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Abstract: The rheological characteristics of concrete offer insights into characterizing the flowability
and finishability, predicting the placement and casting, as well as exerting significant influence on the
mechanical properties and durability. This paper presents a brief overview on the applications of
rheological properties in cement and concrete science and technology. The methods for designing and
optimizing concrete mixtures based on the rheology of cement paste and/or concrete are summarized.
The evaluations of structural evolutions of cementitious paste after the contact of water with
cementitious particles, and the determination of setting time utilizing rheological properties, are
discussed. The applications of rheological properties in transporting, pumping, placement, and casting
processes are also illustrated based on the relationships between rheological parameters (i.e., yield stress,
plastic viscosity, and degree of thixotropy) and concrete properties such as stability, pumpability,
formwork pressure and mechanical strength between multi-layers. Additionally, the correlations
between rheological properties and 3D printing parameters are also briefly highlighted.
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1. Introduction

Fresh cement-based materials can be regarded as complex suspensions, encompassing grain sizes
ranging from microns to centimeters. The fresh properties of concrete play significant roles in practical
engineering applications. Without adequate fresh properties, even the most carefully engineered
structural concrete is at risk of failure due to the difficulties in filling molds and compacting the material
around the reinforcing steel [1,2]. Traditional methods for assessing workability, such as slump, V-
funnel, or L-box tests, often all short in fully distinguishing the various aspects of fresh properties of
concrete [3]. For example, fresh concrete with different rheological parameters may yield similar results
in V-funnel or L-box tests. Consequently, the fresh properties of concrete may be potentially
misinterpreted. To mitigate these discrepancies, it is necessary to characterize the fresh properties of
concrete using fundamental physical quantities.
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Rheology, the study of flow and deformation of matter [4], is particularly relevant in the field of
cement and concrete. It mainly examines the evolution of viscosity, plasticity, and elasticity properties in
cement-based materials when subjected to shear stress or strain. Yield stress and plastic viscosity are the
two fundamental rheological parameters, with the former denoting the minimum shear stress required to
initiate flow, and the latter characterizing the relationship between shear stress and shear rate during steady
flow conditions [5,6]. The utility of rheology extends beyond merely assessing flow and deformation. It
serves as an effective tool in numerous engineering applications related to concrete. These include concrete
mixture design, assessing workability, and predicting the flow behavior and stability [7-9]. Additionally,
other rheological parameters such as static yield stress (which correlates with the colloidal interactions and
rigid links among solid particles [10-12], typically assessed through stress growth tests) and storage
modulus (indicative of material elastic behavior [13,14], which is determined by small amplitude
oscillatory shear tests), offer insights into the evaluations of structural build-up and setting time of cement-
based materials [15-17]. All these properties have significant effects on the mechanical strength, shrinkage,
pore structure, and durability of hardened concrete [18-22]. This paper presents a critical review of the
applications of rheological properties in the aforementioned areas. Furthermore, the correlations between
rheology and printability of 3D printing concrete are also briefly discussed.

2. Guiding mixture design of concrete
2.1. Mixture design based on paste rheology

Rheology finds significant applications in the design of concrete mixtures, particularly in the self-
compacting concrete. While various mix design and optimization methods for self-compacting concrete
have been proposed, such as empirical design methods, statistical factorial models, closed aggregate
packing methods, and artificial neural networks, each possesses distinct advantages alongside common
drawbacks, notably involving high labor, time, and material costs [23,24]. Furthermore, none of these
methods fully meet the requirements for widespread applicability, robustness, technical soundness,
sustainability, and economic viability [25]. Therefore, researchers have recently been increasingly
exploring the rheological perspective in self-compacting concrete design.

Saak et al. [26] introduced the “rheology of paste model” as a framework for designing the mix
proportions of self-compacting concrete. The model operates on the principle that a single spherical
particle can be suspended, thereby avoiding both dynamic and static segregations. Through this, a series
of theoretical relationships between rheological parameters and density difference can be established to
ascertain the minimum vyield stress and viscosity of cementitious paste. The upper bounds of yield stress
and viscosity are experimentally calibrated based on the critical state of poor deformability of concrete.
Consequently, a suitable range of rheological properties can be determined. Subsequently, the rheology
of paste model was expanded by Bui et al. [27] by incorporating considerations of volume and particle
size distribution of aggregates. Moreover, Ferrara et al. [28] further extended this model to encompass
the preparation of steel fiber reinforced self-compacting concrete. The rheology of paste model offers
the potential to significantly reduce laboratory work and materials, thus providing a theoretical
foundation for quality control in concrete production.

Generally, fresh self-compacting concrete is commonly conceptualized as a two-phase material
consisting of mortar and coarse aggregate, with mortar representing fine particles suspended in cement
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paste [29, 30]. On this basis, An et al. [31-33] introduced another widely adopted mixture design method
for self-compacting concrete, according to the correlations between rheological properties of paste or
mortar, water-to-cement ratio and superplasticizer content at fixed aggregate levels and physical
properties. By establishing a series of equations, as described in Eq. (1) and Eq. (2), the self-compacting
area of paste and mortar could be easily obtained using this design procedure without reliance on
mathematical software.
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Where tmortar and 7mortar are the yield stress and viscosity of the mortar, respectively; Ap is the density
difference between coarse aggregates and suspending mortar; is the gravitational acceleration; Tt is the
flowing time; H is the height of the slump cone; r is the average radius of coarse aggregates, and dmortar
is the excess mortar film thickness. Notably, this approach not only provides an efficient means to predict
the workability of self-compacting concrete based on the paste rheology, but also significantly reduces
laboratory work and time. However, considering the significant influence of aggregate content and
physical properties on the rheological properties and workability of concrete, it is essential to incorporate
aggregate parameters when establishing the theoretical models. Consequently, Zhang et al. [34] explored
the effect of coarse aggregate on self-compacting concrete to establish a new theoretical framework.
Building upon the previously proposed model, this study accounts for gradation characteristics and
contents of gravel and sand. Furthermore, Li et al. [35] improved the mixture design method of self-
compacting concrete containing fly ash and limestone powder ternary binder materials based on the paste
threshold theory. More details are referred to [36].

2.2. Mixture design based on concrete rheology

Utilizing a graph depicting yield stress against plastic viscosity proves to be an effective approach for
describing the complex variations of rheological parameters. Wallevik et al. [37] introduced the
“workability box” technique for concrete mixture design. The workability box consists of several distinct
regions without an exact and clear boundary, each representing an optimal range of yield stress and
plastic viscosity for specific concrete applications. The workability box is tailored to different concrete
types and their intended use. For example, Xie et al. [38] suggested that the suitable parameters for the
C20 concrete fall within a yield stress range of 300 - 1500 Pa and a plastic viscosity range of 11 - 43
Pa.s. Integrating the workability box with rheography (as depicted in Figure 1) serves as crucial tool in
achieving well-proportioned concrete mixtures concerning flowabiliy, stability, robustness, and cost-
effectiveness [37]. From a scientific standpoint, this approach demonstrates how to optimize mixture
proportions based on site-specific concrete properties. It should be noted that the individual effects by
altering concrete composition are additive [39], a concept known as the vectorized-rheograph approach.
The results indicate that the proportion design method based on the concrete rheological properties was
both convenient and practical.
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Figure 1. Effect of ingredients on concrete rheological properties (Copyright© 2010 Elsevier Ltd.
All rights reserved).

Based on rheological properties, Jiao et al. [40] employed the simplex centroid design method to
optimize and determine aggregate content, cementitious content, and the composition of the cementitious
system. Through this method, the optimum content of total cementitious materials in concrete could be
determined by considering the relationships between workability and rheological parameters at various
paste volume fractions. The contours for slump value, yield stress, plastic viscosity, and compressive
strength were established, and several critical lines for each property could be acquired to meet the required
values, as illustrated in Figure 2. The overlapping area of these critical lines in Figure 2 was identified as
the optimal combination of cementitious materials composition. The findings demonstrated that it was an
effective way to optimize the mixture design of concrete based on the rheological properties using the
simplex centroid design method. Moreover, this proposed methodology has been extended to design high-
performance concrete with multiple performance requirements [41,42].
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Figure 2. Optimization of cementitious materials composition (Copyright© 2018 published by
Elsevier).
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3. Characterizing the structural build-up and setting time

Understanding the structural development throughout the setting phase of concrete is essential in the
successful placement and formwork removal. The traditional methods for determining setting time, such
as Vicat test [43], hydraulic pressure variation [44], and heat of hydration observed by acoustic wave
propagation [45], or electrical conductivity [46], lack direct correlation with field conditions. These
measurements are somewhat arbitrary and do not directly address the fundamental phenomena such as
stress and deformation. The rheological properties of fresh concrete are influenced by cement hydration
and chemical interactions in the cement paste system, as well as the morphology and gradation of fine
and coarse aggregates in the mixture [5]. The properties of fresh concrete undergo changes from a fluid
to a solid, starting from the initial contact of water and cement. A typical evolution of yield stress over
time, obtained from stress growth test, is shown in Figure 3. It can be observed that the yield stress
increased slowly during the dormant period, followed by a pronounced rapid increase once the
accelerating period begins [47]. This can be attributed to the enhanced contact bonding due to cement
hydration and increasing frictional forces between solid particles [48,49]. Consequently, Point B,
corresponding to the significant increase in yield stress, serves as a marker for identifying the initial
setting time of concrete materials.
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Figure 3. Evolution of yield stress over time (Copyright© 2008 Elsevier Ltd).

From a quantitative viewpoint, the structural build-up of cementitious materials can be estimated
based on the developments of static yield stress, as depicted in Eq. (3) [51] and Eq. (4) [52] for a linear
and exponential evolution of static yield stress, respectively.

To(t) =75+ Ay,  t (3)

7(t) = 7 + Apy (€™ —1) (4)

Where 7o and o(t) are the yield stress at beginning and resting time t, respectively. Awix is the
structural build-up rate, and t. is a characteristic time for achieving the best fit with experimental values.
Struble and Leit [47] pointed out that the setting time identified through rheological tests closely
aligned with the end of the dormant period measured by calorimetry, and it also exhibited a reasonable
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correlation with the initial setting time determined using Vicat test. Amziane and Ferraris [48] believed
that the rheology and hydraulic pressure methods offer advantages of monitoring the setting evolution
from the moment of mixing, unlike the widely used Vicat measurement, which shows no changes until
the initial set. Similarly, Ferraris and Taylor [53] reported that the setting time measured via stress
growth test was approximately 33% lower than that measured using Vicat needle. Sant et al. [50]
observed that the initial setting time of plain cement paste with w/c of 0.3 measured through yield stress
was 4.2 hours, followed by an additional 1.8 hours for the value identified by Vicat measurements.
Furthermore, Bentz and Ferraris [54] noted that the rheological measurement provided the advantage of
potentially earlier performance evaluation compared to conventional Vicat needle penetration tests on
cement pastes. Therefore, the yield stress derived from the stress growth curve serves not only to
determine the setting time but also to monitor the structural development of cement-based materials
before initial setting.

4. Predicting placement and casting processes
4.1. Stability

Stabilities, including dynamic stability and static stability, are the primary required performances for
fresh concrete, especially for highly flowable concrete and self-compacting concrete. The dynamic
stability relates to its resistance against segregation during transportation and placement, while the static
stability refers to the resistance to segregation and bleeding of fresh concrete at rest state [55]. It should
be noted that there is a limited correlation between dynamic and static stability. In other words, fresh
concrete with suitable static stability does not mean that the concrete possesses adequate dynamic
stability [56]. The lack of stability can lead to various issues in concrete production such as bleed
channels and honeycombing, which can compromise the quality of the interface, permeability, and
mechanical properties of hardened concrete. Therefore, it is utmost importance to characterize, predict,
and control the stability of fresh concrete during the transportation, pouring, and casting.

Fresh concrete can be conceptualized as a suspension consisting of paste and aggregate particles.
The force exerted by the matrix on a moving particle includes both viscous drag arising from viscous
friction and form drag resulting from boundary layer separation in the wake of particle movement [57].
Assuming that the particle is roughly spherical, the terminal velocity of a solid sphere sinking in a
Newtonian fluid with a density lower than that of the solid can be calculated using Stoke’s equation [58-
60], as shown in Eq. (5).

_2 9(p.-p )R 5)
t 9 u
Where u; is the terminal velocity of a moving sphere, R is the radius of the sphere, ps and pr are

respectively the density of sphere and fluid, g is the acceleration gravity, and u is the viscosity of the
Newtonian fluid. In a non-Newtonian fluid with yield stress, it is possible that the solid may not sink at
all, even if its density exceeds that of the fluid. Indeed, Beris et al. [57] pointed out that a spherical
particle would only settle in a Bingham plastic fluid when the dimensionless yield stress parameter Yy,
as defined by Eqg. (6), is less than 0.143.
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Where 1o is the yield stress of the fluid. From Eq. (2), it is evident that the sedimentation of solid
particles initiates once the yield stress falls below a critical threshold. In other words, the point at which
a particle begins moving relative to the medium, known as the threshold drag force, is solely determined
by the yield stress and unaffected by fluid viscosity. Following the onset of settling, the velocity of
spherical particle movement in a Bingham fluid can be derived from Eq. (5), under the assumption that
the corresponding Reynolds number is very small, which was accepted by Refs. [59-61]. Nevertheless,
He et al. [58] stated that the fluid drag forces acting on a sphere within a non-Newtonian fluid were
jointly determined by both the yield stress and viscosity, with the dominance of yield stress particularly
pronounced for fine particles. Consequently, the terminal velocity of solid particle settling in a Bingham
plastic fluid can be derived from the following equation:

(6)
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Where #p is the plastic viscosity of the Bingham fluid. When considering fresh concrete as a two-
phase composite material, it becomes evident from Egs. (5-7) that the initiation of motion of coarse
aggregate within fresh concrete depends on several key parameters, including the yield stress of the mortar,
the disparity in density between the coarse aggregate and the mortar matrix, and the size of the coarse
aggregate. Once settlement occurs, factors such as the plastic viscosity of the Bingham fluid becomes
significant contributors to the velocity of sphere particles. Based on the particle settlement theory, it is
evident in the literature that the rheological parameters such as yield stress, plastic viscosity, and the degree
of thixotropy exert notable influences on both dynamic stability [56,62-63] and static stability [64-67].

Recently, Hosseinpoor et al. [68] investigated the static and dynamic stability of self-compacting
concrete, employing a biphasic approach that integrates the rheological characteristics of fine mortars
and morphology of coarse aggregates. In the context of static stability, they introduced two criteria, with
a pivotal focus on the behavior of particles within Stoke's flow region. The relative velocity of the settling
particles with respect to the suspended slurry should approach zero in the absence of any segregation.
Therefore, the concept of critical diameter dc was introduced, as derived from the Eq. (8):

K-z,
Ps — Py ‘ g
Where K is the shape correlation factor of particles (a value of 18 is selected for a sphere). Particles
are considered stable when their size falls below the critical diameter. Conversely, when the particle

diameter exceeds the critical diameter, stability is determined by calculating the critical solid fraction
using Eq. (9).

d. = (8)
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Where M is a shape-dependent parameter, which is equal to 3n/4 for identical spherical particles, dc
and ¢nm are the critical solid fraction and the maximum random packing fraction, respectively, and d is
the diameter for a spherical particle. Results indicate that the yield stress and plastic viscosity of fine

¢, =
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mortar serve as the primary rheological factors governing the stability of SCC, and improving the visco-
elastoplastic properties of fine mortar is found to enhance the dynamic stability of SCC. Therefore,
optimizing the rheological properties of fine mortar is regarded as a key strategy for effectively
improving the construction performance of self-compacting concrete. Note that the vibration or shearing
process can somewhat reduce the viscosity of cement paste, resulting in shear thinning behavior [69,70].
This phenomenon also significantly influences the stability of suspended aggregates in cement paste.

4.2. Pumpability

Pumping is a widely utilized method for casting concrete globally, facilitating rapid and efficient
concrete placement. The pumpability of concrete refers to its ability to be mobilized and stabilized under
pressure while retaining its original properties. However, when subjected to pressure, fresh concrete is
prone to aggregate segregation, which usually leads to hose blockage. Another challenge associated with
pumping is the alteration of the air void system [71]. Despite numerous efforts by researchers to establish
relationships between concrete velocity and the friction of concrete against pipe walls, there remains a
lack of approaches that incorporate a dynamic element into pumping models to account for the behavior
of concrete in motion. Fortunately, the rheological behavior of fresh concrete is an efficient and useful
way to characterize the pumpability ideally, given that rheology is the study of deformation and flow of
matter. Additionally, the field of tribology, which focuses on the studies of the interaction of surfaces in
relative motion, has also been integrated with rheology in the context of pumping.

Considering both the rheological and tribological properties, Kaplan [72] introduced a bi-linear
model that correlates the required pumping pressure with the actual flow of concrete, as illustrated in
Figure 4. The model describes two distinct regions. The first portion, characterized by lower concrete
velocities, is solely influenced by the interface properties, while the second portion necessitates
consideration of both the interface properties and the flow properties of the concrete to predict pumping
pressure accurately. Therefore, at relatively lower velocities, concrete moves as a plug flow with only a
thin thickness of paste lubricating the walls. As the velocity increases, the pressure imposed on the
central portion of the plug becomes sufficient to initiate flow, transitioning into a viscous flow within
the concrete. After examining the velocity profiles of pressure loss versus discharge rate curve, the left
side is governed primarily by the properties of the lubrication layer, while the right side considers both
the lubrication layer properties and the bulk concrete properties in determining pumping parameters.
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Figure 4. Pressure loss versus discharge rate under different conditions (Copyright© adapted from
Kaplan D).
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Conventional concrete typically exhibits a higher yield stress, predominantly situating it in the left
zone of the bi-linear model, whereas self-compacting concrete, with its lower yield stress, typically falls
into the right zone. Nevertheless, Feys et al. [73] found that a lubrication layer near the wall was also
formed in self-compacting concrete, with a significant portion of the concrete experiencing shearing due
to the lower yield stress. Considering the presence of lubricating layer, Kwon et al. [74] derived
equations to calculate the flow rate of concrete in the pipe. The typical velocity profile within the pipe
flow of pumped concrete is illustrated in Figure 5. The shear stress induced by the flow results in a shear
rate both within the lubricating layer and within the concrete itself. The flow rate can be determined by
calculating the velocity of the pumped concrete using Eqg. (10):

Q=7 [3uyP (Rf R ) Bty (R~ R2) [#31P (R ~RE) 80 (RI-RE) (10

Where Q is the flow rate, RL and Rg are the distance from the center of the pipe to the lubricating
layer and the radius at which the shear rate begins, respectively, zso and zpo are the yield stress of the
lubricating layer and the bulk concrete, respectively, while us and up are the plastic viscosity of the
lubricating layer and the bulk concrete, respectively. From Eqg. (10), it can be observed that the flow rate
is directly related to the rheological properties of both the lubricating layer and the pumped concrete,

along with the radius of the pipe and the pressure loss during pumping.

Pipe

Pi i
Pe. Slip-layer
Tso » Hg

Inner concrete
Tpo » Hp

Plug flow region in concrete

Velocity profile

VISV IIV

Shearing region in concrete
Pressure

Figure 5. Typical velocity profile of pumped concrete inside a pipe (Copyright© 2013 ACI Materials).

It should be noted that the flow rate determined according to Eq. (10) is based on the Bingham
model, ignoring the shear thickening behavior of lubrication layer and concrete. High-performance
concrete and self-compacting concrete with large paste volume typically exhibit shear thickening
behavior, due to the order-disorder transitions and the formation of hydro-clusters [75,76]. The shear
thickening intensity depends on mixture proportions (such as granular aggregates, mineral additives, and
chemical admixtures) [77-79], and external factors (e.g., temperature, pressure, and shear rate) [80-82].
In this context, Zhaidarbek et al. [83] recently analyzed the flow characteristics of concrete pumping
after encompassing Herschel-Bulkley and modified Bingham fluids, thereby addressing the
shortcomings of Eq. (10). The analytical expression of the flow-pressure drop relationship, shear rate
distribution and velocity field distribution for the Herschel-Bulkley fluid is shown in Eq. (11).

2n n T T
- 1+ 0o y1-—2 11
3n+1( 2n+lr ) )} (11

wall z-wall

R, (7,R,G)=7R |1

plug

For the modified Bingham fluid, the flow rate can be described as Eq. (12).
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Where upiyg IS the velocity of the plug flow near the center of the pipe; n is flow index in the Herschel
Bulkley model; R is the pipe radius; o is the initial shear stress; zwai is the shear stress near the wall; #p is the
plastic viscosity in the modified Bingham model; A> is the second-order coefficient in the modified Bingham
model, and W is a parameter related to the second-order coefficient and the shear stress. The experimental
results demonstrate that the modified Bingham model is more suitable for simulating the nonlinear
characteristics between shear stress and shear rate of self-compacting concrete, particularly in determining the
yield stress [83]. Note that the pumpability depends on the rheological parameters, and conversely, the
pumping process also exert a significant influence on the rheology of bulk concrete [84-88], which should be
considered when evaluating the relationships between pumpability and rheological properties.

12
7o (37 e +47,) (12)

4.3. Formwork pressure

Formwork pressure exerted by the concrete is of great interest in construction because it affects the
construction cost, speed, and safety. With the increasing adoption of highly flowable concrete and self-
compacting concrete, it is important to gain a comprehensive understanding of actual formwork pressure.
Generally, formwork pressure is influenced by various factors such as casting procedure, ambient and
concrete temperatures, aggregate sizes, admixtures, rheological properties, setting time of fresh concrete,
and formwork parameters themselves [89]. Furthermore, the formwork pressure is also associated with
the concrete types. For example, self-compacting concretes exerts a higher pressure on the formwork
compared to conventional concrete [90]. Accurately determining the lateral pressure exerted by freshly
cast concrete is essential for optimizing formwork costs and ensuring efficient construction processes.
Currently, the estimation of formwork pressure for self-compacting concrete relies on the hydrostatic
pressure theory [89], often resulting in significantly higher calculated pressures compared to actual
values. In this context, Vanhove et al. [91] proposed a predictive model for the lateral pressure exerted
by fresh concrete on formwork utilizing the Janssen model and assuming a constant friction coefficient,
which is expressed as:

P'(h) _ PIA d1- exp7Wh (13)
a(2e+2L)uK

Where p is the density of concrete, g is the acceleration due to gravity, A, e, and L are the area,
thickness, and width of the formwork, respectively, and « is the friction coefficient. However, the yield
stress of concrete was overlooked in this equation. Additionally, it assumed no movement between the
concrete and the formwork wall at the end of casting. Therefore, the calculated lateral pressure based on
Eq. (13) underestimated the real pressure in the formwork, leading to an overestimation of the actual
pressure in the formwork. To address these shortcomings, Eq. (13) can be modified as follows:
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Where 1o is the yield stress of the concrete. Based on the experimental results, the modified approach
based on the Janssen’s model appeared promising. However, the friction coefficient should be adjusted by
additional on-site tests following a strict protocol, and the thixotropic behavior of fresh concrete was not
accounted for. Considering that fresh concrete behaves as an elastic material at stresses below the yield
stress, Ovarlez and Roussel [92] proposed an alternative approach to predict the lateral pressure, also based
on the Janssen model. They introduced the concept of relative pressure, which is defined as the ratio
between the lateral pressure and the associated hydrostatic pressure during casting, as described by:

AP =K [1— Mj (15)
PYER
Where R is the casting rate, and Awix is the flocculation rate of the concrete. This equation allows
for the prediction of the maximum lateral stress reached during casting [51, 93]. Furthermore, it can be
inferred that a higher flocculation rate of fresh concrete leads to a lower formwork pressure. In other
words, self-compacting concrete with highly thixotropic behavior generally exhibits a reduced lateral
pressure on the formwork.

4.4. Multi-layer casting

During the placement of self-compacting concrete with a high rate of flocculation, characterized by a
short time for rest and structure formation, the apparent yield stress of the material increases beyond a
critical threshold, resulting in an already cast layer of this material failing to effectively mix with the
subsequently cast layers [94]. This phenomenon leads to the development of a weak interface between
different concrete layers, thereby significantly reducing the mechanical strength across the multi-layer
structures. Furthermore, the presence of such weak interfaces can lead to increased porosity and
permeability within the concrete, subsequently impacting the structural durability.

Roussel and Cussigh [95] identified the existence of a critical delay between layers casting, beyond
which separated layers were created in the element, leading to a loss of mechanical strength. This critical
delay is strongly dependent on the thixotropic behavior of fresh concrete, the thickness of the layers, and
the surface roughness between the layers. Consequently, they proposed an analytical method allowing
for a rough prediction of the critical delay. In scenarios where the thickness of the second layer exceeds
10 cm, the shear stress at the surface could be neglected compared to the effect of the weight of the
second layer, particularly for highly viscous self-compacting concrete and at high flow rates [95]. To
ensure the effective mixing between the layers, this stress must be higher than the apparent yield stress
of the first layer. Following a resting period, the apparent yield stress of the first layer was determined
as Eq. (3). Then the critical delay time, denoted as A1, after which the two layers fail to mix adequately,
can be expressed as:

pgh
At, =
2\/ép\hix
From Eq. (16), it can be inferred that for traditional self-compacting concrete mixtures with a
structuration rate ranging from 0.3 to 0.5 Pa/s, the critical delay typically falls within the range of 20 to

(16)
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30 minutes. In other words, significant influences are unlikely to occur if casting the multi-layer concrete
within this time frame. Furthermore, to mitigate the decrease in the interface bond strength of self-
compacting concrete between layers over extended periods, Ye et al. [96] proposed several strategies,
such as incorporating fly ash, increasing water-to-cement radio, or utilizing a higher retarder dosage.
These methods collectively work to reduce aggregation and flocculation between particles, thereby
minimizing the time-dependent increase in the static yield stress. Consequently, these factors contribute
to improving the interlayer connection ability of self-compacting concrete.

5. Rheology and 3D printing technique

3D printing concrete, an advanced additive manufacturing technique, is generally achieved by depositing
concrete materials layer-by-layer in a controlled manner with reduced material waste and construction
time [97-99]. The unique construction process requires the concrete to have suitable workability to
ensure accurate extruding and stacking during the printing process. These requirements can be achieved
by adjusting the rheological properties of concrete. Therefore, understanding the relationships between
mixture proportions, rheological properties, and printability is essential for optimizing the material
formulations and enhancing the overall performance of 3D printing process.

The printed concrete should have low dynamic yield stress but high static yield stress [100]. To meet
the conflict requirements, Liu et al. [101] stated that the static yield strength of concrete should be higher
than 4880 Pa to ensure the buildability. At the same time, the mixture should have a dynamic yield
strength lower than 220 Pa for satisfying the pumpability. Zhang et al. [102] proposed a two-phase
design combining mortar and coarse aggregate to optimize the performance of 3D printed concrete. The
target rheological parameters and the maximum diameter of coarse aggregate are determined based on
the nozzle size, the printing adaptability, and the selected printing parameters. Subsequently, the
maximum volume fraction of the coarse aggregate is determined based on the static yield stress and
plastic viscosity of the 3D-printed concrete, as described by the Coussot model in Eg. (17) and the
Krieger-Dougherty model in Eq. (18), respectively.

by

=T, (- 17
=5l )
e =l (1_§)m (18)

Where 7. and tm are the static yield stress of 3D printed concrete and corresponding mortar phase,
respectively. »c and nm are the plastic viscosity of 3D printed concrete and the corresponding mortar
phase, respectively. ¢ and ¢ denote the volume fraction of coarse aggregate and the maximum packing
fraction of aggregates, n is a coefficient relating to the property of coarse aggregate, and [#] is the
intrinsic viscosity. From Eqg. (18) and Eqg. (19), it can also be inferred that both yield stress and plastic
viscosity should be considered to evaluate the printability of 3D printing concrete containing coarse
aggregate [102].

When exploring the possibilities of designing 3D printed concrete using rheological parameters, it
is important to recognize the close connection between printability parameters and rheological properties
during the printing process. Kruger et al. [103, 104] hypothesized that if the shear stress exceeds the
static yield stress, plastic yielding will then occur, causing the printed structure to be collapsed. Based
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on the bi-linear thixotropy model [105], they established the relationships between the static yield stress
of the bottom layer (evaluated by the thixotropic structural build-up rate) and the normal stress exerted
by the upper layers (which is originating from the gravity), as shown in Eq. (19) and Eqg. (20).

T
N, =- = (19)
: Rinic -1 p-g-h
_( -G e
Ahlx (TD i TS,i) )_
SYI thIX
N, =- (20)
A\hix'lp L9 h1
_( )— (2 10° . F )

Where N refers to the total number of layers, hy is deflned as the layer height, p is the material
density, g is the gravitational constant, Far is the strength correction factor, zs; is the initial static yield
stress, 7p,i is the initial dynamic yield stress, Ruix is the short-term re-flocculation rate, Awmix IS the
structuration rate, and I, is the constant path length of each layer. This model can be used to accurately
predict the 3D printing concrete building rates avoiding plastic collapse, where using Eq. (19) if Eq. (21)
is valid, while else using Eqg. (20).

dT Tsi- Rthix
dt T

The rheological behavior of 3D printed concrete not only determines its printability, but also directly
affects the interlayer performance. Yao et al. [106] pointed out that the dynamic yield stress and the
structural build-up rate are two key rheological parameters affecting the interlayer characteristics.
Specifically, the interlayer bond strength and interlayer durability decreased with the increase of dynamic
yield stress and structural building rate. Besides, a quantitative relationship between interlayer bond
strength, dynamic yield stress, structural build-up rate, as well as the porosity and hydration degree, was
established to evaluate the interlayer bonding performance of 3D printed concrete, as shown in Eqg. (22).

(21)
7

=| K- ’01)(A 02 )+b]o-c+c (22)

Where o is the interlayer bonding strength at 28 days; oc is the compressive strength at 28 days; K,
b and c are constants; zo1 is the dynamic yield stress; wmax is a limit value calculated according to the
dynamic yield stress; o2 is the initial static yield stress measured by Perrot model, and t represents the
print interval. Results showed that this model provides a reliable prediction of interlayer bonding
properties of 3D printed concrete based on the rheological properties and compressive strength [106].

6. Conclusion

This article presents a brief overview on the rheology as a versatile tool in cement and concrete
technology. Based on the discussions, the following conclusions can be reached.

(1) The vectorized-rheograph approach and centroid design method play an important role in
optimizing the concrete mixture design, thereby enhancing the overall properties with multiple

13



Adv. Manuf. Review

requirements. The evolution of static yield stress and structural build-up rate could be used to
characterize the setting behavior of fresh cement-based materials.

(2) The rheological parameters enable the precise prediction and control of concrete stability. The
motion of coarse aggregate in fresh concrete suspensions is influenced by mortar yield stress, density
difference, and aggregate particle size, while setting velocity of aggregate is also determined by the paste
viscosity.

(3) The pumping flow rate and pressure loss could be predicted according to the rheological
properties of lubricating layer and bulk concrete. Based on the evolution of yield stress over resting time,
the lateral pressure exerted by fresh concrete on formwork could be predicted, and the critical delay
between multi-layer casting could be calculated.

(4) Rheological parameters play an important role in optimizing the mixture design of 3D printing
concrete. The thixotropic structural build-up is a key parameter for evaluating the buildability and
interlayer bonding characteristics of 3D printed concrete.

In summary, rheology unquestionably serves as a powerful tool to guide concrete mixture design,
characterize early-age structural evolution, and predict placing and casting processes. However, despite
the considerable efforts already undertaken in this field, continuous research for refinement of the
underlying theoretical mechanisms is required to unlock the full potential of rheology in optimizing
concrete engineering practices to their utmost efficiency.
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