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Abstract. The concrete 3D-printing technology is highly dependent on the ma-
terial’s rheology and on the deep understanding of how those properties evolve
with time. This evolution occurs due to reversible structural build-up and irre-
versible chemical phenomena, like hydration reactions. To guarantee structural
stability of the printing process, the material, as soon as it is deposited, needs to
build-up an internal structure to withstand its weight and the weight of the fol-
lowing layers. Therefore, the static yield stress and how it increases over time at
rest becomes of first interest. The concrete structural build-up happens due to
both CSH bridge formation by nucleation of cement grains at their pseudo-
contact points during the dormant period of hydration, and flocculation due to
colloidal interactions. The currently accepted knowledge on the subject relates
the yield stress growth with the structural build-up rate of the material through
different models, as it also uses different measuring protocols and assumptions
to its determination. The goal of this research is to summarize the literature on
this topic, identifying the similarities and discrepancies in the available data to
further propose a more suitable approach to evaluate this parameter. To do so, a
systematic review was carried out in the Web of Science database with appro-
priate keywords. Then the data were organized and analyzed taking into ac-
count aspects such as the definition of structural build-up, the model used, sim-
plifications/assumptions of the model, experimental protocol, mixture parame-
ter and model limitations.
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1 Introduction

The concrete 3D-printing technology is highly dependent on the material’s rheology
and on the deep understanding of how those properties evolve with time. Cementi-
tious materials have a complex time-dependent rheological behavior and can present
shear-thinning viscosity, elastic region, static and dynamic yield stress, and structural
build-up at rest [25].

The observed structural changes that the material undergoes after its first contact
with water can be of both physical and chemical origins, and an evaluation of each
parcel separately is of great difficulty. The term thixotropy is often used to describe



the reversible changes occurring when the flow starts from a sample at rest and its
subsequent structural recovery when the flow stops. This can only be considered as
the single phenomenon happening if one decides to neglect the irreversible chemical
phenomenon due to hydration reactions that starts as soon as the binder is mixed with
water. The reversible changes were reported to dominate during the first hour, as long
as the static yield stress increases linearly during this period [1, 26].

The static yield stress and how it increases over time at rest is currently considered
as the main rheological parameter to evaluate in the layered process [27]. The con-
crete structural build-up happens due to both C-S-H bridge formation by nucleation of
cement grains at their pseudo-contact points during the dormant period of hydration,
and flocculation due to colloidal interactions [1, 26]. The water to binder ratio, then,
exerts an important effect on the structural build-up once it affects both the interparti-
cle forces (by altering the particle distance) and the hydration process (therefore in-
fluencing the nucleation and growth of hydration products) [8].

To guarantee structural stability of the printing process, the material, as soon as it
is deposited, needs to build-up an internal strength to withstand its weight and the
weight of the following layers. The static yield stress is the critical stress necessary to
start flow from rest and therefore is key for layer stability. It is important to notice,
however, that optimization is required to find a building rate that allows structural
stability and also ensures the highest bonding between the deposited fresh layers [3,
27]. The buildability of 3D printed structures is reported to be related to structural
build-up, the thickness of the printed layer and the printing rate [16, 17].

The correlation between static yield stress and building time showed that, with a
long enough building time, the structure is mostly supported by its yield strength [23].
The currently accepted knowledge on the subject relates the yield stress growth with
the structural build-up rate of the material through different models, as it also uses
different measuring protocols and assumptions to its determination. Thus, the goal of
this research is to summarize the literature on this topic, identifying the similarities
and discrepancies in the available data to further propose a more suitable approach to
evaluate this parameter.

2 Mathematical models

Roussel [2] presents a linear model for determination of yield stress growth with time,
where Awnix appears for the first time as a flocculation rate. This model is developed to
be simple and with parameters that can be easily measured, even if it is not that accu-
rate in its determinations. It assumes that the increase in the yield stress is linear dur-
ing the dormand period because the hydration heat release in this period is constant.
This assumption makes the model suitable for resting times up to 60 min after the
water contact and for mixtures with a clear dormand period, which is not always is the
case for mixtures with a printing purpose. When setting accelerators are used and a
rapid transition from the initial reactions to the acceleration period can be observed,
there is almost no dormand period.



Experimental results showed that after the dormand period a rapid increase in the
yield stress is commonly observed, making the behavior highly non-linear. Taking
this observed behavior into account, Perrot et al. [3] proposed an exponential model
that asymptotically tends to Roussel’s model in the first hour and can predict the yield
stress increase for the first 2 hours after mixing. This model presents Amix as a structu-
ration rate and has a characteristic time that marks the beginning of the exponential
increase of the yield stress, associated with a non-negligible solid volume fraction
linear increase. This time, however, is not measured but adjusted to best fit the exper-
imental data, which means that the parameters of the model are not linked to physical
properties of the cement paste.

To overcome this limitation, Lecompte and Perrot [4] developed a model that is
physically based and uses the definitions of structural build-up proposed by Roussel
[2] and the hydration degree of the cement paste. The authors used Roussel’s model to
incorporate the reversible effect due to nucleation of the cement grains and combined
it with the yield stress model “YODEL” that accounts for irreversible solid volume
increase due to hydration reactions, linking this solid volume fraction increase to the
hydration degree (). In this case, the parameters related to hydration and coagulation
kinetics (Awix) and the hydrate volume fraction within the spherical envelope were
adjusted to reach the best fitting.

Differently from those approaches, Muthukrishnan et al. [6] presented what they
called a bi-linear yield strength development growth. In the first few minutes after
water contact, the material presents a reversible behavior due to flocculation, that is
purely due to physical interactions and can be reversed by mixing, and is character-
ized by the parameter Ruix (defined as the rate at which the material yield stress grows
from dynamic to static yield stress, after shearing). Then a structuration process starts
to occur, as hydration reactions begin to influence the static yield stress growth. The
rate at which this structuration process occurs is determined using Awmix. The determi-
nation of those parameters, though, was made by an average of the peak value in stat-
ic yield stress tests performed at 0.1, 0.05 and 0.01 s shear rates for a given resting
time varying from 0 to 60 min.

Pan et al. [5] state that the static yield stress increase with time can be described in
two steps: one that happens quickly just after mixing until it slows down and a second
where the static yield stress increases slowly with time. To fit the evolution of static
yield stress with time they present a thixotropic model that considers these two steps
and has five fitted parameters. The authors also considered a short-term structural
build-up due to flocculation, where its approximated linear growth rate is Ruix; and a
long-term structural build-up due to the formation of early hydrates between cement
grains, where its rate is Amix. The model works with a turning point (tperc) in which
Ruix = Awix. This time represents the transition from a physical process (flocculation)
to a chemical structuration, so that they further defined it as maximum operational
time (MOT), that has the same physical meaning as the open time while the reversible
process dominates (i.e. when the resting time is less than MOT).

Navarrete et al. [12] also used the bi-linear approach to fit the static yield stress
growth results but developed a second-order polynomial regression model to predict
the structural build-up as a function of supplementary cementitious materials (SCM)



properties (such as particle size, chemical reactivity and surface potential) and mix-
ture parameters (such as w/c ratio, SCM replacement and cement reactivity). They
found that the structural build-up is mostly affected by water to cement ratio while it
is least affected by the replacement level of SCM.

The stress decay process that a cementitious material undergoes under a constant
shear rate is related to structure breakdown and therefore to thixotropy. In this con-
text, Qian et al. [20, 21, 22] defined a thixotropic index lwmix as the ratio between a

maximum shear stress value (%:) needed to start flow-onset and the equilibrium value

(Te) that define steady-state, for a constant shear rate. The lnix Characterizes a relation-
ship between static and dynamic yield stress, and the higher the parameter, the higher
the thixotropy of the material. Ouyang et al. [19] state that methods like static yield
stress assessment and hysteresis loop, although simple, cannot properly describe
structural breakdown and structure build-up of a cementitious material. Therefore,
they use the flocculation structure parameter method. This method has a strict mathe-

matical form and defines the structure parameter (ﬂo) as the ratio of the difference
between the initial and equilibrium shear stress to the equilibrium shear stress. The
change of this parameter can be used to describe the structure build-up at rest. Chen et
al. [23] also calculated the structure parameter, which they defined as Swix, and stated
that high Swix accounts for better thixotropy.

Ivanova and Mechtcherine [10] use both Roussel [2] and Perrot et al. [3] models to
fit the experimental data, but propose two different approaches to characterize struc-
tural build-up through constant shear rate tests with a single-batch: one based on a
proportionality limit and another based on the flow onset points. They determined a
breaking criterion in the protocol, suitable for two types of rheometers, to avoid ex-
cessive deformation of the samples and ensure similar loading conditions. Also, the
proportionality limit was introduced as the point attributed to the second maximum of
the apparent viscosity. They recommend calculating Awmix from both approaches, being
the difference between them an indicator of the capacity of the material to sustain
loads before failure (in the region of plastic deformation).

Mostafa and Yahia [13] evaluated the effect of mixture parameters on the physico-
chemical kinetics of structural build-up. The authors presented two indices to quantify
the structural build-up, one related to the resting time needed to form a structural col-
loidal network (the percolation time tyerc); and another related to the growth of stress-
bearing capacity due to chemical hydration (the rigidification rate Giigia). Thus, they
proposed a semi-empirical model that can predict the two aforementioned indices by
considering the microstructural characteristics of cement pastes, such as inter-particle
cohesion (l¢), frequency of Brownian collisions (fc), and the nucleation rate constant
(Kg). The authors found good agreement between model predictions and experimental
data for the cases studied.

Zhang et al. [8] present a model that describes the relationship between structural
build-up rate and inter-particle forces and nucleation and growth of hydration prod-
ucts. It is worth mention that Zhang et al. [8] considers Awix as a structural build-up
parameter and propose a new value called rate of structural build-up (rs,) that de-
scribes the growth rate of static yield stress. The authors make a differentiation from



Perrot et al. [3] exponential growth model, but do not consider the same definition for
the Awix parameter as them. They point out that the growth rate of static yield stress
does not only depend on Awmix and a characteristic time (tc), but also continuously
changes with time, having them found a different growth rate from 30 min to 40 min
than the one from 50 min to 60 min.

As sometimes there is a delay during the test duration for the effectively applied
shear rate to reach the intended applied shear rate, Narrela et al. [17] proposed a con-
stant-strain method instead of the regular constant shear rate approach to evaluate
structural build-up. The authors used both Roussel [2] and Perrot et al. [3] models to
fit their data. The hypothesis presented is that as long as the applied strain is constant,
measured structural build-up remains the same. This is true even if the shear rate var-
ies, as long as compensation in the test duration is made according to the stiffness of
the material. The authors suggest that the applied shear rate and the test duration
should vary not only according to the different materials tested but also for a single
material based on the changes of stiffness during time. It is worth mentioning that the
authors found that Roussel’s linear model overestimates the structuration rate before
the characteristic time, which is especially problematic for the case of 3D-printing as
this can lead to failure of the printed structure.

3 Experimental protocol

A great part of the works that investigate the structural build-up rate of cementitious
materials uses the models developed by Roussel [2] and/or Perrot et al. [3] to fit data.
Then, another question appears. Not only a model that can properly describe the struc-
tural build-up rate of cementitious material, with a simple data acquisition and physi-
cally-based assumptions, is needed; but also an experimental protocol for its parame-
ter determination would be of great interest. As there is no standard for the determina-
tion of static yield stress, which is a main parameter required in both models, the ex-
perimental protocol varies according to the researchers' preferences and expertise.

The structural build-up rate of cement-based materials can be affected by different
parameters, such as properties of the constituents materials, mixture design, ambient
conditions and the shear stress history of the material (i.e. pre-shear and resting time).
This parameter is directly connected with the buildability of layered structures. A
feasible construction rate can be determined based on the material initial static yield
stress and its structural build-up rate.

The structural build-up rate of cement-based materials is most commonly accessed
by the evaluation of the evolution of static yield stress with time at rest through con-
stant shear rate (CSR) tests and small amplitude oscillatory shear (SAQOS) tests. In the
CSR tests, a low shear is applied at a constant rate and the minimum stress required to
initiate flow from rest is recorded. This value is identified as the peak of the shear
stress curve [17]. As cementitious materials exhibit both viscous and elastic proper-
ties, during SAQS, its elastic and viscous response under continuous sinusoidal shear-
ing within a critical oscillatory strain is recorded as storage modulus (G') and loss



modulus (G”), respectively. The values at the point where G’ = G” are reported to be
the yielding point and therefore are used to determine the static yield stress [6, 20].

It is known that to accurately measure Asmix Of a paste at rest, the tested sample
should not be disturbed. According to Zhang et al. [11], it can be considered that
structural build-up is only happening during the static yield stress test. That is because
the applied shear rate (or stress) is so small that it causes only minimal damages to the
structure of the paste. Narella et al. [17] point out that during a static test, the flow
occurs at large critical strains, that according to Roussel et al. [1] are related to the
network of colloidal interactions between the particles. While during the dynamic test,
the flow occurs at lower critical strains, which Roussel et al. [1] related to C-S-H
formation at the cement grains contact points.

What can be said, however, is that dynamic and static shear test methods evaluate
different responses of the material. According to Moeini et al. [15], if the need is for
the characteristic of the sheared material, the evolution of the static yield stress with
time should be adopted. If the need is for the characteristic of the structuration behav-
ior of the material, then a SAQOS test is more recommended. Zhang et al. [11], on the
other hand, states that static shear stress tests were used to evaluate the evolution of
structural build-up in the pastes and SAOS test to characterize the instantaneous re-
sponse of the structural build-up (at flowing and from flowing to standing).

SAOQOS is considered a non-destructive test and therefore most likely to not disturb
the sample. The test requires for the sample to be sheared within the linear viscoelas-
tic region. Yuan et al. [16] remarks on the importance of the selection of the proper
strain amplitude and frequency. For cement paste a frequency of 1 Hz and a strain
amplitude lower than the critical strain is appropriate. The authors also showed that
the addition of superplasticizer increased the critical strain of the paste from the order
of 105 to the order of 104

For the constant shear rate test, there are some divergences in the literature regard-
ing the single-batch and the multi-batch approaches. For the multi-batch approach,
every measure is made on a new undisturbed sample in the given age of test. Accord-
ing to lvanova and Mechtcherine [10], this method has the disadvantage of not being
suitable for in-situ situations besides being time, material and labor-consuming. Also,
the variability between multiple samples could be larger than the variation a single-
batch approach could give.

In the single-batch approach, the same sample is tested throughout all investigated
ages and each measurement should stop right after the material reaches the shear
stress peak value, to avoid extra deformation of the sample. lvanova and
Mechtcherine [10] state that only this approach is feasible for in-line automated con-
trol in the case of concrete 3D printing. However, this method can lead to an underes-
timation of Auix due to the multiple disturbances of the material.

About the differences in the measurements for single and multi-batch approaches,
Ivanova and Mechtcherine [10] mentioned percentage differences of Awmix values not
greater than 9% between both approaches. Similarly, Yuan et al. [16] state small ef-
fects of the previous static yield stress measurement on the subsequent measure for
the single-batch approach. Regarding pre-shearing, most of the experimental proce-
dures adopted this step to guarantee the most dispersed state of the material’s struc-



ture at the beginning of the test. lvanova and Mechtcherine [9], however, states that
pre-shearing leads to a pronounced underestimation of Agix.

4 Definition of Athix

According to Roussel et al. [1], two types of thixotropy can be observed in a cementi-
tious mixture: a short term one, that is related to colloidal flocculation and it has a
characteristic time of the order of a few seconds; and a long term one related to the
ongoing hydrates nucleation, being_the long term thixotropy of practical interest. The
authors also mention that the word “structuration” is often used when characterizing
consequences of thixotropic behavior, as this word is broader and therefore not asso-
ciated with a specific physical phenomenon.

Navarrete et al. [12] say that thixotropy is a term usually used to describe the in-
crease of static yield stress of cementitious materials and that one of the main proper-
ties of thixotropy is to be reversible. Nonetheless, when cement-based materials are at
rest, it is not trivial to separate reversible and irreversible effects that happen due to
flocculation and hydration bonding (as CSH bridges), respectively. Therefore, the
authors state that “structural build-up (Awmix)”, which comprises reversible and irre-
versible processes, is a more accurate term than thixotropy when referring to cement-
based materials.

Reiter el at. [7], refers to “structuration” as the time evolution of yield stress for
concrete at rest and emphasizes that definitions, as well as quantification techniques,
for thixotropy, are especially ambiguous and frequently capture a range of flow rates
and a particular shear rate history. Yuan et al. [16] describe that thixotropy has three
characteristics: (i) its determination is often based on a viscosity decrease (although
the evolution of static yield stress is more used in cement-based materials), (ii) it is a
time-dependent property, and (iii) it is reversible. Therefore, the authors strictly state
that the term is not applicable for cementitious materials, being structural build-up at
rest more suitable. The authors of the paper at hand agree with these remarks and
chose to refer to this phenomenon (i.e. the sum of reversible and irreversible effects)
as structural build-up and, therefore, consider Amix as a structural build-up rate, which
characterizes the increase in static yield stress due to flocculation and early hydration
[10]. However, the authors acknowledge that many studies affirm that thixotropy and
structural build-up are correlated terminologies at early ages, as the former dominates
over the latter during this period [18]. It remains necessary, though, to clearly explain
the choice of nomenclature.

It is important to stress then, that a change of nomenclature to designate the same
phenomena is not to be ignored. Amix can be addressed as flocculation rate [1, 2],
structuration rate [3], thixotropy factor [7], rate of increase of yield stress with time at
rest [4], rate of thixotropic build-up [14], structural build-up rate [11], structural
build-up parameter [8], long-term structural build-up rate [5], thixotropic index [15].
Gonzalez-Taboada et al. [24] mention in their work Awmix as cement paste yield stress
evolution in time, structuration rate of the paste and then cement paste structuration
rate at rest. Muthukrishnan et al. [6] state that only after a re-flocculation stage (where



the re-building is purely due to physical interactions that could be reversed by shear-
ing), the hydration reaction starts to influence the growth of static yield strength with
time, calling this process structuration in fresh concrete and its rate Awix. The term
Ruix also appears with different definitions, as it is defined by Muthukrishnan et al.
[6] as the rate at which the yield strength grows from dynamic yield strength to static
yield strength after the applied energy is removed and by Pan et al. [5] as the approx-
imate linear growth rate of short-term structural build-up.

Those variations can be rather confusing for the reader. If the “flocculation rate’
term is used, flocculation can be considered as a part of a structuration process due to
static yield stress increase at rest, but this increase also happens due to hydration reac-
tions. If the choice is for ‘structural build-up’, an immediate relation can be made
with a possible structural breakdown, which occurs in the case when yield stress is
reached and the material starts to flow and during dynamic shear tests. ‘Long-term
structural build-up rate’ separates the phenomena from the short-term structural build-
up rate, which is the one that more directly relates to short-term thixotropy, which
therefore is associated with colloidal flocculation. Once more, it is stressed how a
more precise choice of terminology would allow the researches made on the topic to
be properly compared.

5 Conclusions

This paper summarized the relevant literature on structural build-up rate of cementi-
tious materials for 3D-printing technology. Different mathematical models were dis-
cussed and a tendency for the use of Roussel’s linear model and Perrot et al.'s expo-
nential model was found, although it is clear that more research is ongoing on the
topic to develop more accurate models. It became also clear that an experimental
protocol for the determination of the parameters would be of great interest. As there is
no standard, the experimental protocol varies according to the researchers' preferences
and expertise, making it difficult to properly compare the contributions.

The differences between thixotropy and structural build-up at rest were also ad-
dressed and a more suitable terminology, that comprises both reversible and irreversi-
ble parts of the structuration process, was suggested based on definitions available in
the literature.

Once more, the need for a more precise choice of terminologies is stressed, as well
as a detailed explanation of the physical and/or chemical effect that is being evaluat-
ed, so that the researches made on the topic can be properly correlated.
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