VARYING HEIGHTS

The influence of the height of the shear box in the Direct Shear Test has been researched. The height
can have an influence on the forming of a local shear failure plane. Besides, the global shear stress
could be measured over the local shear stress. Therefore, the height of the shear box is varied. The
top and bottom plates have been varied in height. The explanation of the height is presented in Figure
J.1. The heights of the top and bottom plates are given in Table J.1. The influence of the height of the
plates in the DST has been researched for mixture CB as presented in Table 3.1, for volume fractions
0.50, 0.53, and 0.56.

Ha

Hs

Figure J.1: Abstract explanation of varied heights in DST.

Table J.1: Varied tested heights of Direct Shear Test.

Type | Height top plate (H,) [mm] | Height bottom plate (Hz) [mm]
18-18 18 18
18-12 18 12
18-6 18 6
12-12 12 12
6-6 6 6

Volume fraction 0.50

The results of the DST for mixture CP with volume fraction 0.50 are presented below. The heights of
the plates do not change the behavior of the shear stress over the horizontal displacement. The height
does not influence the measurement of a local shear plane failure for this mixture.
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Volume fraction 0.53

The results of the DST for mixture CP with volume fraction 0.53 are presented below. The original
shear box, with a height of bottom en top plate of 18 mm, shows an earlier static yield stress peak than
the lower heights. The static yield stress peak of the lower heights, top and bottom plate, occurs with a
larger horizontal displacement. However, the magnitude of shear stress does not vary for the original
shear box compared to the lower heights of the plates.
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Volume fraction 0.56

The results of the DST for mixture CP with volume fraction 0.56 are presented below. The original
setup of the DST, type 18-18, shows an earlier static yield stress peak than the lower height of the top
and bottom plates. For the lower heights of the shear box, the static yield stress peak has been observed
at a larger horizontal displacement. However, the magnitude of the shear stress does not vary for the
original shear box compared to the lower heights of the shear box.

6.0 r 18-18

50 -
40 -
3.0

20

Shear stress [kPa]
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0.0

0 2 3 6 8 10 12 14 16 18

Horizontal displacement [mm]

The height of the DST has an influence on the behavior of shear stress development over horizontal
displacement, especially for mixtures with a higher volume fraction. This indicates that a global shear
failure plane is measured over a local shear failure plane. However, the magnitude of the shear stress
for the original shear box is in the same order of magnitude as the lower heights of the top and bottom
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plates of the shear box. Therefore, the results of the original shear box, with an overall height of 36
mm, can be used to represent the local shear failure plane.
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RESULTS DST FOR OTHER MIXTURES

The Direct Shear Test (DST) has also been performed for other mixtures than presented in Table 3.1.
The DST has been performed for a cement paste mixture (CP-2) and a cement paste mixture with
sand aggregates (CS-2). The mix proportions of the mixtures are presented in Table 1.2. The DST
is performed with various normal forces of 1.5 N (self-weight), 5.72 N, and 14.036 N, similar to the
experimental program described in Section 3.2.
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Volume fraction 0.42

60 1.5N
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Volume fraction 0.52
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Volume fraction 0.55
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