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Abstract 

Among the multiplicity of construction methods based on digital 

concrete technologies, the most common one remains the extrusion-10 

based process. Two opposed strategies have been developed in order to 

print a concrete structure using extrusion: the first one emphasizes the 

ease-of-pumping of material which is massively accelerated to ensure 

the stability of the structure, when leaving the extruder; the second one 

uses a firm mortar able to sustain the own weight of the structure during 15 

the printing, without requiring any accelerator. Both methods have their 

pros and cons and don’t imply the same rheological requirements. Most 

of the recent literature assumes that both types of material (fluid and 

firm) follow the same trend of behavior and obey to the Von Mises 

plasticity criterion, while it has been demonstrated that firm cement-20 

based materials can exhibit a pressure dependent behavior. Moreover, 

rheological study is mainly based on shear rheometry, while the 

extrusion-based printing process requires a description of the 

rheological behavior in compression to predict the global stability of 

the structure, and in tension to prevent cracks formation. This paper 25 

investigates the fresh behavior of cement paste and mortar under 

different solicitations (shear, compression, tension) for different water 
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to cement ratios. The analysis of these results allows to describe the 

transition between a ductile fluid material (symmetrical in tension and 

compression) that obeys to a Von Mises plasticity criterion, and a 30 

brittle and firm material (asymmetrical in tension and compression) that 

requires a pressure dependent plasticity criterion in order to predict its 

strength under a given solicitation. 

Keywords: 3D printing, plasticity criterion, cementitious material, 

rheological behaviour: 00-01,99-00 35 

 

1. Introduction 

Today, the interest in digital concrete is increasing daily in the 

construction sector. This technological breakthrough is arising an ever-

growing interest in digitally based fabrication technologies, divided in 40 

large families of techniques and adapted to an ever-increasing number 

of materials [1–6]. In this present study, we will focus on the printing 

of cement-based materials through the so-called extrusion-based 

process. In this way, the mechanical behavior of cementitious materials 

used in this process is described and characterized using new dedicated 45 

experiments. This extrusion-based process imposes that the fresh 

printed material exhibits some rheological requirements that allows for 

pumping, extrusion, shape retention and global stability of the structure 

[7–12]. Also, numerical simulations are being developed in order to 

predict the layer shape and cracks formation during the deposition 50 

process [13] for the sake of shape accuracy. All these conditions require 

a precise description of the behavior of the cementitious materials 



under different nature of loading (tension for crack formation, 

compression for global stability, shear for pumping and self-bearing 

load ability, …). For instance, during the deposition steps can induce a 55 

succession/combination of shearing, and bending with both tension and 

compression into the material. However, the description of the material 

behavior is almost carried out using shear rheometry and the Von Mises 

criterion is often assumed without experimental evidence as a plasticity 

criterion in order to link the measured shear yield stress, in pure shear 60 

state of stress, to the elongational one using the following and widely 

used relationship 3c cσ τ=  where σc σ0 the elongational yield stress 

and τc the shear yield stress. The Von Mises plasticity criterion also 

predicts that the strength of the material is the same in compression and 

in tension so that the behavior of the cementitious material can be 65 

qualified as symmetrical. Nevertheless, the Von Mises assumption can 

be questionable because it has been shown that cementitious materials 

containing a solid volume fraction higher than 80% of the random 

packing fraction can exhibit a frictional and dilatant pressure-dependent 

behavior [14–17]. A mechanical-oriented analysis on the extrusion-70 

deposition process raised questions about fresh material behavior.  

It is also important to keep in mind that the extrusion-based 3D printing 

process presents a variety of technological possibilities that ranges 

between two extreme cases [7]: the use of a fluid cementitious material 

that is easy to pump with the addition of hydration accelerator at the 75 

nozzle [18–20] in order to guaranty the global stability of the in-print 

structure on one side and the extrusion of a firm plastic cementitious 

materials that presents a yield stress higher than 1 kPa that can be 



considered as “buildable” without the addition of accelerator [21,22]. 

The materials used in these two extreme cases are very different from a 80 

mechanical standpoint and it can be needed to highlight the difference 

in behavior between fluid or highly flowable and firm materials with 

high solid volume content cementitious pastes. Moreover, the boundary 

between this two materials is not so well clear-cut and a transition 

appears with increasing solid volume content as shown by Yammine et 85 

al. [17]. In order to describe this transition in behavior, the present 

paper studies the strength of cement paste and a mortar under different 

solicitations (tension, compression and shear) with varying water to 

cement mass ratio (W/C). Moreover, the type of mechanical behavior 

of cementitious materials can also evolved with hydration time. For 90 

example, a symmetrical Von Mises type self-compacting concrete 

begins to present an asymmetrical and dilatant behavior few hours after 

the contact between cement and water [23]. This will also be assessed 

by carrying rheological tests after different resting time. 

This study proposes different types of characterization tests, either 95 

based on existing tests (squeeze flow, rotational rheometry), or other 

tests adapted from existing ones. The compression behavior of fresh 

cementitious materials is studied using both squeeze flow for firm 

materials [24–26] and slump test in elongational mode for the fluid 

ones [27]. The tensile yield stress will be assessed using gravity driven 100 

tensile test [28,29] for fluid materials, or a specific test especially 

developed in the frame of this research for firm pastes. Shear yield 

stress will also be assessed using common vane geometry. Tensile to 

compressive ratio assessment (i.e. symmetrical behavior) provides a 



basis to discuss the adequacy between widely use Von Mises’s 105 

plasticity criteria and material behavior in order to precisely model the 

process using, for instance, models implementation in numerical 

simulations. This study provides ranges of solid volume fraction where 

commonly used plasticity criteria can be used and where this kind of 

criteria are challenged and have to be replaced by a pressure-dependent 110 

one.  

2. Materials and methods 

2.1 Materials  

Due to the multiplicity of mix designs developed for extrusion-based 

3D printing, this study proposes to focus on two very basic materials: a 115 

cement paste and a standard mortar. Both materials contain HRWRA 

(High Range Water Reducing admixture) at a dosage of HRWRA to 

cement mass ratio of 0.15%. Standardized sand is added to a sand to 

cement mass ratio of 3:1 in order to meet the requirement provided by 

EN 196-1 standard mortar. Information about the sand packing are 120 

obtained using a cylinder of 2 liters and a dedicated funnel. Random 

loose packing ϕrlp and dense packing ϕd (measured after a sample 

vibration lasting 1min) are measured after the filling of the testing 

cylinder : ϕrlp=61.5% and ϕd=66.5%. In the tested mortars, sand  

volume fractions range between 56.6% and 61.5% depending on the 125 

water to cement mass ratio. Cement paste and mortar mixes are 

prepared using a Warring blender and a Perrier mixer respectively. 

Water is firstly introduced in a bowl and then, premixed powders are 



progressively added. After this first step of mixing at low velocity 

during 1 minute, a final step consisting in a high-speed mixing is 130 

performed during 3 minutes. 

Parametric study about solid volume fraction is performed to set the 

water to cement ratios. Solid volume fraction ranges from 47.5% to 

58.8% for cement paste, and from 72.0% to 78.7% for standard mortar 

(i.e. effective water to cement ratios W/C are between 0.22 and 0.35 for 135 

cement paste, and between 0.39 and 0.56 for standard mortar). In order 

to perform mechanical characterizations under a similar state of 

structural build-up, all rheological measurements were carried out 

between seven and eight minutes after the first contact between water 

and cement. 140 

2.2 Shear yield stress measurement  

Each mix design is characterized using shear yield stress measurements 

in order to evaluate the possible deviation between symmetric plasticity 

criterion (e.g. Tresca or Von Mises criterion) and the observed material 

behavior. Anton Paar MCR 702 rheometer equipped with a van 145 

geometry is used in this study. Shear test device consists of a four-

bladed vane tool geometry ST22-4V-40 (40 mm high and 22 mm in 

diameter) and a PETG printed cup to provide a 1.75mm gap width. 3D 

printed cup’s wall presents a roughened surface to avoid wall slip. 

A reproducible method has been developed to characterize shear 150 

behavior from the more fluid to the firmest material allowing to 

minimize the effects of the material stress history. Shear rheological 

measurements consist in two steps: first, a Small Amplitude Oscillatory 



Shear (SAOS) test is performed to reach a steady state regime at a 

determined strain amplitude belonging to the Linear Visco-Elastic 155 

Region (LVER). Considering the whole solid volume fraction range 

selected in this study, a strain amplitude of 0.01% is set to stay with 

linear viscoelastic behavior, according to preliminary amplitude sweep 

test and in agreement with recent literature [30–33]. When steady state 

regime is achieved, continuous shear test is carried out at a defined 160 

shear rate between 0.005s-1 and 1s-1. By plotting shear stress - shear rate 

curve, Herschel Buckley law parameters can be determined for each 

mix design according to � =  �� + � �� 	. Where k is the material 

consistency and n the flow index. 

2.3 Characterization of compressive behaviour 165 

2.3.1 Uniaxial compression test for firm materials -or Squeeze Flow test 

Characterization of the behavior of firm materials under uniaxial 

compression loading has become a usual test since the development of 

3D printing of concrete [8,34]. This description is required in order to 

predict one of the failure mode of the in-print structure which is due to 170 

the plastic collapse of the first layer and the ability of the fresh printed 

structure to sustain its own weight: the so-called buildability [35]. 

Squeeze Flow [Figure 1(a)] test consists in a uniaxial compression 

loading of a sample with a 2:1 aspect ratio between two parallel 

lubricated plates performed at controlled displacement rate. The chosen 175 

slenderness allows to avoid particle size effects and promote a diagonal 

shear failure [12,34]. Test is performed at an axial velocity of 0.1 mm.s-



1 in order to consider quasi-static conditions. For significant 

deformations, dimensions of the sample can be updated in the 

compression stress computation, considering a diameter that 180 

continuously increases with the displacement of the upper plate, as long 

as the continuity of material can be assumed.  

The compression yield stress (or compression strength) σc,u is defined 

as the ratio the maximum recorded force Fmax to the updated diameter 

of the sample. 185 

2.3.2 Compression test for fluid materials -or Slump flow test 

For fluid materials, it is not possible to prepare self-standing samples: 

using uniaxial compression test is therefore not possible. An alternative 

way to estimate the compressive strength of the material is to adapt 

slump flow by generating purely elongational flow as proposed by 190 

Roussel and Coussot [27].  

Slump test is a common method used to characterize ordinary cement-

based materials workability [27,36,37]. Originally developed for 

concrete, this method has been extended to mortar and cement paste to 

determine yield criterion using mini-cone geometry [38,39].  195 

It is interesting to note that for small slump ratio (final to initial height 

of the sample), the slump test induces an elongational flow that allows 

the estimation of the elongational yield stress of the material that can be 

assimilated to its compressive strength [27]. The elongational yield 

stress can be computed by writing a stress balance equation between 200 

gravity and material compressive strength. In such case, deviatoric 

terms of stress tensor due to material spreading is negligible compared 



to the hydrostatic terms induced by gravity, whatever the volume of the 

sample.  

As a consequence, in this study, volume and dimensions of the cone are 205 

chosen to meet the geometrical conditions required to induce such 

purely elongational flow. To do this, different cone geometries are 

proposed in Table 1. This type of mechanical self-compression test 

leads to a final height S under material’s own weight. Considering 

material density and gravity, the ultimate compressive stress can be 210 

determined according to 
�,� =  
 � �. 

The cones and the plate [Figure 1(b)] are 3D printed with ABS and put 

on MCR-702 using SCF-7 tool connected to 50 N load cell that controls 

cone lifting operation in order to increase test reproducibility. All 

contact areas are highly lubricated using Teflon© grease. Material is 215 

first introduced inside the cone and slump test is performed at a lifting 

speed of 0.1 mm.s-1 to remain in quasi-static conditions and in order to 

minimize viscous effects. The right dimension of the cone to minimize 

shear effects has to be set. Some preliminary tests consist in random 

tests of materials with different W/C ratios to reach a slump value 220 

around a predefined range of validity of the elongational flow 

assumption associated to the height of the cone. Ability of the geometry 

to accurately measure the compressive strength is linked to the 

minimization of shear effects. According to the work of Roussel and 

Coussot [27], the shear effects are almost negligible for a ratio between 225 

slump and initial height lower than 25%. Considering all cone 

geometries, this criterion can be re-written as a ratio between initial 

lower cone radius Rmax (see Table 1) and the final re-calculated radius 



triggered by material spread Rspread considering sample volume 

stability. Below criterion values R_max/R_spread of 0.8, the size of the 230 

cone has to be reduced. Geometries used in this study are listed in 

Table 1. 

 

Figure 1 Devices used to characterize compressive strength of cement-based 

materials -- (a) Squeeze flow test performed on a 2:1 sample using Anton Paar 235 

MCR 702 (b) Cones with various height used to performed gravity driven Slump 

test in elongation mode. The cone is attached to the MCR 702 which lift the device 

at a constant velocity. 

 

Table 1 Cone geometries for Gravity Driven Slump test (see Figure 1(b)) 240 

Cone Abrams 

cone 

1rst paste 

cone 

2nd paste 

cone 

3rd paste 

cone 

H0 [mm] 300 50 40 30 

Rmin [mm] 100 35 28 21 

Rmax[mm] 200 50 40 30 

 



2.4 Characterization of tensile behaviour 

2.4.1 Tensile test for firm materials -or Double Dumbbell Device test 

The development of this tensile test was imagined from conventional 

testing procedure used for high strength materials such as steel and 245 

hardened concrete and designed to take advantages of the existence of 

the material self-standing properties. The lower solid volume fraction 

materials can easily be tested using capillary rheometers but beyond a 

certain concentration of particles, structuration phenomena can occur in 

the extruder (e.g., consolidation or compaction and drainage) [40]. This 250 

test is presented here as a solution to evaluate tensile yield stress (or 

tensile strength) of firm cementitious materials at fresh state, which 

have a high enough yield stress to ensure stability inside the dumbbell-

shape specimens. 

Double Dumbbell Device tensile test consists of upper and lower 255 

brackets, and of two exchangeable dumbbells secured by a clamping 

ring. The device is mounted on the Anton Paar MCR-702 rheometer 

using SCF-7 tool to connect the upper bracket to the 50N load cell. 

Once the assembly of the double dumbbell assembly is set in the 

brackets, clamping ring is carefully removed and then, test can be 260 

performed at an axial velocity of 0.1mm.s-1. Tensile elastic domain of 

cement-based materials is very small: that’s why an initial value of 

normal force shall be reported and an acquisition frequency has to be 

set above a minimal value of 2 Hz. 

The tensile strength of the tested material σt,u is computed from the 265 

ratio of the maximum recorded force to the initial material section. 



2.4.2  Tensile test for fluid materials -or Gravity Driven Tensile test 

Gravity Driven tensile test consists of a 5 cm diameter extruder fitted 

with a PTFE piston, placed on a metal frame. The extruder is filled with 

fresh material and pushed through a 14 mm nozzle diameter. The 270 

device is placed on a compressive machine to control displacement of 

the piston, and thus the flow rate of material. Numerical method based 

on video analysis allows to check the linearity of the flow. Considering 

the ratio of the reduction of the extruder section and the piston velocity, 

vpiston, the extrudates displacement rate, vsample, is given by ������� =275 

 ������	 .
��

��� !"

��
#�$

 . The piston velocity is set to 0.25 mm.s-1 and the axial 

force is recorded using a 5 kN load cell.  

A previous study has shown that such low piston velocity minimizes 

the scattering of the results obtained with Double Dumbbell Device test 

[29]; At such velocity, quasi-static conditions can be considered and 280 

viscous effect can be ignored. 



 

Figure 2 Devices used to characterize tensile behavior of cement-based materials -

- (a) Double Dumbbell Device attached to the MCR 702 rheometer (b) Gravity 

Driven Tensile test using a cylindrical piston extruder. 285 

    

Figure 3 Gravity Driven tensile test on standard mortar at 25mm/min piston velocity 

and sample length measurement by video analysis. 

The gravity drives the failure of the material allowing to determine the 

tensile yield stress or tensile strength of material by weighing broken 290 

samples. Weighting of the “so-called” slug [28] at least five times to 

ensure a proper mean value and its associated standard deviation. In 

addition, to check the linearity of the flow, digital scoring [Figure 3] 



based on a video recording can be used to compute the length of the 

sample at the time of failure. Considering the deviation of material 295 

density, the tensile strength of material can be assessed assuming 
�,� =

 
 � %������. The steady state of the flow must be reached before 

picking up and weighing extruded so-called “slugs”. 

3. Experimental results and discussion 

3.1 Comparative study of tensile and compressive material’s 300 

behaviours at fresh state 

Choosing the right characterization method is essential to adequately 

test all materials with varying W/C ratios. Whether in tension or in 

compression, each device has some physically-based limitations, 

directly correlated to the stability of material under the effects of 305 

gravity: a transition area can be observed wherein both testing devices 

can be used. It is interesting to note that both testing methods can be 

used in the shear stress range between 0.5 to 1kPa. 

The compressive behavior is characterized either using Squeeze Flow 

test (see Figure 4 and 5) for firm materials, or Gravity Driven Slump 310 

test in pure elongation mode for the most fluid ones. The 

characterization of tensile behavior is performed using Double 

Dumbbell Device (see Figure 6 and 7) for the firmest materials, and a 

Gravity Driven tensile test for the most fluid ones. Each deviation value 

is reported on graphs for each measurement: it is interesting to notice 315 

that the deviation of Squeeze Flow results increases as well as W/C 

decreases due to appearance of internal friction. 



 

 

Figure 4 Compression Squeeze Flow (SF) tests performed on cement pastes. 320 

 

 

Figure 5 Compression Squeeze Flow (SF) tests performed on standard mortars. 

 

In figure 4 and 5, it can be noticed that the material apparent rigidity 325 

tends to increase as solid volume fraction is increasing (or with 

decreasing water to cement ratio) which is in agreement with common 

literature [41]. Moreover, a continuous transition of behavior can be 



observed from the lowest volume fraction to the highest one: while a 

stress plateau is observed for the lowest water to cement ratios. Stress 330 

peaks are observed for the other tested materials. It is interesting to note 

that this peak appears more pronounced and at a strain value that 

decreases with the solid content. This shows the transition between a 

ductile flowing material to a quasi-solid dilatant and brittle one. Also, 

the compressive apparent rigidity appears higher for the mortar than for 335 

the corresponding cement paste. This is in agreement with theoretical 

modeling developed by Mahaut et al. [42].The mortar presents a more 

brittle behavior than the cement paste, due to the presence of sand 

particles. 

A deeper analysis of the stress-strain curve of cement paste (Figure 4) 340 

highlights two different elastoplastic phases: the first, which induces 

breakings of the early hydrates characterized by a weak chemical 

bonding; the second, reached over a kind of plateau value, exhibits a 

more rigid behavior because of the high concentration of Calcium 

Silicate Hydrates covalent bonds. This observation is in agreement with 345 

the conclusions of Roussel et al. and Ma et al. [30,33]. 

The analysis of the curves obtained in tension (Figure 6 and 7) globally 

confirms the conclusions drawn from compression test results. Note 

that for higher W/C ratio, stress vs. strain cannot be obtained from 

gravity driven slump flow and self-tensile tests. 350 

 

 



 

Figure 6 Double Dumbbell Device (3D) tensile tests performed on cement pastes. 

 355 

 

Figure 7 Double Dumbbell Device (3D) tensile test performed on standard mortars 

 

In figure 8 and 9, the measured tensile and compressive strengths 

obtained from the four measurement techniques are plotted in function 360 

of the solid volume content for cement paste and mortar respectively. It 

allows to assess the difference between tensile and compressive 



strengths and to verify the symmetry of the uniaxial mechanical 

behavior of the material. An interpretation of these measurements 

highlights a similar behavior for both materials: fluid materials have a 365 

substantially symmetrical behavior because tensile and compressive 

strength follow the same trend and shows very close values for the 

same solid volume fraction. However, over a critical solid volume 

content of 0.53 for cement paste (i.e around 90% of the maximum 

packing fraction)  and 0.75 for standard mortar (equivalent to 370 

W/C=0.28 for cement paste, and W/C=0.48 for standard mortar), a 

clear distinction appears between the tensile and the compressive 

behavior. The material starts to exhibit an asymmetrical behavior. It can 

be interesting to note that this change occurs for material tensile 

strength of few kPas. This is in agreement with the apparition of a 375 

frictional, dilatant and pressure dependent behavior during the early 

hydration of SCC as described by Mettler et al. [23]. Over this critical 

solid fraction, the asymmetry increases gradually.  

It is also interesting to note that plotted curves are S-shaped which is an 

evidence of the transition from colloidal hydrodynamic interaction 380 

driven flow to a dilatant flow driven by direct contacts [16,17]. It is 

interesting to note that the behavior of the mortar appears more rigid 

and more brittle than the cement paste. Such behavior is highlighted by 

the sharper stress peak occurring for mortar (Figure 5 and 7), and by the 

lower range of strain values measured at the failure, for cement pastes 385 

(Figure 4 and 6). This can be explained by the macroscopic strain 

applied to the mortar concentrates between the non-deformable sand 

grains. The matrix is therefore submitted to higher strains than the 



macroscopic ones and failure is therefore reached for lower 

macroscopic strains. 390 

 

For mortar and below the critical solid volume fraction, a small but 

noticeable difference between tensile and compressive strength can be 

attributed to the fact that sand particles don’t contribute to the material 

tensile strength as discussed in the next section. 395 

 

  

Figure 8 Comparison of compressive and tensile strengths of cement paste in 

function of solid volume fraction vs. maximum solid volume fraction. Square dots 400 

show compressive strength while triangle dots show tensile strength (Φm=0.59). 

 

 



  

Figure 9 Comparison of compressive and tensile strength of mortar in function of 405 

solid volume fraction. Square dots show compressive strength while triangle dots 

show tensile strength. 

3.2 The widely used Von Mises plasticity criterion challenged 

Tensile and compressive measurements have shown that material 

having a strength under around 2 kPa, or solid volume fraction lower 410 

than a critical value, can be considered as symmetrical: for this range of 

W/C, the Von Mises plasticity criterion provides an enough accurate 

result. When the solid volume fraction increases, the asymmetry 

appears, and thus the validity of Von Mises’ criterion is challenged. 

To further discuss the validity of Von Mises plasticity criterion, static 415 

shear test measurements are performed using vane geometries on 

cement paste (Figure 10) and mortar (Figure 11). Further clarifications 

may be given for materials with the higher solid volume fraction, 

showing the large variations in results due to larger internal friction 

effect. 420 

 



 

Figure 10 Shear characterization of cement paste with Φm=0.59. Evolution of static 

yield stress in function of the dimensionless solid volume fraction. 

 425 

Figure 11 Shear characterization of standard mortar. Evolution of the static yield 

stress in function of the solid volume fraction. 

For a pure shear stress state (as assumed in vane test), shear yield 

stress values τc allow to estimate a Von Mises tensile 
&,� and 

compressive 
&,� equivalent yield stresses according to the following 430 



equation 
&,' =  �� . √3. These values are plotted in figure 12 and 13 

and compared with compressive and tensile strength measurement of 

cement paste and standard mortar reported in Figures 8 and 9. 

 

 435 

Figure 12 Comparison between calculated Von Mises equivalent stresses and 

static shear measurements (case of cement paste) with Φm=0.59 

 

For cement paste (Figure 12), The equivalent stress values obtained 

from shear strength measurements follows exactly the same trend as 440 

tensile strength with various solid volume fractions. As previously 

observed, the equivalent stress and compressive strength are below 

2 kPa with a critical solid volume fraction of 0.54 before divergence. It 

clearly shows that the Von Mises plasticity criterion cannot be used in 

order to study the stability of in-print structures for such firm and high 445 

yield stress materials and that computing the compressive yield stress 

from static shear yield stress measurement can be misleading. This can 



explain why some authors have used pressure dependent plasticity 

criterion such as the Coulomb criterion in order to study the global 

shape stability of a structure printed using a firm concrete [12,43]. 450 

For mortar (Figure 13), the behavior appears more complex. If the 

comparison between equivalent stress and compressive behavior allows 

to draw the same conclusion on the domain of validity of the Von 

Mises criterion, the comparison between equivalent stress computed 

from shear measurements and tensile strength is rather different than 455 

for cement paste. In the case of mortar, the tensile strength appears 

lower than the equivalent stress. It has been shown that the addition of 

solid inclusions such as sand particles increases the shear yield stress of 

cement paste [15,42]. Also, coarse aggregates added to mix designs 

allows to minimize the material cost and, with a well-defined mix 460 

design, allow to reach good mechanical performances at the hardened 

state. However, solid inclusions weaken the material in tension because 

they have any cohesion between each other while cohesion with cement 

particles is weak. Basically, the addition of sand reduces the material 

section that can actively resist in tension. Another significant aspect, 465 

directly linked to the mix design, can be considered to explain tensile 

behavior and fracture occurrence: air entrained due to mixing and 

material defaults induced by the interface between inclusions. Such 

discontinuities can drive the tensile failure and can be responsible for 

fracture localization and initiation. Further studies could consist in a 470 

statistical analysis of air influence on the tensile behavior which may be 

impacted by the air content and bubbles size distribution. 

 



 

Figure 13 Comparison between calculated Von Mises equivalent stresses and 475 

static shear measurements (case of standard mortar) 

It can be interesting to study the contribution of cement paste to the 

material tensile strength. By making a distinction between the solid 

volume fraction of cement and the solid volume fraction of sand, the 

effective contribution of cement paste to the material tensile strength 480 

can be estimated assuming that sand does not play any role in tension. 

The measured tensile strength of standard mortar, 
�,�, are computed 

from the total section of the sample Stotal: 
�,� =  
*

+ ! ,-
. However, if we 

consider in a first approach that only the cement paste opposites tensile 

loading, it can be interesting to correct this value by taking into account 485 

only the cement paste section: 
�,����� =  
*

+�,� $
=  

*

./01�,"#2.+ ! ,-
 where 

ϕsand is the solid volume fraction of standard sand. An updated strength 

value can be determined and expressed as follow: 
�,����� =  
3 ,4

./01�,"#2
. 



This estimation of cement paste contribution on mortar strength can be 

plotted on Figure 14. 490 

 

 

 

Figure 14 Assessment of contribution of cement paste to the cohesion 

of mortar by comparing calculated von Mises equivalent stresses within 495 

cement pastes and measured shear stress. 

 

As a first approach, it can be seen that the updated equivalent stress 

computed from tensile test are close to the shear stress showing that 

sand particles in fresh mixes have no mechanical contribution in 500 

tension. This type of behavior increases the asymmetrical behavior of 

the material and can be detrimental to the process, due to the increased 

risk of induced cracks if this phenomenon is not taken into account. For 

instance, additive manufacturing by extrusion-deposition process of 

firm cement-based materials can involves bending stress if the layer 505 

undergoes a free deposition process (i.e. the material lace leaves the 

nozzle and only gravity makes it fall over the previously deposited 

later). In this case, compressive and tensile asymmetrical behavior can 



lead to the occurrence of cracks or micro-cracks into the tensioned 

section of the printed layers. One solution to prevent such formation 510 

can be to mix-designed cementitious materials with a lower solid 

volume fraction in order to reduce the material asymmetrical behavior. 

When material is designed with a high shear yield stress value, its 

strength under its own weight is preferred to its extrudability, and thus 

to its bending ability. Therefore, a significant consequence can be 515 

cracks formation, induced by the asymmetrical behavior, leading to 

potential durability concerns of hardened concrete, or accelerated 

leaching in case of underwater printing [44]. 

3.3 Evolution of tensile and compressive strength with cement 

hydration 520 

With resting time and early hydrates formation, cementitious material 

undergoes a structural build-up. Early hydration process implies 

microstructural changes that increases its strength and begins its 

transition toward brittle hardened concrete. In order to take this material 

strengthening into account, authors have proposed different models to 525 

predict the global stability of the in-print structures that describes the 

increase in the static shear yield stress of cementitious materials with 

resting time [8,30,45–48]. However, those models does not account for 

the transition toward a pressure dependent behavior as observed by 

Mettler et al. [23]. Therefore, it can be needed to separately describe the 530 

evolution of both compressive and tensile strength of cementitious 

materials.  



In order to assess the tensile and compressive strength evolution at very 

early age, measurements are carried out periodically until 5h30 

hydration time. The choice of tested material is made to start the 535 

analysis on a fluid mortar with a water to cement ratio of 0.50 that 

initially presents a Von Mises behavior type. Exchangeable Double 

Dumbbell Devices (see Figure 15) are filled with this material and 

stored in a controlled atmosphere to avoid desiccation. The same 

procedure is followed for compression samples using 2 cm diameter 540 

samples with a 2:1 slenderness. 

 

Figure 15 Exchangeable part of Double Dumbbell device filled with mortar at rest 

before tensile strength measurements. 

 545 

It should be noted that the first obtained values for each type of 

solicitation (in tension and in compression), at 10 minutes after the 

contact between cement and water, are determined using gravity driven 

tensile test and squeeze flow test respectively due to material initial 

fluidity.  550 

Then, approximately every one hour, compressive and tensile 

measurements are performed using developed procedure for firm 

materials and their respective values are plotted in Figure 16. 



 

 555 

Figure 16 Compressive and tensile strength measurements during cement 

hydration 

 

It can be seen in figure 16 that the first measurement shows that the 

compressive strength and the tensile strength are close, even if the 560 

compressive strength is slightly higher because of the non-cohesive 

nature of sand particles as explained in section 3.2. Asymmetrical 

behavior phenomenon already occurs and is magnified with hydration 

time, especially after 90 minutes due to the appearance of pressure-

dependent behavior. At rest, without any interaction, material tends to 565 

reach an equilibrium solid state. As hardened concrete would, material 

seems to exhibit a continuous increase in compressive to tensile 

strength ratio relative to its asymmetrical behavior.  

Such transition in the behavior of the mortar from symmetrical to 

asymmetrical cannot be explained by an increase in solid volume 570 

fraction that is sufficient to overcome a critical value like in figure 8 

and 9. In the range of investigated paste age, Mantelatto et al. [47,49] 



have shown that the shear yield stress exponential increase (responsible 

for material flow loss) after the linear evolution proposed by Roussel 

[48] cannot be explained by a significant increase of the solid volume 575 

fraction. The authors show that there is a close relationship between the 

instantaneous specific surface due to the hydrates creation and the 

materials shear static yield stress. The authors explain that newly forms 

hydrates can fix part of superplasticizer and decrease its efficiency but 

more certainly can create an entangled and jammed network that can 580 

change the type of mechanical behavior of the cementitious material.  

Therefore, the occurrence of the asymmetrical behavior can be induced 

by either an initial solid volume fraction higher to a critical value 

making the material having a granular like behavior or by the creation 

of an entangled network of early hydrates formed few hours after the 585 

cement/water contact. It is important to note that asymmetrical behavior 

appears in the second case even if the solid volume fraction remains 

lower than the critical value responsible for the granular case. 

This clearly shows that the Von Mises criterion cannot be used for long 

lasting printing process even if the initial rheological behavior of the 590 

cementitious materials presents low yield stress values. It means that 

shear rheometry is not sufficient to fully describe the evolution of the 

mechanical behavior at early age for 3D printing applications. 

4. Conclusion 

This study details experimental methods for the determination of the 595 

tensile and compressive behavior of cement-based materials at fresh 

state. Uniaxial compression tests also called squeeze flow tests are used 



to assess the compressive behavior of firm material and for the most 

fluid materials. When it is not possible to prepare a self-standing 

samples, a method based on slump test in pure elongation mode has 600 

been adapted to ensure quasi-static conditions by controlling the axial 

displacement at a low speed rate using the axial motor of a rheometer. 

Newer characterization methods have been developed to determine the 

tensile strength of cement-based materials. An innovative device 

consisting in double dumbbell device has been used when the material 605 

is firm enough to not flow under its own weight. For the most fluid 

ones, inspired by capillary rheometer, a gravity driven tensile test 

device has been developed.  

Once protocols of the different characterization tests have been defined 

to assess mechanical tensile and compressive behavior, measurements 610 

are performed on cement paste and EN 196-1 standard mortar. If the 

tested materials show a Von Mises type plastic criterion under a critical 

solid volume fraction and shear yield stress value of around 2 kPa, an 

asymmetrical pressure dependent behavior has been highlighted for 

higher solid volume fractions or after a sufficient structural build-up 615 

due to cement early hydration. This asymmetrical behavior raises the 

issue of the overused Von Mises criterion for FEM numerical methods 

and analytical prediction tools when studied materials exhibit yield 

stress higher than few kPas. A deeper compressive to tensile behavior 

analysis shows that, beyond a given threshold, the tensile behavior is 620 

linearly linked to shear stress, as the compressive one diverges: 

granular pressure dependent aspects of material have to be considered. 

This phenomenon starts the development of an asymmetrical 



mechanical behavior that ends into weaker stiffness and strength in 

tension than in compression, as hardened concrete is already described 625 

for more than a century.  

It has also been shown that sand particles in mortars leads to a 

weakening of the material in tension, in comparison of shear or 

compression resistance, due to their non-cohesive nature. Therefore, it 

seems that aggregates addition magnifies the behavior asymmetry, 630 

creating an inherent inequality between tensile and compression 

strengths of the fresh material.  
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