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Abstract 6 

Time-dependent rheological properties of cement-based materials have a significant impact on 7 

3D printing processes, where multiple rheological requirements should be met. A proper high 8 

rate of structural build-up is recommended to ensure the buildability and stability of printed 9 

elements. However, the loss of workability may occur rapidly, resulting in a significant reduction 10 

in print quality. Workability and buildability requirements usually interfere due to the time-11 

dependent rheological behavior of cement-based materials under flow and rest conditions. This 12 

research aims to highlight the effects of time-dependent behavior on the printability of cement-13 

based materials. The coupling mechanisms of microstructure development at rest and under 14 

shearing conditions are discussed. A new thixotropy index is proposed to quantify the 15 

printability window of cement-based materials based on their structuration rates. An 16 

experimental study was conducted on printable mortars incorporating a viscosity-modifying 17 

agent (VMA) to assess printing quality as a function of the degree of thixotropy. Different types 18 

of stability failures were captured and discussed. 19 

Keywords: 3D printing, buildability, breakdown, build-up, cement-based materials, flow, 20 

flocculation, rigidification, structuration, time-dependent behavior, thixotropy 21 

Notations 22 

Material properties 23 

• μ� is the plastic viscosity [Pa.s];24 

• τ�(t) or τ� is the minimum shear stress to maintain flow [Pa], while τ�,	 is the initial25 

dynamic yield stress [Pa];26 

• c is the pseudoplastic index based on the Modified Bingham model [Pa.s2];27 

• β is the dynamic structuration [Pa/min];28 

• Abreakdown and Abuildup are the break-down and build-up areas, respectively [Pa/s];29 

• t�� is the workability period [min];30 

• γ� � is the minimum shear rate to maintain the break-down of the structure [1/s];31 
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• t����� is the transitional period between the break-down structure-dominated phase and 32 

the build-up structure-dominated one [min]; 33 

• τ�,�� is the equilibrium value of dynamic yield stress determined using the flow onset 34 

curve [Pa] and β�� is its evolution rate [Pa/min]; 35 

• τ�(t) or τ� is the static yield stress of the printed material while τ�,���� is the initial static 36 

yield stress after the re-flocculation period [Pa]; 37 

• G is the elastic shear modulus [Pa]; 38 

• trf is the re-flocculation period [min]; 39 

• t�
�  is the period over which non-linear structuration occurs at rest [min]; 40 

• tc is the transitional period between linear and non-linear structurations, referred to as 41 

open time [min](t� =  min (t��, t�′)); 42 

• G’(t) is the storage modulus, G’0 is the initial storage modulus and G’floc is its value after 43 

the re-flocculation period [Pa]; 44 

• Rthix and Athix are the re-flocculation and the structuration rates, respectively [Pa/min]; 45 

• ρ is the density [kg/m3]; 46 

• γlim = G(t)/ρgh is the maximum deformation that the printable material can tolerate 47 

before failure. 48 

Printing parameters 49 

• Ppump/extrusion is the pumping/extrusion pressure [bar]; 50 

• $% is the height of the deposited layer at printing time t [m]; 51 

• h(t) = R. t is the printed object height during printing time ‘t’ [m], while R is the vertical 52 

rising of the printed object height [m/s]. 53 

• wdesign is the width of the print layer [m]; 54 

Printing failure parameters 55 

• wc is the critical width causing the stability-failure of the printed structure [m]; 56 

• hc is the critical object height, at which self-buckling of the printed object is expected 57 

[m]. 58 

1. Introduction 59 

Concrete 3D printing is an emerging technology that will have a considerable impact on the 60 

construction industry in the near future. 3D printing has tremendous potential for offering great 61 

architectural design freedom, speeding up the construction process, and reducing the 62 

construction time, cost, and waste while achieving a greater degree of customization [1–5]. The 63 

absence of conventional formworks and the layer-wise pressure increase in concrete 3D printing 64 

require designing materials with an adapted structuration rate. This is commonly referred to as 65 

the buildability of cement-based materials used for 3D printing applications [6,7]. However, the 66 

rheological requirements imposed by the printing process are challenging and necessitate careful 67 

design and material selection to achieve adequate properties for 3D printed structures [8]. In 68 

addition to good buildability, the print material requires adequate flowability to facilitate both 69 

ACCEPTED MANUSCRIPT



3 

 

pumping and extrusion processes. Buildability refers to the ability of the print materials to carry 70 

subsequent layers without collapsing, as shown in Fig.1. Therefore, flowability and buildability 71 

are essential for a successful printability of the material. 72 

Fresh cementitious materials are thixotropic and exhibit time-dependent behavior with yield 73 

stress. These properties play a significant role in pumping, formwork pressure, and multilayer 74 

casting. Under shearing, these materials may undergo a shear thinning or a shear thickening 75 

behavior depending on the applied shear regime [9]. It is worthy to mention that in 3D printing 76 

applications, shear-thickening behavior is undesirable due to potential blockage problems that 77 

may arise during extrusion. The time-dependent character alters the printability of cement-based 78 

suspensions [4]. This mainly depends on the mixture composition, mixing energy, mode of 79 

production, and the printing process. The solid fraction (i.e. water-to-cement ratio), the type and 80 

content of binder, type and dosage of admixtures, and temperature are among the most important 81 

mixture parameters. The mode of production includes continuous production, multi-batch, or 82 

single-batch productions. Continuous production is usually used in large-scale processes, while 83 

multi-batches or single batch modes are used for small-scale applications in the laboratory. The 84 

mode of production can affect the time-dependent aspect, which can lead to cold joint 85 

appearance, cracks, and flow instability. Furthermore, the extrusion device (e.g. gravitation, 86 

screw-extrusion, etc.) and the mode of deposition (e.g. free-flow deposition, infinite-brick, etc.) 87 

may necessitate different rheological requirements to ensure good printability of the material [3] 88 

(Table 1). In this regard, the distinction between flowable and stiffer materials has been 89 

proposed in the literature [10,11]. Flowable materials are those commonly used in free-flow 90 

deposition processes, while stiffer ones are used in infinite-brick extrusion [12]. This 91 

classification is mainly based on an empirical evaluation and does not allow a fundamental 92 

understanding of the interfering mechanisms behind the time-dependent rheological behavior of 93 

printable materials at rest (during the deposition phase) and under shear conditions (during 94 

pumping and extrusion phases). Besides, the transition from a flowable state to a stiffer one can 95 

be extremely fast during printing. Proposing a rheological index to properly describe the time-96 

dependent behavior of print materials is necessary to allow a better understanding of the 97 

rheological behavior of print materials at different stages of the printing process. In this study, a 98 

new thixotropy index is defined for better evaluation of the material's printability window. The 99 

proposed index has been adapted to different printing modes. A case study was conducted on 100 

four printable mixtures of different rheological properties to evaluate the consequences of the 101 

time-dependent rheological behavior on the printing quality. Furthermore, the effect of a 102 
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viscosity-modifying admixture (VMA) on the structuration of printable cement-based materials 103 

was also evaluated. The flow and the structural build-up properties of the investigated mixtures 104 

have been determined. The structuration rates were used to predict the failure of the printed 105 

elements based on strength stability conditions, following the von Mises plasticity criterion [1,8], 106 

as shown in Fig. 1. Finally, printing tests were performed at different ages to assess the variation 107 

of the printing quality over time and assess the adequacy of the printing criteria.  108 

109 

Fig. 1: The main steps of extrusion-based 3D printing and the relevant associated parameters110 

Table 1: The ranges of rheological properties of cement-based materials used in extrusion-based 111 

printing processes 112 

Extrusion 
process 

Extrusion with 
setting activation 

Infinite-brick 
extrusion 

Free flow 
deposition 

(without stirring) 

Free flow 
deposition 

(with stirring) 

τd,0 10 Pa ≤ τd,0 ≤ 100 Pa τd,0 > 100 Pa [3] 10 Pa ≤  τd,0 ≤  500 Pa  [3,13] 

τs,0 τs,0  > 1kPa [14,15] τs,0  > 500Pa [3] 
τs,0  > 500Pa 

[16,17] 
τs,0  ≥ 150Pa 

[18,19] 

Athix 
Athix > 100Pa/min 

[14,15] 
Athix  > 20Pa/min [3] 

Athix  > 20Pa/min 
[16,20] 

Athix ≤ 20Pa/min 
[19] 

Classification N/A Stiff [3] Flowable [3] 
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2. Theoretical framework 113 

Printable materials must ensure good workability during the pumping and extrusion phases, as 114 

well as adequate stability during the deposition process. Between the two phases, the material 115 

undergoes a transition from liquid-like (during pumping) to solid-like (after deposition). 116 

Understanding such transition can help in overcoming challenges during the printing process and 117 

ensuring good printing quality.  118 

2.1. Flow behavior 119 

Cement-based materials generally do not flow unless they are subjected to critical stress to 120 

overcome the internal structure. If the material displays a shear-thinning behavior, this value 121 

decreases as the material breaks down until reaching an equilibrium shear stress (τd) (also known 122 

as dynamic yield stress). This threshold shear stress must be maintained to ensure the pumping 123 

and extrusion of the material, which mainly depends on the printing scale and its technical 124 

features (Table 1). Under a given shearing regime, two kinetic processes occur simultaneously, 125 

including the break-down caused by hydrodynamic forces and build-up due to flocculation 126 

mechanisms [21]. Shearing does not only break down flocs but also induces flocculation, which 127 

is referred to as orthokinetic flocculation [22,23]. The steady-state flow behavior corresponds to 128 

a balance between the two processes. The resulting equilibrium structure will depend on both the 129 

age of the mixture and the applied shear rate, which tends towards greater breakdown at higher 130 

shear rates. In this paper, the competition between the two processes will be evaluated by 131 

considering the hysteresis loop, which will be detailed in section 3. 132 

Moreover, due to the hydration, an irreversible structuration occurs with time, which can be 133 

expressed by an exponential increase [24,25]. This leads to flow loss, hence impeding the 134 

pumping and extrusion of the material [8]. Because of their relatively high structuration rate, the 135 

printable cement-based materials can exhibit a quick flow loss in a shorter time. In this case, the 136 

evolution of the dynamic yield stress must be considered to control the printing quality during 137 

the pumping and extrusion phases. Wang et al. [26] have proposed an exponential model to 138 

describe the time evolution of the dynamic yield stress based on structural kinetic constitutive 139 

models detailed in [24] (Eq. (1)), as follows: 140 

()(%) =  (),* + ,%$-.. %/0(1%/%/0 − 3)                     (1)       141 

where (),* represents the initial dynamic yield stress, tfl indicates the beginning of the flow loss 142 

which is adjusted to obtain the best fit with experimental values, and ,%$-. is the dynamic 143 
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structuration of yield stress. By considering only the linear structuration, the equation Eq. (1) can 144 

be expressed as follows: 145 

()(%) =  (),* + ,%$-.. %                               (2)       146 

In order to maintain the extrudability of the print material, the dynamic yield stress should be 147 

overcome by the extrusion force and gravity throughout the printing time, as shown in Eq. (3). 148 

Thus, the extrusion/pumping pressure should be adjusted considering the dynamic structuration 149 

of cement-based materials. 150 

()(%) < 56$% + 789:8/1.%;9<-=>            (3) 151 

2.2. Buildability 152 

The buildability of cement-based material is an important property in assessing its suitability for 153 

printing. It is important to mention that this property depends on the material's characteristics, 154 

the geometry of the printed element (i.e., pattern), and the printing parameters (e.g. printing and 155 

extrusion speeds) [3]. From a material point of view, buildability is generally related to the 156 

structuration kinetics of the material at rest. Several approaches have been reported to evaluate 157 

the evolution of structural build-up of cement-based materials [11,27–30]. Most often, the 158 

evolution of static yield stress or storage modulus over time is employed. The most commonly 159 

used models to evaluate the structural build-up of printable cement-based materials are discussed 160 

in the following sections. 161 

a) Flow onset behavior162 

The most commonly used method to assess the static yield stress development of printable 163 

materials consists in evaluating their flow onset behavior using the constant shear rate (CSR) test 164 

[31–33]. This test involves applying a low shear rate after breaking down the internal network 165 

structure. During the stress relaxation, the microstructure should recover to its new steady state 166 

level after a characteristic time. In the case of cement-based materials, there exists a competition 167 

between the viscoelasticity and the thixotropic effects. The material response may then differ 168 

depending on the age of the mixture, the test duration, and the magnitude of the applied shear 169 

rate [34]. Immediately after mixing, if the applied shear rate is low enough to avoid any 170 

breakdown of the structure, the most expected response would be a gradual increase in stress, 171 

reflecting the viscoelasticity of the material, until reaching an equilibrium steady state (Table 2). 172 

At rest, a structure can be formed due to thixotropy, and an overshoot stress response is 173 

observed, reflected by a peak representing the static yield stress ((<), and followed by 174 
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breakdown until reaching an equilibrium shear stress (().1?) [35], as shown in Table 2. The 175 

strain corresponding to the maximum stress is the critical strain that marks the transition from a 176 

solid to a liquid-like state. The slope of the linear increase of the stress growth curve represents 177 

the elastic shear modulus G. 178 

Table 2: Different transient steady flow behavior depending on the applied shear rate and resting 179 

time 180 

 181 

Kruger et al. [35] attributed the initial thixotropic response to the reversible particle flocculation 182 

process, characterized by the rapid re-flocculation rate (Rthix), which occurs within the first few 183 

hundred seconds after removing external energy. The Rthix coefficient can be calculated using 184 

Eq. (4), as follows: 185 

                    @%$-. =
(<,* A  (),1?*

%;/
                                       (4) 186 

where  (<,* is the initial static yield stress (Pa), (),1?* is the initial equilibrium stress measured in 187 

the CSR test (Pa), and %;/ is the period over which re-flocculation occurs and dominates shear 188 

stress increase. The rapid re-flocculation process is mainly governed by the orthokinetic, 189 

perikinetic aggregation, and differential sedimentation resulting from shear-induced forces, 190 

Brownian motion, and particle collisions, respectively, due to differences in the settling 191 

velocities [21,35]. The resulted structure evolves linearly [36] and tends to deviate from linearity 192 

to an exponential trend due to irreversible structuration [11]. As a result, the time evolution of 193 

the static yield stress can be expressed according to Eq. (5):  194 

         (<(%) =  (<,/0=B + C%$-.. %B(1%/%B� − 3)  
0->1D; )=:D->
EFFFFFFFFFG   (<,/0=B + C%$-.. %             (5) 195 
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where  (<,/0=B is the static yield stress resulted from the re-flocculation process (Pa) [37], C%$-. is 196 

the structuration rate (Pa/min), and %B′ is the period over which non-linear structuration occurs. 197 

b) Rigidification process198 

The storage modulus (G’) evolution is often used to assess the structural build-up of cement-199 

based materials at rest. Small amplitude oscillatory shear (SAOS) is the most recommended non-200 

destructive test method to follow up the rigidification process. Recently, Ma et al. [28] have 201 

proposed a model to evaluate the structural build-up behavior based on the time evolution of G’, 202 

which can be expressed according to Eq. (6). 203 

         H′(%) =  H′/0=B + @. %                                   (6)204 

where G′���� is the storage modulus resulted from the re-flocculation process (Pa) and R is the 205 

rigidification rate (Pa/min). According to various studies [27–29,38], two rigidification kinetics 206 

can be observed at an early age, including a short-term flocculation that occurs within a few 207 

hundred seconds, as it is the case for the static yield stress, and then a long-term rigidification 208 

due to C-S-H nucleation and hydration. This  evolution induces a larger number of pseudo-point 209 

contacts between flocculated particles at rest, leading to the formation of an interconnected 210 

percolation network reflected by a stabilized storage modulus, as stated in [29]. Accordingly, the 211 

different dominant mechanisms responsible for the time-dependent rheological behavior of 212 

cement-based materials are summarized in Fig.2. 213 

214 

 Fig. 2 : Schematic of the physico-chemical mechanisms of the time-dependent behavior of 215 

cement-based materials during shear and rest conditions 216 

c) Printing stability criteria217 
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The printed layer should be able to withstand its own weight. Besides, as subsequent layers are 218 

deposited, the bottom layers should be able to sustain gravity-induced stresses [1,8]. Considering 219 

the time evolution of the rheological behavior, the structuration rate should then be adjusted 220 

according to the height-rising rate of the printing process. Thus, in order to prevent collapsing, 221 

the static yield stress of the printed material should satisfy the strength-based stability condition 222 

given in equation Eq. (7), as follows: 223 

                    (I(%) > 56$(%)/√L                           (7) 224 

Although the gravity-induced layer stress may remain below the material yield stress, the 225 

resulting strain in the layer can compromise the dimensional stability of the printed element. 226 

Therefore, the strain of the printed layers should stay below a tolerable deformation γlim to 227 

prevent any dimensional instability. As a result, the rigidity of the printable material H =  (I/MN 228 

must be higher than ρgh(t)/γlim [8]. 229 

Furthermore, aside from the strength-based failure described above, the loss of stability or 230 

buckling seems to be also frequent in-print failure mode. Buckling failure generally occurs due 231 

to progressive lateral deformations. The eccentric layer displacement may also result in an 232 

unstable structure and stability failure. The failure due to buckling is mainly governed by the 233 

material properties such as the elastic modulus at a fresh state. Additionally, the geometry or 234 

slenderness of the printed structure may also affect the buckling failure. Other factors that can 235 

lead to bucking failure will be discussed later. 236 

2.3. Printing quality control 237 

Considering the time-dependent behavior of cement-based materials, it is crucial to control the 238 

quality of printing over time. The main aspects that should be considered are summarized in 239 

Fig.3. 240 
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 241 

Fig. 3 : Printing quality control by monitoring the time-dependent behavior of printable 242 

materials 243 

a) Thixotropy index 244 

In 3D printing applications, materials with a high rate of structuration are usually used to prevent 245 

plastic failure [8]. However, high structuration during pumping and extrusion phases may lead to 246 

material clogging and a decrease in the extrusion quality [39,40], thus hindering the stability of 247 

the printed structure [41]. It is therefore essential to take into consideration the increasing rate of 248 

the dynamic threshold, which can be useful to avoid these problems. In the present study, the 249 

area between the static and dynamic yield stress growths within the linear domain (Fig. 4) was 250 

used as a thixotropy index to evaluate the printability window of cement-based materials. This 251 

area can be expressed by the equation Eq. (8). 252 

O%$-. = ((<,/0=B − (),*). %B + C%$-.. %B
P/P − ,%$-.. %B

P/P  = Q* + ϕ<%;9B%             (8) 253 

 254 

where the first term (1) represents the energy required to form the initial structure, the second 255 

term (2) refers to the storage energy due to static structuration, and the third term (3) is the 256 

energy loss due to dynamic structuration. 257 

In the case of materials with low thixotropy, the structuration terms (2) and (3) can be neglected 258 

and the difference between the initial stress thresholds (Q* ) becomes the dominant criterion for 259 

printability. On the other hand, for materials with a high degree of thixotropy, the structuration 260 

terms (ϕ<%;9B% ) will be the dominant term to consider. This term takes into account not only the 261 

structuration rates of the material but also its open time tc, during which the evolution of the 262 

material properties remains linear and reversible. These properties can be extremely limited for 263 

(1) (2) (3) 

ACCEPTED MANUSCRIPT



11 

 

some types of materials. It is also important to distinguish the different behaviors that can occur 264 

depending on the printing mode, which will be discussed in the following section. 265 

 266 

Fig. 4: Thixotropic area used to define the printability window 267 

b) Printing mode cases 268 

As mentioned previously, the thixotropy index O%$-. allows evaluating the printability window 269 

of the material. Higher O%$-. values ensure a larger printability window. However, this index 270 

seems to be more adapted to continuous shear extrusion and free flow deposition printing 271 

processes, where the material is sheared during the extrusion phase. In the case of set-on-demand 272 

printing, in which the accelerators are injected at the nozzle level, the workability does not 273 

interfere with the buildability aspect of the material. In this case, the dynamic structuration rate 274 

,%$-. can be neglected. In the case of infinite brick extrusion, the structure is less disturbed, as 275 

the material is not subjected to shear. Hence, pseudo-dynamic structuration ,1? can be 276 

considered instead, obtained from the evolution of τd,eq during the flow onset. The structural 277 

term ϕ<%;9B%  can then be expressed by Eq. (9), as follows. 278 

  ϕ<%;9B%,<%D%-B = (C%$-. − ,1?). %B
P/P             (9) 279 

Different representations of the thixotropy index according to the considered printing mode 280 

processes are summarized in Fig. 5. In this study, only the continuous shear extrusion and free 281 

flow deposition will be investigated. 282 
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 283 

 284 

Fig. 5 : Thixotropic indices for different extrusion-based printing processes, including (a) free 285 

flow deposition, (b) set-on-demand printing, and (c) infinite brick extrusion 286 

3. Materials and Test Methods 287 

3.1. Materials and sample preparation 288 
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The investigated mixtures were proportioned using fine sand, general use Portland cement CEM 289 

I 52.5, and a modified polycarboxylate-based superplasticizer (SP). Supplementary cementitious 290 

materials (SCM) were used to reduce the amount of cement and improve the stability and the 291 

packing properties of the mixtures [37]. A viscosity modifying agent (VMA) has been 292 

incorporated in some mixtures to improve the rheology of printable mixtures. The mix designs 293 

were optimized based on a previous study [37]. The chemical and physical properties of the 294 

cementitious materials are summarized in Table 3. On the other hand, the proportions of the 295 

investigated mixture are presented in Table 4. 296 

The mixtures were mixed in 2-liter batches using a standard Hobart mixer. The mixing method 297 

shown in Fig. 6 was adopted to ensure efficient mixing, a similar dispersion state, and shear 298 

history. 299 

Table 3: Physical and chemical properties of cementitious materials 300 

Chemical components (%) 
Density 
(g/cm3) 

Fineness 
(m2/kg) SiO2 Al2O3 Fe2O3 CaO MgO SO3 

Na2O 
eq. 

ZrO2 

Cement 19.6 4.5 2.3 63.7 3.9 2.6 0.13 - 3.14 390 

Silica fume 93.5 3.5 0.15 0.02 < 0.02 0.006 0.1 2.4 2.60  12 000 

Fly ash 
(Class F) 

52.5 22.5 8.5 3.5 3 0.37 2.96 - 2.24 230 

Limestone 
filler 

0.9 - - 97.8 - - - - 2.71 426 

Table 4: Proportions of the investigated mortar mixtures 301 

Fine 
sand 

CEM 1 Silica fume Fly ash 
Limestone 

filler 
Water SP VMA 

(kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (% woc) (% woc) 

MFA 981 649 93 185 - 260 1.2 - 
MFA-V 981 649 93 185 - 260 1.2 0.5 

MLF 981 649 93 - 223 260 1.2 - 
MLF-V 981 649 93 - 223 260 1.2 0.5 

302 
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Fig. 6: Mixing procedure for the investigated mortar mixtures 303 

3.2. Rheological measurements 304 

Rheological measurements were performed using a Discovery Hybrid Rheometer 2 (DHR2) 305 

equipped with a 4-blade vane geometry to prevent wall slippage [42]. The cup and bob diameters 306 

are 30.36 mm and 26.198 mm, respectively. The shear gap size was set at 4 mm. The 307 

temperature was kept constant at 20 ± 0.1°C. A dispersion reference state was fixed for all the 308 

mixtures through a pre-shear period of 120 s at 200 s-1 [43]. 309 

a) Hysteresis loop 310 

First, the hysteresis loop protocol was used to investigate the time-dependent flow behavior of 311 

the investigated mixtures and reproduce the pumping conditions during printing. Step-wise shear 312 

rates were applied from 1 s−1 to 200 s−1, followed by downward ramps. Each ramp was 313 

maintained for a maximum of 20 s, which corresponds to the time needed for the mixtures to 314 

reach a steady state at 1 s-1, as shown in Fig. 7. As a means of optimizing the time measurement, 315 

an equilibrium condition was imposed on the deviation tolerance of apparent viscosity under a 316 

constant shear rate, set at 0.01%. This procedure was repeated for the first two hours, with a 20-317 

second rest period between each test, as shown in Fig. 8. The modified Bingham model was used 318 

to determine the dynamic yield stress and plastic viscosity using the descending curve, according 319 

to Eq. (10) [44] : 320 

((M� ) = () + S8M� + BM� P                      (10)  321 

 322 

Fig. 7: Steady state curves at different ages 323 
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 324 

Fig. 8: Hysteresis loop protocols 325 

During flow measurements, a competition between flocculation and dispersion occurs, hence 326 

changing the shape of the loops over time. This will be monitored to evaluate the flow changes 327 

that may occur during pumping and extrusion. The area between the upward and downward flow 328 

curves was determined and used to assess the rates of structural breakdown and build-up of the 329 

investigated mixtures, according to Eq. (11). 330 

@T9-0)98  =
UCT9-0)98U

UCT9-0)98UV |CT;1DX)=Y>|
         and      @T;1DX)=Y>  = 3 − @T9-0)98    (11) 331 

where CT;1DX)=Y>  represents the area where the up-flow curves are greater than the down-flow 332 

curves and CT9-0)98 is the reverse-case area. The crossover shear rate MN�  has been determined as 333 

shown in Fig. 9. 334 

 335 
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 336 

Fig. 9: Hysteresis loop areas depending on the flow curve direction 337 

b) Yield stress growth  338 

Once the material flows out of the nozzle, it starts to restore its structure at rest, which evolves 339 

with time. In order to monitor the evolution of this structuration after extrusion, the material is 340 

subjected to a low shear rate of 0.01 s-1 immediately after the pre-shearing. This low shearing is 341 

repeated every 2-minute, as shown in Fig. 10. The static yield stress τs refers to the peak value of 342 

the flow onset curve, while the equilibrium stress refers to the dynamic yield stress τd,eq of 343 

partially de-structured network, as explained in section 2. In order to assess the buildability of 344 

the investigated mixtures, the growth of yield stress has been assessed and fitted with the models 345 

given in Eqs. (4) and (5). 346 

 347 

Fig. 10: Measurement protocol of the stress growth 348 

c) SAOS measurements 349 

Small amplitude oscillatory shear (SAOS) tests were used to capture the evolution of the 350 

structural build-up of the investigated mixtures. These tests were carried out at shear strain 351 

of 10A\, which is within the linear viscoelastic domain of the mixtures to avoid breaking their 352 

microstructure, and an angular frequency of 10 rad/s [27]. The tested samples were first pre-353 

sheared at a constant shear rate of 200 sA^ for 2 minutes and then subjected to a large amplitude 354 
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oscillatory shear (LAOS) at a shear strain of 5% and an angular frequency of 100 rad/s for 10 s 355 

to achieve good dispersion  [45], as shown in Fig. 11. 356 

 357 

Fig.  11: SAOS measurement protocol [27] 358 

3.3. Printing trials 359 

Printing trials were conducted at different ages to evaluate visually the changes in printing 360 

quality over time. The first trial was performed 15 min after mixing, the second after 30 min, 361 

and the third one after 45 minutes of age. Circular hollow columns of 100 mm diameter and 10 362 

mm width were printed until their collapse. The structural evolution of the investigated mixtures 363 

was compared with the vertical building rate of the printed layers. The printing parameters are 364 

summarized in Table 5. All samples were printed at a controlled room temperature of 20 ± 1 °C. 365 

Table 5: Printing parameters 366 

Input sliced model 
Height of 

single layer  
Printing 
velocity  

Type of 
nozzle 

Extrusion 
device 

Feeding rate 

 

5 mm 20 mm/s 
Circular   

(Ø10 mm) 

Ram & 
screw 

extruder 

275.71 
mm3/s 

4. Results and discussions 367 

4.1. Time-dependent behavior during flow 368 

The hysteresis loops of the investigated mixtures are summarized in Table 6 and Fig. 12. The 369 

hysteresis loops and flow parameters (τd, µp) increase with time. This is more pronounced for 370 
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mixtures containing VMA. The mixtures MFA-V and MLF-V exhibited higher build-up 371 

compared to those made without VMA, and the minimum shear rate values required to destroy 372 

the formed network were higher compared to other mixtures. This can be due to water adsorption 373 

on the long chain polymers of the VMA via hydrogen and ionic bonds, thus resulting in higher 374 

cohesiveness, which requires higher energy to break down the formed flocs [46]. A transitional 375 

time of 25 minutes was observed between the two mechanisms for the MFA-V and MLF-V 376 

mixtures, compared to 65 minutes for the mixtures without VMA, as shown in Fig. 13. This time 377 

defines the period during which some of the formed flocs can no longer be broken down under 378 

the provided shearing energy. During this period, the viscosity increases progressively due to the 379 

friction between the undestroyed flocs and suspended particles, leading to a shear-thickening 380 

behavior. During printing, this can cause unstable mixes, which may compromise their 381 

pumpability and extrusion quality [47]. The competition between structural break-down due to 382 

hydrodynamic forces and structural build-up due to collisions induced by flocculation 383 

mechanisms is the driving force behind microstructural changes in cement-based materials [48]. 384 

The Brownian motion induces the particles to move to the most favorable positions in terms of 385 

structure-entropy. 386 

 387 

Fig. 12: Hysteresis loop curves of the tested mixtures at t=0 and 1h of measurement  388 

Moreover, the mixtures containing limestone filler exhibited variable breakdown and build-up 389 

competition over time (Fig. 13). This can be explained by the unstable structure formed by 390 

limestone aggregates [47]. This is related to the effects of the Ostwald ripening phenomenon due 391 

to the dissolution and precipitation of CaCO3 particles [27,49]. This can result in decreasing the 392 
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crossover shear rate for MLF and MLF-V mixtures during the initial phase and increasing their 393 

structural breakdown compared to MFA and MFA-V mixtures. 394 

Table 6: Flow parameters and hysteresis areas of the investigated mixtures 395 

Time 
(min) 

τd (Pa) 
µp 

(Pa.s) 
|c| R2 

Abuildup 

(Pa/s) 
Abreakdown 

(Pa/s) 
 MN�
(s-1) 

MFA 

15 70 2.86 0.0044 0.98 0 8 279 - 

30 87 2.90 0.0050 0.97 -134 5 552 6.5 

45 108 3.09 0.0058 0.95 -451 3 719 18.6 

60 143 3.26 0.0071 0.91 -1 306 4 661 47.9 

75 185 4.86 0.0132 0.91 -9 356 361 - 

90 254 6.36 0.0191 0.88 -15 002 422 - 

105 338 7.93 0.0251 0.85 -18 188 500 - 

MFA - V 

15 161 4.21 0.0091 0.94 -782 4 177 21.8 

30 202 5.00 0.0128 0.91 -3 930 1 161 - 

45 258 6.42 0.019 0.88 -11 570 519 - 

60 337 8.14 0.0253 0.86 -17 934 631 - 

75 456 11.52 0.0393 0.83 -36 176 816 - 
90 691 17.15 0.0637 0.78 -66 014 554 - 

105 1 068 28.28 0.1085 0.80 -119 869 404 - 

MLF 

15 89 3.06 0.0041 0.98 -2 157 13 897 35.0 

30 103 3.09 0.0042 0.97 -18 6 793 1.0 

45 117 3.54 0.0070 0.96 -356 4 390 8.50 

60 166 3.21 0.0051 0.91 -1 282 4 733 30.09 

75 213 4.82 0.0122 0.90 -6 450 556 - 

90 279 7.03 0.0210 0.89 -16 782 626 - 

105 354 8.62 0.0268 0.86 -18 880 776 - 

MLF - V 

15 242 2.83 0.0025 0.99 -272 11 361 29.43 
30 310 3.81 0.0069 0.99 -7 249 577 188.07 
45 367 4.26 0.0085 0.98 -5 505 895 184.28 
60 463 4.27 0.0085 0.98 -6 309 1 089 144.63 
75 634 6.48 0.0192 0.94 -31 494 1 074 - 

90 781 11.20 0.0362 0.91 -47 452 1 147 - 
105 1357 31.39 0.1217 0.90 -75 616 1 920 - 
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 396 

Fig. 13: Competition between the breakdown (dashed line) and the build-up (bold line) 397 

structuration of the mixtures with time 398 

Accordingly, the time-dependent flow behavior is highly dependent on mixture composition. As 399 

shown in Fig. 14, a two-stage evolution of the flow behavior can be observed. In the first stage, 400 

the dynamic yield stress increases due to structural build-up, while the plastic viscosity varies 401 

slightly. In the second stage, the plastic viscosity drastically increases, marking the beginning of 402 

the flow loss. In order to prevent any blockage during the printing process, it is crucial to control 403 

the first evolution phase of the flow properties. This is mainly driven by the evolution of the 404 

dynamic threshold. 405 

As can be observed in Fig. 15, the proposed model in Eq. (1) is shown to adequately describe the 406 

time evolution of dynamic yield stress. Mixtures containing VMA are found to have a shorter 407 

workability period and higher dynamic structuration kinetics than the other mixtures. 408 

It is important to mention that the time of the workability loss (tfl) may not match the transitional 409 

time between the break-down and build-up phases. Indeed, the tfl marks the beginning of the 410 

irreversible structuration due to hydration, while the transitional time indicates the balance 411 

between formed and destroyed flocs, which mainly depends on the shearing energy. 412 
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 413 

Fig. 14: Time evolution of flow properties of the investigated mixtures 414 

 415 

Fig. 15: Comparison between the experimental dynamic yield stress values and fitted model 416 

4.2. Time-dependent behavior at rest 417 

The various stages of the structural build-up of the mixtures were characterized by the time 418 

evolution of both the static yield stress and storage modulus.  419 

The stress growth curves during different structuration phases are shown in Fig.A1 in Appendix 420 

A. As mentioned earlier in section 2, Brownian motion, shear-induced forces, and differential 421 
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sedimentation will result in re-flocculation of the particles, hence resulting in a microstructural 422 

rebuild after shearing. This process will last a few hundred seconds until the interparticle forces 423 

reach equilibrium but can take a longer time in the case of mixtures containing VMA due to its 424 

high molecular weight (green curves). Once the interparticle forces reach equilibrium, the 425 

thixotropic structure rapidly regains stiffness due to an increase in viscosity. Then, the static 426 

yield stress starts to increase due to the agglomeration of cement particles caused by colloidal 427 

interactions and nucleation of early hydration products at their contact points (blue curves). A 428 

network of percolation paths is then formed with significant strength (red curves). 429 

According to the results presented in Table 7, the addition of VMA resulted in a higher effect on 430 

the re-flocculation kinetics Rthix than the structuration rate Athix. The presence of VMA polymers 431 

induces bridging forces which promote the flocculation of the system and rapidly build up its 432 

yield stress at rest [50,51]. Moreover, it seems that the addition of the VMA delays the critical 433 

time between the linear and non-linear regimes, which can be correlated with the setting time. 434 

Similar results have also been reported in the literature [52–54]. However, under shear, the 435 

critical time tfl decreased in the case of mixtures containing VMA. This may be related to the 436 

effect of the shear stress on the long-chain polymer solutions which promotes molecular 437 

crosslinking and thus increases the dynamic structuration kinetics [53]. 438 

Moreover, the investigated mixtures displayed comparable rates of structuration Athix even 439 

though their thixotropic behavior is quite different considering the ßthix parameter. The use of 440 

Othix,s index resulted in different classifications of the investigated mixtures based on their 441 

thixotropy. For example, the mixture MFA-V is more thixotropic than MFA, which is not the 442 

case when the Othix index is used for classification. The classification based on the latter index is 443 

more reliable because it considers the thixotropy in both flocculation and de-flocculation states, 444 

whereas the classification based on Othix,s does not. 445 

The different phases of rigidification based on the storage modulus evolution are presented in 446 

Fig. 16. On the other hand, the established model parameters are summarized in Table 8. Good 447 

fitting with the proposed model suggests that there exist two distinct kinetics of rigidification. At 448 

an early age, first, the structure evolves due to particle re-flocculation and then increases linearly 449 

due to the formation of successive paths of interconnected flocs until it reaches a stabilized 450 

structure. These results are consistent with those reported in the literature [27–29]. 451 

The incorporation of VMA resulted in an increased rigidification rate (R) of the mixture MFA, 452 

but surprisingly without a significant effect in the case of the MLF mixture. This result was in 453 
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line with the Фstruct-static values, reflecting the static structural-build-up factor during yielding. 454 

Thus, the rate of rigidification is a good indicator of the build-up kinetics of the mixtures at rest. 455 

The mixtures MFA, MLF, and MLF-V developed their rigidity in a similar manner. This is an 456 

indication that these mixtures may have similar build-up behaviors. Similar results were also 457 

reported in the literature, where different mixtures resulted in comparable rates of rigidification 458 

[48,55]. However, the mixtures containing limestone filler exhibited a more rigid structure 459 

during the nucleation phase. This can be due to the physical and chemical effects of the 460 

limestone filler, allowing more nucleation sites for cement particles [56].  461 

It should be noted that the structuration kinetic derived from the stress growth results differs 462 

from the rigidification kinetic. Some mixtures can quickly develop their percolated structure 463 

without exhibiting a higher strength [57], as shown in Fig. 17. Besides, G' evaluated at a strain of 464 

0,001% mainly reflects the strength of C-S-H bridges between cement particles. Hence, 465 

imposing large strains during the static yield stress measurements (total strain for the 466 

measurement at a shear rate of 0.01 s-1 is 1.2, which is much larger than 10-5), causes significant 467 

destruction of C-S-H networks, which may not be considered during the static yield stress 468 

measurements [28,58]. 469 

Table 7: Summary of the structuration rate parameters of the investigated mixtures 470 

  MFA MFA - V MLF MLF - V 

τs, floc (Pa) 282 323 140 200 

Rthix (Pa/min) 21 22 20 30 

Athix (Pa/min) 3.6 3.5 2.8 2.9 

tc' (min) 81.30 113.64 78.74 90.91 

ßeq (Pa/min) 2.9 2.7 1.9 2.3 

R² 0.995 0.977 0.976 0.969 

Фstruct-static (Pa.min) 2313 5165 2573 2648 

φthix,s (Pa.min) 19 549 23 613 6568 1199 

ßthix (Pa/min) 0.9 2.2 1.0 3.1 

tfl (min) 56.82 48.31 62.50 55.56 

Фstruct (Pa.min) 4358 1529 3359 -278 

φthix (Pa.min) 16 404 9371 6531 2629 
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 471 

Fig. 16 : Time evolution of the storage modulus – Green: Re-flocculation phase, Blue: Linear 472 

rigidification, and grey: Nucleation phase. 473 

 474 

Table 8 : Rigidification parameters of the investigated mixtures 475 

G’0 (Pa) 
R 

(Pa/min) 
R² G'floc  

MFA 1604 5 407 0.975 45 276 

MFA-V 2489 9 481 0.997 53 768 

MLF 1593 5 258 0.977 45 290 

MLF-V 1435 5 166 0.976 44 056 
 476 
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 477 

Fig. 17 : Storage modulus vs. Static yield stress evolution 478 

4.3. Quality control of printing through time-dependent rheological behavior 479 

The results of the printing tests are shown in Fig. 18. It can be seen that the printing quality is 480 

highly affected by the time-dependent behavior of mixtures. It is important to mention that the 481 

investigated mixtures exhibited similar initial extrudability performance evaluated by the 482 

continuity of the filaments and the homogeneity of the layer’s width. This can be due to their 483 

comparable (Rthix, G’floc) values. However, beyond tfl, the mixtures can no longer be printed due 484 

to the workability loss. At a time relatively close to tfl, the extrusion quality of the mixtures 485 

dropped. This was reflected by the discontinuity of the filaments and the decrease in their widths. 486 

The pressure required to extrude the mixtures also increased, as shown in Table 9. This implies 487 

an increase in the flow parameters (µp, τd), which is consistent with the results presented in the 488 

previous section.  489 

The buckling of the structure resulted in failure after a certain age. As a result, the strength-based 490 

stability condition (Eq. (7)) failed to predict the layer of failure. However, good results have 491 

been obtained during the initial tests, as shown in Fig. 19. It is noteworthy to mention that failure 492 

for mixtures containing VMA observed after 15 min was delayed due to the strong bond 493 

between the layers, which prevents the transmission of the cumulative weight to the bottom, 494 

causing a combined plastic-buckling failure. In addition, as the tolerable deformation values 495 
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decrease with time (Fig. 20), the printed element may experience brittle failure. A slight increase 496 

in tolerable deformations was observed in mixtures containing limestone filler. This can be due 497 

to the unstable structure discussed earlier. 498 

Furthermore, a flow variation during printing was observed for some mixtures. This seems to 499 

occur when the dynamic yield stress increases during printing, as shown in Fig. 21. Since the 500 

extrusion pressure has been chosen for a lower flow threshold, an underflow layer is extruded, 501 

which generates instability in the printed structure, referring to MFA-V 30min and MFA 45min, 502 

as shown in Fig. 18. Moreover, when the transitional time %%;D>< between the dominant structural 503 

break-down and the structural dominant build-up is exceeded, another problem arises. The 504 

thickness of the layers is reduced, which may be due to the loss of shear efficiency at the nozzle 505 

level. This leads to the failure of the printed structure (see MFA-V 30min, MFA and MLF 506 

45min in Fig. 18). 507 

 508 
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Fig. 18 : Printing column at 15, 30, and 45 min of age of mixtures 509 

To summarize, different types of failure can take place depending on the time of printing and the 510 

degree of thixotropy of each mixture (Fig. 21). Plastic failure occurred at an early age in 511 

mixtures with a low degree of structuration Фstruct-static. However, combined failure or buckling 512 

can occur due to geometric instability for more thixotropic mixtures. Additionally, flow 513 

instability may also lead to other failure modes. This is reflected by the width variation of the 514 

printed layer. When shearing efficiency decreases at the nozzle level due to dynamic 515 

structuration (ßthix), layer width decreases leading to an unstable structure. Two parameters must 516 

then be considered to prevent failure (ttrans, M� B). The critical shear rate M� N must be higher than the 517 

nozzle rotational shear rate. Also, the pumping/extrusion pressure must be adjusted if the 518 

printing time exceeds ttrans. Another case can occur during multi-batch printing, resulting in an 519 

increase in the thickness of the freshly printed layer compared to the last layer underneath, which 520 

is beyond the scope of this paper. 521 

Table 9 : Summary of the printing results 522 

    MFA MFA - V MLF MLF - V 

15 min 

Printed layers 14 18 11 13 

Pumping pressure (bar) 0.1 0.5 0.1 0.6 

Type of failure Combined Combined 
Plastic 

collapse 
Combined 

Predicted layer of failure  14 15 11 14 

30 min 

Printed layers 16 16 18 19 

Pumping pressure (bar) 0.2 1 0.1 0.6 

Type of failure Buckling Buckling - Buckling 

Predicted layer of failure  18 21 16 16 

45 min 

Printed layers 12 - 9 12 

Pumping pressure (bar) 0.4 - 0.4 1 

Type of failure Buckling - Buckling Buckling 

Predicted layer of failure  25 - 19 21 
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 523 

Fig. 19 : Printing quality control at 15, 30, and 45 min of age 524 
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 525 

Fig. 20 : Values of tolerable deformation at 15, 30, and 45 min of age 526 

 527 

Fig. 21 : Types of failure in extrusion-based 3D printing 528 

Conclusions 529 

In this study, the time-dependent rheological properties of printable cement-based materials were 530 

investigated. Hysteresis loop tests were used to assess the time evolution of flow properties 531 

under shear conditions. The structural time-development properties were evaluated using yield 532 

stress growth and oscillatory tests. These properties contributed to controlling the printing 533 
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quality and highlighted the different instabilities that can occur during the printing process in 534 

which continuous shear is applied during extrusion. Based on the reported results in this paper, 535 

the following conclusions can be drawn: 536 

(1) The rate of structuration Athix did not provide sufficient information on the thixotropic 537 

behavior of printable materials since it reflects only the material structuration at rest without 538 

considering its time-dependent behavior during shearing conditions. This is more critical in 539 

the case of single-batch production. 540 

(2) The new thixotropy index Othix can be used to optimize the material design and printing 541 

process by evaluating their printability window based on their kinetics of structuration under 542 

different printing modes. 543 

(3) Two stages of flow evolution were identified. The first stage can be monitored by the linear 544 

increase of dynamic yield stress, while the second stage captures the exponential increase in 545 

flow resistance due to flow loss. 546 

(4) The competition between the break-down and the structural build-up affects the extrusion 547 

quality over time, which can be reflected by the layer width reduction during printing. 548 

(5) The determination of structural build-up evolution based on the growth of yield stress and 549 

storage modulus development was found to be consistent at an early age. Beyond a certain 550 

age, the storage modulus remains constant while the yield stress evolves continuously. 551 

(6) The incorporation of a viscosity modifying agent enhanced the buildability of the 552 

investigated mixtures. The effect of VMA was more pronounced on the rates of re-553 

flocculation Rthix and dynamic structuration ßthix than structuration Athix and rigidification R. 554 

(7) Buckling was the most frequent mode of failure due to flow variation effects. It is therefore 555 

important to consider these variations when evaluating the stability of the printed structure. 556 
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Appendix A 562 

 563 

Fig. A1 : Time evolution of the flow onset curves of the investigated mixtures – Green: Re-564 

flocculation phase, Blue: Linear structuration, Red: Non-linear structuration, and grey: 565 

Transition phases 566 
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