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 A B S T R A C T

Extrusion-based 3D-printed cementitious structures have high water loss after printing provoking significant 
plastic shrinkage. In this study, we propose a thermo-poro-mechanical model of printed cementitious materials, 
driven by the experimental observation of a positive correlation between the printed wall thickness and 
compressive strength at the hardened state. The model is developed to represent evaporation at free surfaces, 
water consumption associated to the cement hydration and water flow within the material, accounting for 
their effect on temperature variations, strains and on the evolution of stiffness and compressive strength. 
Comparisons of compressive strength and plastic shrinkage with experiments are presented, demonstrating the 
validity of the proposed model. In the absence of protective measures, wall thickness is positively correlated 
with compressive strength and negatively correlated with shrinkage. When preventing evaporation by putting 
printed specimens in water, plastic shrinkage is significantly reduced and the compressive strength is increased, 
reaching similar values as cast samples.
1. Introduction

3D concrete printing (3DCP) is a construction technique which 
consists in the layer-by-layer deposition of a concrete filament along a 
predefined path to obtain the desired geometry. The automation of the 
construction process with 3D printing allows for an increased geometric 
freedom [1,2] at reduced cost [3–5] and a better quality control. Its use 
in the construction industry has expanded rapidly in the previous years, 
although it remains limited due to several challenges.

The absence of reinforcement in most printed structures [6] and the 
lack of relevant standards [6–9] are impeding the development of this 
technology. Additionally, the high evaporation due to the absence of 
formwork and the lack of curing measures causes significant plastic 
shrinkage [10–14] from early age. Few studies also mention that ef-
fects of evaporation are also visible at the hardened state, causing a 
significant decrease in compressive strength compared to samples for 
which evaporation is restricted due to a limited and incomplete cement 
hydration [15–17].

Plastic shrinkage and plastic shrinkage cracking of 3D printed struc-
tures have been studied experimentally [10–12] and several models 
have been proposed [13,14] to predict plastic shrinkage. However, 
there are only few studies on the effects of environmental conditions 
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E-mail addresses: alice.gribonval@enpc.fr, alice.gribonval@xtreee.com (A. Gribonval).

on mechanical properties at the hardened state, most of such studies 
focusing on potential anisotropy [17–20], cold joints at the interface 
between layers [1,21,22] and reinforcement methods [23–25].

Nevertheless, Wang et al. [15] proposed a model to estimate the 
compressive strength of a concrete specimen considering both cement 
hydration and drying due to evaporation, showing an influence of 
the wall thickness on the compressive strength. However, their model 
needs extensive calibration and is not suited for high strength concrete 
sometimes used in 3DCP. Besides, the compressive strength is directly 
estimated from the degree of hydration without modelling any inter-
nal stresses and strains. Ma et al. [16] showed experimentally that 
printed specimens exposed to the ambient air have a lower compressive 
and flexural strength than specimens cured in a humid environment. 
However, no model was proposed to simulate the compressive strength 
obtained in given curing conditions, and the influence of the wall 
thickness on the compressive strength was not studied.

Coupled models have already been developed, often to model the 
early-age behaviour of mortars or concrete. Ulm and Coussy [26] mod-
elled the material considering thermo-chemo-mechanical couplings. 
Other authors have completed their approach by specifically consider-
ing the porous aspect of the material [27,28]. The aim of the article 
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is to leverage recent advances in coupled physics modelling to pro-
vide guidance on the influence of curing conditions on shrinkage and 
compressive strength of 3D-printed structures at the hardened state.

In the present study, we first show experimentally that the com-
pressive strength of printed samples is positively correlated to the wall 
thickness, and that curing the printed samples in water suppresses the 
decrease of compressive strength. A thermo-poro-mechanical model 
is then proposed to represent the effects of hydration and drying 
on the mechanical properties of the printed material, depending on 
the environmental conditions. Eventually, the influence of the wall 
thickness and of the curing conditions on plastic shrinkage is studied 
both experimentally and numerically.

The present study focuses on a 2K system, that is a printing system 
for which an activator is added to the mix right before extrusion to 
enhance buildability [29]. However, the presented model can easily be 
applied to 1K systems for which all components of the printing mix are 
added together.

The manuscript is organised as follows: Section 2 presents the 
compressive strength results. The model theoretical framework and 
experimental calibration are described in Section 3 and Section 4 
respectively. Eventually, results and validation are exposed in Section 5 
and discussed in Section 6.

2. Influence of the wall thickness and the curing conditions on the 
compressive strength

The compressive strength of the material was measured on printed 
samples in order to assess the influence of the wall thickness and of the 
curing conditions on the compressive strength measured at 20 days.

2.1. Materials and methods

2.1.1. Printing mix
The printing mix was prepared with Holcim Tector 3D mix 849 (for-

merly 3DPG and NAG3 [30]) with a maximum aggregate size of 1mm
and a water-to-powder ratio of 0.1. Between 20mLL−1 and 24mLL−1

of activator were added to the mix during printing. Specimens were 
printed with XtreeE’s printing head mounted on a 6-axis robotic arm, 
with a 20mm circular nozzle. Specimens were printed with a constant 
flow rate of 1Lmin−1, the robot speed varying from 41mm s−1 to
84mm s−1 depending on the wall thickness.

2.1.2. Compressive strength measurements
Hollow cylinders were printed with a constant filament height of 

9mm, a constant average diameter of 127mm, a total height of 260mm
and three different wall thicknesses: 24mm (size S), 35mm (size M) and 
48mm (size L), as illustrated on Fig.  1. For a cured reference, specimens 
with the same dimensions as specimens M were also printed in water 
(specimens C). Each specimen size was printed three times, and the 
compressive strength of a given specimen size was estimated based on 
the average value of the three measurements. All specimens are visible 
on Fig.  2. Cast specimens were also poured in 11 × 22 cm cylindrical 
moulds. When removed from the moulds two days after casting, those 
specimens were kept in water containers until the compressive strength 
measurements.

The printed specimens were stored in ambient conditions for 20 
days after printing. For comparison, specimens that were printed in 
water were kept in a water container until the compression tests. The 
upper and lower surfaces of the cylinders were cut to remove the 
first and last layers which were uneven due to boundary effects, and 
smooth contact surfaces were then prepared. The internal and external 
diameters, height and weight of all specimens were measured before 
the compressive strength measurements.

The compressive strength was measured 20 days after printing with 
a hydraulic press with a capacity of 3000 kN. The loading speed was set 
to 10 kN s−1, which corresponds to 0.6MPa s−1 to 1.1MPa s−1 depending 
2 
Fig. 1. Dimensions of the printed specimens for compressive strength measurements.

on the wall thickness. For each specimen, the maximum applied force 
is reported to estimate the compressive strength of the specimen.

Since the specimens’ lateral surfaces are not smooth due to the 
layer-by-layer deposition, the estimation of the reference surface for 
stress computation is not straight-forward. The volume of each speci-
men can be estimated given its weight and the density of the printed 
material. An average surface can then be computed given the height 
of each specimen. This surface is used to estimate the compressive 
strength of each specimen given the maximum force it withstood. 
However, specimens L showed visible defects, one example being il-
lustrated on Fig.  3 where there is no contact between the layers on 
the inside of the cylinder for approximately 1 cm, thus reducing the 
apparent cross-section. To account for the presence of those defects, 
the reference surface for specimens L is computed directly from the 
specimen dimensions as: 

𝑆 = 𝜋
(

𝑅2
𝑜 −

(

𝑅𝑖 + 𝓁𝑑
)2
)

(1)

where 𝑅𝑜 and 𝑅𝑖 are the outside and inside radii of the cylinder 
respectively, and 𝓁𝑑 = 10mm is the estimated size of the defect.

2.2. Compressive strength results

The compressive strength results are gathered on Fig.  4. An example 
of hollow sample after failure is shown on Fig.  5. The compressive 
strength of printed samples increases from 72.3±1.7MPa for the 24mm
thick samples (S) to 96.0 ± 8.7MPa for the 48mm thick samples (L) 
stored in ambient conditions. Indeed, the thinner the wall, the lower 
the compressive strength.

The compressive strength of the samples which were kept in water 
reached 118.4 ± 1.0MPa. This is close to the compressive strength of 
cast samples cured in water, which reached 113.9 ± 0.9MPa at 28 
days. We thus postulate that the decrease of compressive strength is 
not due to a geometrical mechanical effect associated with layered 
structure but, rather, an effect due to a different evolution of the 
material during curing under given environmental conditions. Indeed, 
when suppressing evaporation in C samples, despite the layered hollow 
cylinder geometry, we retrieve strength levels similar to cast samples 
of the same initial material mix.

3. Model formulation

Printed parts have a high surface area exposed to evaporation, as 
opposed to cast parts, for which the formwork prevents evaporation 
when it is still present. As a result, the amount of water available for 
cement hydration is expected to be limited for printed parts, causing re-
duced material properties at the hardened state. Additionally, shrinkage 
is expected to be far more significant for printed parts since evaporation 
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Fig. 2. Printed specimens for compressive strength measurements.
Fig. 3. Visible defect on a printed specimen of size L. On the inside of the cylinder, 
the layers are not contiguous.

Fig. 4. Compressive strength results of printed and cast samples. The error bars 
represent the standard deviation.

could cause important suction in the pores, leading to plastic shrinkage 
before the strength build-up.

By considering the printing mix as a porous material, we propose a 
thermo-poro-mechanical model accounting for both water evaporation 
and cement hydration to represent the competition between hydration 
and drying. This model is an extension of a similar model developed 
in [32] which focused on early-age 3D-printed concrete evolution. The 
main mechanisms at play in the proposed model are illustrated on Fig. 
6.
3 
Fig. 5. Hollow cylinder after compressive strength measurement with a visible concrete 
cone failure.

3.1. Hydraulic modelling

Once added to the mix, water is progressively consumed by the 
hydration reaction to form cement hydrates. Additionally, water may 
evaporate from free surfaces in the absence of protective measures, as 
shown on Fig.  6. Here, the laws which describe water transport in the 
material, evaporation, and the total water conservation are presented.

3.1.1. Water transport and conservation
The printed material being porous, free water can be transported 

inside the material due to pressure gradients. The liquid water flux 𝒘
is written as a function of the permeability 𝑘𝓁 of the porous material 
according to Darcy’s law [33]: 

𝒘 = −𝜌𝑤
𝑘𝓁
𝜂𝑤

𝛁𝑝 (2)

where 𝜌𝑤 = 1000 kgm−3 and 𝜂𝑤 = 1 × 10−3 Pa s are the water density 
and dynamic viscosity respectively, and 𝑝 is the pore pressure. The 
permeability 𝑘𝓁 is assumed to depend on the porosity 𝜙 of the material 
and on the liquid saturation 𝑆𝓁 , that is the volume fraction of pores 
that is filled with water. The model proposed by Mualem [34] is used 
to represent the influence of the saturation on the permeability: 

𝑘𝓁(𝑆𝓁)
𝑘𝓁(𝑆𝓁 = 1)

=
√

𝑆𝓁

⎛

⎜

⎜

1 −
(

1 − 𝑆
𝑛

𝑛−1
𝓁

)
𝑛−1
𝑛 ⎞

⎟

⎟

2

(3)

⎝ ⎠
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Fig. 6. Schematics of the mechanisms at play in the proposed model [31].
where 𝑛 is a real exponent, here estimated at 𝑛 = 2.6. Additionally, 
Taylor’s model [35] is used to account for the variations of permeability 
with porosity, using the void ratio 𝑒 = 𝜙∕(1 − 𝜙): 

d log 10𝑘𝓁 = d𝑒
𝐶𝑘𝓁

(4)

where 𝑘𝓁 is in m2 and 𝐶𝑘𝓁  is a constant, taken here as 𝐶𝑘𝓁 = 3.0 [36]. 
The initial permeability is taken as 𝑘𝓁 = 1 × 10−16 m2. For the sake 
of simplicity, any initial heterogeneity in the material is neglected, 
in particular at the interface between two layers, although those in-
terfaces have been shown in certain cases to provide heterogeneous 
transport properties due to a different microstructure and increased 
porosity [37].

Eventually, the total conservation of water can be written. At a 
given material point, the variations of water mass can be due to a 
transport phenomenon through the flux 𝒘, or to the water consumption 
to form cement hydrates. In the present case of two-component (2K) 
3D-concrete printing, two chemical reactions are taken into account. 
The extent of the activator reaction to form ettringites, which starts 
immediately after the activator is added to the printing mix, and the 
hydration extent of the actual setting of the cement paste, which starts 
several hours after printing, are denoted 𝜉1 and 𝜉2 respectively. The 
total conservation of water thus writes: 
d𝑚𝑤
d𝑡

= −div(𝒘) −
2
∑

𝑖=1
𝜈𝑤,𝑖𝑤

d𝜉𝑖
d𝑡

(5)

where 𝑚𝑤 = 𝜌𝑤𝑆𝓁𝜙 is the water mass per unit volume, 𝑤 = 18 gmol−1

is the molar mass of water and 𝜈𝑤,1 = 36 [32] and 𝜈𝑤,2 = 18.5 [28] 
are the stoichiometric coefficient of water consumption associated with 
each hydration reaction.

3.1.2. Evaporation modelling
The drying mechanism of porous media such as cement is described 

to happen in two phases [38,39]. The change of evaporation regime 
from a constant flux (in constant temperature conditions) to a decreas-
ing flux corresponds to a change from a continuous liquid phase to a 
discontinuous liquid phase and a continuous gas phase in the porous 
system. Bakhshi et al. [38] estimate that the threshold at which this 
change happens can be linked to the degree of liquid saturation 𝑆𝓁 . 
For the sake of simplicity, here it is assumed it is rather linked to the 
mass of liquid water per unit volume 𝑚𝑤 = 𝜌𝑤𝑆𝓁𝜙, as the variations of 
porosity 𝜙 are very small.

It is assumed here that the amount of water evaporated during the 
second evaporation phase, or capillary regime, is negligible compared 
to the amount evaporated during the constant drying rate regime. As 
a result, the falling drying rate stage is modelled with a null flux. For 
numerical reasons, the transition between the constant flux and null 
flux is done progressively between 𝑚 = 25 kgm−3 and 𝑚 = 75 kgm−3.
𝑤 𝑤

4 
As to the first stage, the evaporation flux 𝐽 is written as a function 
of the temperature 𝑇  and relative humidity 𝑅ℎ as follows [40,41]: 

𝐽 = 𝐴
(

𝑅ℎ,𝑐𝑝𝑠𝑎𝑡(𝑇𝑐 ) − 𝑅ℎ,𝑎𝑝𝑠𝑎𝑡(𝑇𝑎)
)

(6)

where index 𝑎 and 𝑐 refer to the air and cement respectively, 𝑝𝑠𝑎𝑡 is the 
saturated vapour pressure and 𝐴 is a constant which can be determined 
experimentally. During this first phase, the relative humidity in the 
pores remains very close to 100%. Assuming the ambient conditions 𝑇𝑎
and 𝑅ℎ,𝑎 are constant, the computed flux only depends on the cement 
surface temperature, and is indeed constant if the surface temperature 
is constant.

The relative humidity 𝑅ℎ,𝑐 of the porous material can be expressed 
as a function of the capillary pressure 𝑝𝑐 and the temperature 𝑇
according to Kelvin equation: 

𝑅ℎ = exp
(

−
𝑝𝑐𝑤
𝑅𝑇𝜌𝑤

)

(7)

where 𝑅 = 8.314 JK−1 mol−1 is the ideal gas constant. Assuming that the 
air pressure is equal to zero, the capillary pressure 𝑝𝑐 is the opposite of 
the pore pressure 𝑝.

Eventually, the saturated vapour pressure can be directly estimated 
from the temperature according to norm EN ISO 13788 [42]: 

𝑝𝑠𝑎𝑡(𝑇 ) = 610.5 exp
( 17.269𝑇
237.3 + 𝑇

)

(8)

if 𝑇 ≥ 0 ◦C with 𝑇  in ◦C and 𝑝𝑠𝑎𝑡 in Pa.

3.2. Thermal modelling

Heat transfers in the printed material are governed by conduction, 
and the temperature may raise due to the exothermic chemical reaction 
of cement hydration. Additionally, surface effects, including radiation, 
evaporative cooling and convection, can induce temperature variations.

3.2.1. Heat conduction and heat conservation
Heat transfers in the porous material are governed by Fourier’s law, 

writing the heat flux 𝒒 as a function of the temperature gradient: 

𝒒 = −𝑘𝑇𝛁𝑇 (9)

where 𝑘𝑇  is the thermal conductivity of the porous material, which is 
assumed to be constant equal to 𝑘𝑇 = 1.5 W ◦C−1 m−1 [43]. Introducing 
this expression of the heat flux in the heat conservation equation, 
thermal equilibrium writes: 

𝑇
( 𝜕𝑆
𝜕𝑡

− div(𝑠𝑤𝒘)
)

= 𝑘𝑇 𝛥𝑇 (10)

where 𝑆 is the total volume entropy of the material and 𝑠𝑤 is the mass 
entropy of the fluid.
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Fig. 7. Contribution of the convection 𝒒𝑐𝑜𝑛𝑣, evaporation 𝒒𝑒𝑣𝑎𝑝 and radiation 𝒒𝑟𝑎𝑑 to 
the total heat flux for an air temperature 𝑇𝑎 = 20 ◦C.

3.2.2. Temperature boundary condition
Heat transfers at the surface of the material are governed by several 

phenomena. First, the effect of air convection can be represented by a 
heat flux: 
𝒒𝑐𝑜𝑛𝑣 = ℎ

(

𝑇𝑐 − 𝑇𝑎
)

𝒏 (11)

where ℎ is the heat transfer coefficient and 𝒏 is the unit vector normal 
to the surface. In the present study, ℎ = 25 W ◦C−1 m−2 is used, which 
provides an accurate representation of the material’s temperature evo-
lution. Evaporation also cools the material down. The associated heat 
flux is proportional to the water evaporation flux 𝐽 and is written as: 
𝒒𝑒𝑣𝑎𝑝 = 𝛥𝐻𝑣𝑎𝑝𝐽𝒏 (12)

where 𝛥𝐻𝑣𝑎𝑝 = 2264 kJ kg−1 is the water enthalpy of vaporisation. 
Eventually, the printed piece can be heated or cooled due to the 
radiated energy, which is written according to Stefan–Boltzmann law: 
𝒒𝑟𝑎𝑑 = 𝜎𝜖(𝑇 4

𝑐 − 𝑇 4
𝑎 )𝒏 (13)

where 𝜎 = 5.67 × 10−8 W ◦C−4 m−2 is Stefan–Boltzmann’s constant and 
𝜖 = 0.92 is the emissivity of the material.

The contribution of evaporation, radiation and convection to the 
heat flux are illustrated on Fig.  7, showing that convection is the 
main factor contributing to the material cooling. However, it should be 
noted that the present study focuses on in-house printing. In the case 
of outdoor printing the influence of environmental factors would be 
different. In particular, direct sun radiation and wind could noticeably 
affect heat transfers and evaporation. Additionally, it can be noted 
that due to evaporation, the heat flux is not null when the air and 
concrete temperature are equal, but rather for a temperature such that 
the concrete surface is cooler than the air.

3.3. Thermo-poro-mechanical modelling

The printed concrete is modelled as a linear thermo-poro-elastic 
material. Denoting 𝐾 its bulk modulus and 𝐾𝑠 the bulk modulus of the 
solid skeleton, the Biot coefficient is computed as 𝑏 = 1−𝐾∕𝐾𝑠. In this 
framework, three constitutive laws can be used to express the variations 
of stress d𝝈, porosity d𝜙 and solid entropy d𝑆𝑠 at a material point as a 
function of the strain 𝜺, the temperature variations 𝑇 −𝑇0 and the pore 
pressure variations 𝑝 − 𝑝0, 𝑇0 and 𝑝0 being the initial temperature and 
pore pressure respectively [44].

In a case where there is no cement hydration reaction, the material 
properties are constant and the air pressure is neglected, the stress ten-
sor variations can be expressed as a function of the stiffness matrix C: 

d𝝈 = C ∶ d𝜺 − 𝑏𝑆 d𝑝𝟏 − 3𝛼𝐾d𝑇 𝟏 (14)
𝓁

5 
where 𝛼 is the thermal expansion coefficient of the material and 𝟏 is the 
second order identity tensor. In the present study, values 𝐾𝑠 = 2×1010 Pa
and 𝛼 = 1 × 10−5 ◦C−1 are used. Similarly, porosity variations can be 
expressed as follows: 

d𝜙 = 𝑏tr(d𝜺) +
𝑏 − 𝜙0
𝐾𝑠

𝑆𝓁d𝑝 − 3𝛼
(

𝑏 − 𝜙0
)

d𝑇 (15)

where 𝜙0 = 0.25 is the initial porosity [32], which corresponds here to 
the initial volume fraction of water. Eventually, the variation of solid 
entropy can be expressed as: 

d𝑆𝑠 = 3𝛼𝐾tr(d𝜺) − 3𝛼
(

𝑏 − 𝜙0
)

𝑆𝓁d𝑝 +
𝐶
(

1 − 𝜙0
)

𝑇0
d𝑇 (16)

where 𝐶 = 2.5 × 106 J ◦C−1 m−3 is the solid heat capacity at constant 
stress.

Eqs. (14) to (16) can be re-written to account for the variations 
of the material properties due to cement hydration. Pierre et al. [32] 
showed that two terms must be added to the set of equations to account 
for the increase of entropy and the variations of solid volume due to the 
chemical reaction. Assuming a linear superposition of the contributions 
of both hydration reactions, the material behaviour can be written as: 
⎧

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎩

d𝝈 = C(𝜉) ∶ d𝜺 − 𝑏(𝜉)𝑆𝓁d𝑝𝟏 − 3𝛼𝐾(𝜉)d𝑇 𝟏

d𝜙 = 𝑏(𝜉)tr(d𝜺) +
𝑏(𝜉) − 𝜙0(𝜉)

𝐾𝑠
𝑆𝓁d𝑝

−3𝛼
(

𝑏(𝜉) − 𝜙0(𝜉)
)

d𝑇 −
∑2

𝑖=1 𝛥𝑉 𝑠,𝑖d𝜉𝑖

d𝑆𝑠 = 3𝛼𝐾(𝜉)tr(d𝜺) − 3𝛼
(

𝑏(𝜉) − 𝜙0(𝜉)
)

𝑆𝓁d𝑝

+
𝐶
(

1 − 𝜙0(𝜉)
)

𝑇0
d𝑇 −

∑2
𝑖=1

𝑖
𝑇0
d𝜉𝑖

(17)

where 𝜉 = (𝜉1, 𝜉2), and 𝛥𝑉 𝑠,𝑖 and 𝑖 represent the variations of molar 
volume of solid components and the latent heat associated with the hy-
dration reaction 𝑖 respectively. The values 𝛥𝑉 𝑠,1 = 5.85×10−4 m3 mol−1, 
1 = 4.52 × 105 Jmol−1 [45], 𝛥𝑉 𝑠,2 = 2.76 × 10−4 m3 mol−1 and 2 =
2.0 × 105 Jmol−1 [28] are used in the present study.

The porosity 𝜙0(𝜉) represents the porosity of the material in the 
absence of thermo-poro-mechanical loading. It decreases when the 
hydration reactions progress due to the formation of cement hydrates 
that increase the total volume of solid as: 

d𝜙0(𝜉) = −
2
∑

𝑖=1
𝛥𝑉 𝑠,𝑖d𝜉𝑖 (18)

3.4. Hydration model

An affinity-based model is used to describe the hydration kinetics. 
As proposed by Ulm et al. [26], the hydration kinetics is assumed to be 
proportional to the chemical affinity and to depend on the temperature 
according to an Arrhenius-type law: 
d𝜉𝑖
d𝑡

=
𝑖
𝜂𝜉𝑖

exp
(

−
𝐸𝐴
𝑅𝑇

)

(19)

where 𝐸𝐴 = 4.5 × 104 Jmol−1 is the hydration activation energy, 𝑅 is 
the ideal gas constant and 𝜂𝜉𝑖  is a viscosity which represents the effect 
of water diffusion through a layer of already formed hydrates, and 
increases with the hydration extent as: 

𝜂𝜉𝑖 = 𝜂𝜉𝑖 ,0 exp
(

𝜂𝑖
𝜉𝑖
𝜉∞𝑖

)

(20)

where 𝜂𝑖 and 𝜂𝜉𝑖 ,0 are material constants and 𝜉∞𝑖  is the maximum 
hydration extent of reaction 𝑖, such that 𝜉𝑖∕𝜉∞𝑖  is the dimensionless 
degree of hydration. It should be noted that 𝜉∞𝑖  is not the total cement 
content, it is the maximum hydration value that can be reached in the 
material. Indeed, only a part of the cement in the material will be 
hydrated. As a result, the value of 𝜉∞𝑖  is much lower than the total 
amount of cement added to the material. The values 𝜉∞ = 1molm−3
1
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and 𝜉∞2 = 470molm−3 are used in the present study. Those values will 
be further discussed in Section 6.3

Assuming that the free energy is a cubic function of the hydration 
extent, the chemical affinity can be written as [32]: 

𝑖(𝜉𝑖, 𝑅ℎ) = min
(

1, 3.7𝑅25
ℎ
)

𝑘𝜉𝑖

(

𝑖,0

𝑘𝜉𝑖𝜉
∞
𝑖

+ 𝜉𝑖

)

(

𝜉∞𝑖 − 𝜉𝑖
)

(21)

Combining Eqs. (19) to (21), the hydration extent increment d𝜉𝑖 can be 
expressed as a function of 3 material parameters 𝑘𝜉𝑖∕𝜂𝜉𝑖 ,0, 𝑖,0∕(𝑘𝜉𝑖𝜉

∞
𝑖 )

and 𝜂𝑖 which can be determined experimentally by fitting experimental 
data from calorimetric measurements or 𝑃 -wave modulus estimations: 

d𝜉𝑖
d𝑡

= min
(

1, 3.7𝑅25
ℎ
)
𝑘𝜉𝑖
𝜂𝜉𝑖 ,0

(

𝑖,0

𝑘𝜉𝑖𝜉
∞
𝑖

+ 𝜉𝑖

)

(

𝜉∞𝑖 − 𝜉𝑖
)

exp
(

−𝜂𝑖
𝜉𝑖
𝜉∞𝑖

−
𝐸𝐴
𝑅𝑇

)

(22)

3.5. Complementary evolution laws

3.5.1. Retention curve
The liquid saturation is computed using the retention curve ap-

proach proposed by Van Genuchten [46], in which the liquid saturation 
is directly related to the capillary pressure 𝑝𝑐 : 

𝑆𝓁 =
(

1 +
(

𝑝𝑐
𝑝𝑟

)𝑛) 1−𝑛
𝑛

(23)

where 𝑛 is the same exponent as in Eq.  (3) and 𝑝𝑟 is a reference pressure 
which may vary as the cement hydration progresses, representing the 
variations of the microstructure. Here, an evolution of 𝑝𝑟 proposed 
in [47] is used: 

𝑝𝑟(𝜉1, 𝜉2) = 𝑝𝑟,0 exp

(

𝑘𝑠𝑙,1
𝜉1
𝜉∞1

+ 𝑘𝑠𝑙,2
𝜉2
𝜉∞2

)

(24)

taking 𝑘𝑠𝑙,1 = 0 and 𝑘𝑠𝑙,2 = 1.64, and using 𝑝𝑟,0 = 6.8 × 105 Pa.

3.5.2. Evolution of the stiffness with cement hydration
For simplicity, the printed material is modelled as a linear elastic 

isotropic material. As a result, the stiffness tensor C can be described 
by the Young modulus 𝐸 and the Poisson ratio 𝜈. Assuming that each 
hydration reaction has a linear contribution to the stiffness, the Young 
modulus is written as: 

𝐸 = 𝐸𝜉1𝛥𝑉 𝑠,1𝜉1 + 𝐸𝜉2𝛥𝑉 𝑠,2𝜉2 (25)

where 𝐸𝜉1  and 𝐸𝜉2  represent the stiffening due to the hydration in-
crease. Assuming that the Poisson ratio of the solid skeleton is constant 
equal to 0.2 [48], the bulk modulus 𝐾 and Biot coefficient 𝑏 can then 
be computed given the Young modulus and the Poisson ratio.

3.5.3. Estimation of the compressive strength
The compressive strength of a wall section is estimated from the 

local stiffness values. Building codes usually provide an empirical rela-
tionship between the compressive strength 𝜎𝑐 and the Young modulus 𝐸
of concrete as: 

𝐸 = 𝛽𝜎𝛾𝑐 (26)

where 𝛽 and 𝛾 < 1 are constants. Eurocode 2 [49] uses 𝛽 = 22 000∕100.3

and 𝛾 = 0.3 for 𝐸 and 𝜎𝑐 in MPa, while ACI [50] uses 𝛽 = 4700 and 
𝛾 = 0.5 for traditional concrete. In the present study, the values of 𝛽
and 𝛾 will be fitted to experimental data.
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Table 1
Summary of the model parameters. The fit on 𝜉∞2  is done on compressive strength 
values at 𝑅ℎ = 50%.
 Parameter Value Determination 
 Fluid and heat transport
 Taylor permeability coefficient 𝐶𝑘𝓁 = 3 [−] [36]  
 Initial permeability 𝑘0 = 1 × 10−16 m2 [32]  
 Heat transfer coefficient ℎ = 25 W ◦C−1 m−2 Hypothesis  
 Thermal conductivity 𝑘𝑇 = 1.5 W ◦C−1 m−1 [43]  
 Hydration kinetics
 Stoichiometric coefficient 𝜈1 = 36 [−] [32]  
 of water consumption 𝜈2 = 18.5 [−] [28]  
 Solid molar variations 𝛥𝑉 𝑠,1 = 5.85 × 10−4 m3 mol−1 [47]  
 𝛥𝑉 𝑠,2 = 2.76 × 10−4 m3 mol−1 [28]  
 Latent heat of hydration 1 = 4.52 × 105 Jmol−1 [47]  
 2 = 2.0 × 105 Jmol−1 [28]  
 Hydration activation energy 𝐸𝐴 = 4.5 × 104 Jmol−1 [32]  
 Maximum hydration extent 𝜉∞1 = 1molm−3 [32]  
 𝜉∞2 = 470molm−3 Fit  
 Thermo-poro-elastic parameters
 Solid skeleton bulk modulus 𝐾𝑠 = 2 × 1010 Pa [32]  
 Solid thermal expansion coefficient 𝛼 = 1 × 10−5 ◦C−1 [51]  
 Initial porosity 𝜙0 = 0.25 [−] [32]  
 Solid capacity at constant stress 𝐶 = 2.5 × 106 J ◦C−1 m−3 [32]  

Table 2
Measurements required to calibrate the model.
 Parameters Measurement method  
 Retention curve Porosimetry  
 Hydration kinetics Calorimetry or P-wave modulus  
 Stiffening coefficients Young modulus short- and long-term  
 Compressive strength Compressive strength short- and long-term 
 Evaporation rate Mass loss measurements  

Table 3
Estimated values of the parameters describing the retention curve.
 Parameter Value  
 Exponent of Van Genuchten model 𝑛 = 2.6 [−]  
 Van Genuchten reference pressure 𝑝𝑟,0 = 6.8 × 105 Pa 
 Coefficient of evolution 𝑘𝑠𝑙,1 = 0 [−]  
 of the retention curve 𝑘𝑠𝑙,2 = 1.64 [−]  

4. Model calibration

The numerical values of the model parameters are given in Table 
1. Most values are taken from the literature, and the sensitivity of 
the results on some parameters numerical values will be studied in 
Section 6.5.

Several parameters are left to be determined, which are specific to 
the printed material and may depend on the printing mix and process. 
They are listed in Table  2 along with a proposed measurement method.

4.1. Retention curve

The parameters of the retention curve were estimated by porosime-
try, as described in [32]. The estimated values are given in Table 
3.

4.2. Hydration kinetics and stiffening coefficients

The hydration kinetics are calibrated based on ultrasonic measure-
ments of the P-wave modulus, assuming a linear relationship between 
the P-wave velocity and the hydration degree. The P-wave velocities 
were measured on a 2 cm thick sample, up to 24 h after printing as 
described in [32]. Given that the kinetics of each reaction can be 
described by three material parameters and two reactions are modelled, 



A. Gribonval et al. Cement and Concrete Research 196 (2025) 107918 
Table 4
Estimated values of the parameters describing the hydration kinetics.
 Parameter Value  
 𝑘𝜉1∕𝜂𝜉1 ,0 3.0 × 105 m3 mol−1 s−1 
 1,0∕(𝑘𝜉1 𝜉

∞
1 ) 5.0 × 10−3 molm−3  

 𝜂1 4 [–]  
 𝑘𝜉2∕𝜂𝜉2 ,0 5.3m3 mol−1 s−1  
 2,0∕(𝑘𝜉2 𝜉

∞
2 ) 0.94molm−3  

 𝜂2 4 [–]  

Fig. 8. Comparison of simulated hydration kinetics with experimental results.

six material parameters are estimated to best fit the experimental data. 
Their estimated values are given in Table  4.

The modelled evolution of the Young modulus is compared with ex-
perimental data, for which the Young modulus was measured according 
to norm ISO 1920-10 [52] on 11 × 22 cm cast cylinders cured in water 
from 2 to 90 days after mixing. A specimen in cured conditions (no 
evaporation, 𝑇𝑎 = 20 ◦C) is simulated using the associated hydration 
kinetics, resulting in a homogeneous Young modulus. The coefficients 
in Eq.  (25) are estimated to 𝐸𝜉1 = 1.7 × 104 MPa and 𝐸𝜉2 = 3.8 ×
105 MPa. At longer time scales, the stiffness is mainly due to the cement 
hydration and 𝐸 ≃ 𝐸𝜉2𝛥𝑉 𝑠,2𝜉∞2 . The computed evolution of the Young 
modulus 𝐸 is represented on Fig.  8, showing that the model estimation 
is in accordance with experimental data and thus further validating the 
hydration kinetics model.

4.3. Compressive strength

By fitting measurements of the Young modulus and compressive 
strength obtained after 2 to 90 days on cast cylinders cured in water, 
coefficients 𝛽 and 𝛾 in Eq.  (26) are estimated to 𝛽 = 19 000∕100.38 and 
𝛾 = 0.38: 

𝐸 = 19 000 ×
( 𝜎𝑐
10

)0.38
(27)

with 𝐸 and 𝜎𝑐 in MPa. The correlation results are illustrated on Fig.  9 
for the Eurocode 2, ACI and proposed estimations.

4.4. Evaporation rate

The evaporation rate was measured by monitoring the total mass of 
a 260 × 40 × 90mm sample cut from a fresh printed wall for 5 h after 
printing. The surface temperature of the sample was also monitored, 
as well as the ambient temperature and relative humidity of the room. 
The experimental setup is shown on Fig.  10. The ambient temperature 
in the room was observed to be very stable, varying from 19.8 ◦C to
20.8 ◦C. The relative humidity was also stable at 60% before printing, 
7 
Fig. 9. Compressive strength 𝜎𝑐 as a function of the Young modulus 𝐸: comparison of 
the models with experimental data.

Fig. 10. Experimental setup to measure the evaporation rate and monitor the surface 
and air temperature.

and reached 70% 3 h after the end of the wall print due to the room 
and the printer being cleaned at that time.

The surface of the printed specimen being estimated at 645 cm2, 
evaporation measurements provided a constant flux value 𝐽 = 1 ×
10−5 kgm−2 s−1 after 3 h, yielding 𝐴 = 1.07 × 10−8 sm−1 assuming 𝑇𝑐 =
𝑇𝑎 = 20 ◦C, 𝑅ℎ,𝑐 = 100% and 𝑅ℎ,𝑎 = 60%. The surface estimation is 
not straight-forward due to the presence of heterogeneities resulting 
from the layer-by-layer deposition. Here the surface is estimated by 
considering a smooth surface. This choice is discussed in Section 6.1.

The modelled and measured cumulative mass loss are represented 
on Fig.  11 for comparison. The modelled material is simulated using 
𝑇𝑐 (𝑡 = 0) = 35 ◦C, 𝑇𝑎 = 20 ◦C and 𝑅ℎ,𝑎 = 60%. The measured evaporation 
rate is initially not constant and decreases progressively until reaching 
a steady value 3 h after printing. These variations can be explained 
by the associated temperature decrease. Indeed, the specimen surface 
temperature is initially more than 10 ◦C warmer than the ambient air 
and decreases progressively until it reaches the air temperature. This 
initial temperature difference is attributed to self-heating due to viscous 
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Fig. 11. Cumulative mass loss measured on a 260 × 40 × 90mm printed specimen.

dissipation in the extruder and the influence of the aluminium sulphate 
activator [53]. The modelled evaporation rate is initially lower than 
the measured rate. This is likely due to increased convection at the 
beginning of the measurements, caused by ongoing activity in the 
printing room.

5. Results and model validation

5.1. Simulation conditions

A printed wall in the (𝒆𝑦, 𝒆𝑧) plane is considered here. Neglecting 
boundary effects, the geometry is invariant along directions 𝒆𝑦 and 
𝒆𝑧. The study is therefore reduced to a small wall section of arbitrary 
height 𝑊  in the 𝑦 direction, as illustrated on Fig.  12. Assuming the 
wall plane is a symmetry plane, the study is further reduced to a 
half-thickness sample. For the sake of simplicity, the wall surface 
heterogeneity due to the layer-by-layer deposition is not simulated, 
and a simple rectangular shape is used instead. The initial concrete 
temperature 𝑇𝑐 , ambient air temperature 𝑇𝑎 and relative humidity 𝑅ℎ,𝑎
are imposed, and the associated evaporation flux and heat flux on the 
free boundary are computed.

The simulations are performed using FEniCSx Python interface [54], 
and the material model is implemented in MFront [55] to solve the 
problem with full coupling using the dolfinx_materials pack-
age1 [56]. The mesh is composed of 50 2D plane strain rectangular 
elements which are refined at the boundary, as visible on Fig.  12. 
Although the mesh contains a relatively low number of elements, a 
comparison in Section 5.3 shows that the results are well converged. 
The displacement 𝑢 is taken as a second order Lagrange element, and 
the temperature 𝑇  and pressure 𝑝 are taken as first order Lagrange 
elements.

5.2. Early-age temperature variations

The modelled and measured surface temperature evolution are illus-
trated on Fig.  13, showing that the model explains well the temperature 
decrease during drying. The slight temperature elevation measured 
between 4 and 5 h after printing is mainly attributed to the absence 
of control of the ambient air temperature.

The initial temperature difference between the air and the printed 
material significantly increases evaporation. Indeed, the measured ini-
tial evaporation flux 𝐽 reaches 5 × 10−5 kgm−2 s−1, and progressively 
decreases as the material temperature decreases, until the flux reaches a 

1 Available at https://github.com/bleyerj/dolfinx_materials.
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constant value of 1×10−5 kgm−2 s−1. This highlights the strong influence 
of the material temperature on the amount of water available for 
cement hydration. As a result, measuring the material temperature as 
it is deposited, through a temperature sensor in the printing head for 
instance, can help better assess drying to better estimate the hardened 
properties of the material.

5.3. Compressive strength at the hardened state

The relative humidity was not monitored between the printing ses-
sion and the compressive strength measurements. As a result, there are 
some uncertainties on its value. The compressive strength is therefore 
simulated after 20 days at 3 different relative humidities ranging from 
40% to 60%, at a constant air temperature 𝑇𝑎 = 20 ◦C and with an 
initial concrete temperature 𝑇𝑐 = 35 ◦C. The results are illustrated on 
Fig.  14, showing good agreement with experimental data for 𝑅ℎ,𝑎 =
50%, although the model seems to overestimate the influence of the 
wall thickness on the compressive strength. We must however recall 
the uncertainties associated with the defects observed with such larger 
specimens.

The obtained water mass per unit volume 𝑚𝑤 and Young modulus 
profiles along the cross-section are illustrated on Fig.  15 up to 7 
days after printing, showing that even if the water profiles are not 
homogeneous, a slight decrease being visible close to the evaporation 
surface, the obtained Young modulus profiles are homogeneous and 
no dry front effect is visible. The local compressive strength, which is 
estimated by Eq.  (27), and the global compressive strength of the cross-
section, which is the average of the local compressive strength over the 
cross-section, coincide in the present case.

The water mass per unit volume 𝑚𝑤 and Young modulus profiles 
along the cross-section obtained for a refined mesh with 200 rectangle 
elements instead of 50 are illustrated on Fig.  16 up to 7 days after 
printing, showing that refining the mesh does not affect the obtained 
profiles, and that the results are well converged.

5.4. Plastic shrinkage

Crack opening resulting from shrinkage was measured 24 h after 
printing on 2m long printed walls for two wall thicknesses 22mm and 
40mm, in two different curing conditions. Exposed specimens were left 
in the ambient air with no protective measures to prevent evaporation, 
and protected specimens were put in a sealed container to create a 
humid curing environment. Displacement at the bottom of the walls 
was made possible by lubricating the contact surface with oil, and 
displacement on the ends of the walls was blocked by inserting vertical 
columns on both ends. The experimental setup is illustrated in 17.

Crack opening is not equivalent to shrinkage strains but rather 
provides a lower bound of the shrinkage strains. However, crack open-
ing results can be compared to assess the influence of the drying 
environment and the wall thickness on plastic shrinkage.

After 24 h, no cracks were visible on the specimens which were 
kept in a sealed container. Simulation results do provide non-negligible 
strains, reaching 1.5mmm−1 after 24 h, regardless of the wall thickness. 
In the absence of evaporation, this modelled shrinkage corresponds to 
the autogenous shrinkage of the material, and the obtained value is con-
sistent with what can be found in the literature for high performance 
cement pastes [57].

The absence of cracks for the specimens in a sealed container shows 
that crack opening is not a direct measurement of shrinkage strains. 
Indeed, with the presented experimental setup, shrinkage may result in 
stress build-up in the structure which may not result in cracks if stresses 
are too low, and the sides of the structure itself may deform if not rigid 
enough, limiting the crack opening.

As to the exposed specimens, 22mm and 40mm thick walls resulted 
in 4.5mm and 2.5mm wide cracks respectively. Comparatively, simula-
tion results respectively predict 3.8mmm−1 and 2.7mmm−1 strain levels 

https://github.com/bleyerj/dolfinx_materials


A. Gribonval et al. Cement and Concrete Research 196 (2025) 107918 
Fig. 12. Schematics of the simulated geometry and boundary conditions.
Fig. 13. Surface temperature evolution of the printed specimen: comparison of the 
simulation results with experimental data (1 ◦C accuracy of the thermal sensor).

Fig. 14. Simulated and measured compressive strength as a function of the wall 
thickness 20 days after printing. The error bars represent the standard deviation.

for the two studied wall thicknesses. Such simulated strain results are 
consistent with what can be found in the literature [10,12,13]. Fig. 
18 shows both evolutions of experimentally measured crack openings 
and simulated shrinkage strains as a function of the wall thickness. We 
can observe a similar decrease of the measured crack openings and 
simulated shrinkage strains as a function of the wall thickness, showing 
9 
that the model predicts a dependency of the shrinkage strain levels on 
the wall thickness consistent with the observed crack openings.

6. Discussion

6.1. Surface effect on the evaporation rate

The estimation of the surface does not take into account the layer 
geometry but rather the smooth surface. Indeed, a comparison shown 
on Fig.  19 of evaporation results for a smoothed specimen (Fig.  20, 
top), for which heterogeneities were cut immediately after the end 
of printing, and a specimen with heterogeneities due to the layer by 
layer deposition (Fig.  20, bottom) showed that the presence of the 
heterogeneities does not affect evaporation, indicating that taking the 
smooth surface as a reference is correct.

6.2. Influence of the wall thickness

6.2.1. On the compressive strength
As illustrated on Fig.  14, the model allows to explain the influence 

of the wall thickness on the compressive strength. This influence can be 
explained by simple dimensional reasoning, similar to [58] where the 
reasoning is presented for 3D-printed earth walls. On the one hand, 
the total mass of evaporated water at a given time 𝑚𝑒𝑣𝑎𝑝 = ∫ 𝑡

0 𝐽 (𝑡)d𝑡 is 
proportional to the surface over which evaporation occurs, denoted 𝑆. 
On the other hand, the total mass of water consumed by the hydration 
reaction 𝑚𝑐𝑜𝑛𝑠 =

∑2
𝑖=1 𝜈𝑖𝑤𝜉𝑖 is proportional to the volume 𝑉  of the 

specimen. Therefore, the ratio 𝑉 ∕𝑆 which corresponds to the wall 
thickness 𝐿 represents the relative influence of hydration compared to 
evaporation. For thin specimens, evaporation becomes dominant and 
the amount of liquid water in the material quickly diminishes, thus 
limiting cement hydration and structural build-up. For thick specimens, 
evaporation becomes negligible and hydration and structural build-up 
can occur without impediment.

Figs.  21(a) and 21(b) represent the simulated evolution of the 
water mass distribution in thin (20mm) and thick (50mm) specimens 
respectively. During the first evaporation phase (1 to 2 days here), the 
evaporation flux is constant and the total mass of water in the material 
decreases linearly with a slope −𝐽∕𝐿. When the wall is thinner and 
𝐿 decreases, the slope increases and the amount of water available 
for cement hydration rapidly diminishes, thus reducing the possible 
stiffness and compressive strength build-up.

6.2.2. On the plastic shrinkage
In the absence of protective measures to prevent evaporation, the 

plastic shrinkage decreases when the wall thickness increases. Since the 
surface evaporation rate does not depend on the wall thickness [12] 
in the first phase of drying, the total volume of evaporated water 



A. Gribonval et al. Cement and Concrete Research 196 (2025) 107918 
Fig. 15. Simulated water mass per unit volume 𝑚𝑤 (a) and Young modulus 𝐸 (b) at different times after printing, for an ambient air at 𝑅ℎ = 50%.
Fig. 16. Simulated water mass per unit volume 𝑚𝑤 (a) and Young modulus 𝐸 (b) at different times after printing, for an ambient air at 𝑅ℎ = 50% for a refined mesh with 200 
rectangle elements.
Fig. 17. Experimental setup (top view) used for measuring crack opening.

after a given time is identical for both wall thicknesses, resulting 
in a volume rate of evaporation which is inversely proportional to 
the wall thickness, and thus greater shrinkage for thinner walls. This 
phenomenon has been discussed in [12].

In the case of cured specimens for which evaporation is not possible, 
the wall thickness has little to no influence on plastic shrinkage. At 
very early age, the modelled specimens are warmer than the air and 
the evaporation flux is not null, although it is low, resulting in a slight 
influence of the wall thickness on the plastic shrinkage results.
10 
Fig. 18. Crack opening measured on printed walls and simulated free strain obtained 
for air-exposed specimens 24 h after printing.
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Fig. 19. Cumulative mass loss measured on a smooth specimen as a function of the 
cumulative mass loss measured on a heterogeneous specimen.

Fig. 20. Smooth sample (top) and heterogeneous sample (bottom) used for evaporation 
measurements.

Fig.  22 illustrates the shrinkage results for three wall thicknesses 
and two ambient conditions. For a given relative humidity, shrinkage 
strain increases as the wall thickness decreases. As expected, the in-
fluence of the wall thickness on plastic shrinkage is reduced when the 
relative humidity increases.

6.3. Value of the maximum hydration extent

The value of the maximum hydration extent, which corresponds to 
the maximum amount of cement that can be hydrated, is unknown. 
The value 𝜉∞2 = 470molm−3 used in this work was estimated to obtain 
the best fit (in the sense of the least square method) between the 
compressive strength results simulated at 50% relative humidity and 
experimental data. The fit is illustrated on Fig.  23 for 3 values of the 
maximum hydration extent 𝜉∞2 . It should be noted that changing the 
value of the maximum hydration extent 𝜉∞2  requires to change the 
values of the hydration kinetics and stiffness build-up parameters, so 
that their evolution in time remain unchanged in saturated conditions, 
which were the calibration conditions.

Increasing the stiffness value by a given amount requires more 
water consumption when the value of the maximum hydration extent 
is increased. As a result, for a given quantity of available water for 
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cement hydration, the reachable stiffness and compressive strength 
values diminish when the maximum hydration extent in the model 
increases. This phenomenon is observed on Fig.  23 where the highest 
compressive strength values are obtained for the lowest maximum 
hydration extent.

6.4. Influence of the curing conditions

It was shown that printed structures loose a significant amount of 
water within a short time after printing due to their high exposed 
surface and the absence of formwork, thinner structures being more 
exposed to both plastic shrinkage and a limited stiffness and compres-
sive strength build-up. Those two observations outline the importance 
of controlling the curing environment of printed parts.

Significant plastic shrinkage occurs due to evaporation a couple 
hours after printing. For large printed parts, this shrinkage can even 
be visible before the end of printing. Since it is difficult to prevent 
evaporation during the printing phase, plastic shrinkage effects could 
rather be limited by adapting the design of the printed parts to account 
for the deformations to come, similar to what was proposed by [59] to 
account for deformations during printing.

As to the compressive strength and stiffness build-up, it is important 
to ensure that there is enough water available in the material to allow 
for sufficient cement hydration. Once the fabricated part is fully printed 
and has reached a minimum stiffness, it is easier to control the relative 
humidity at which it is stored, by wetting it with water, protecting it 
by a cover or putting it in a humid environment or a sealed container 
for instance.

The presented model can be used to simulate varying ambient 
conditions to estimate their efficiency to reach a target compressive 
strength. However, it should be noted that no experiments were done to 
study the validity of the evaporation model in the case of a dry material 
capturing water from its environment.

6.5. Sensitivity study

The model contains many input parameters, some of which may 
vary from one printing session to another, or have highly uncertain 
values.

6.5.1. Influence of the material’s initial temperature
The material temperature at the nozzle is a model input, which may 

vary depending on the material viscosity, pipe length and amount of 
activator added to the mix. Since its value has a direct influence on the 
evaporation flux, it may have a significant influence on the simulation 
results. The influence of the material’s initial temperature on shrinkage 
5 h after printing is shown on Fig.  24 for several wall thicknesses, 
simulating an ambient air for which 𝑅ℎ = 50% and 𝑇𝑎 = 20 ◦C. 
As expected, higher initial temperatures lead to higher evaporation, 
resulting in more significant shrinkage. Additionally, it is observed that 
the simulated shrinkage is linearly correlated to the initial material 
temperature.

6.5.2. Influence of the retention curve parameters
The reference pressure 𝑝𝑟,0 and coefficient 𝑘𝑠𝑙,2 describing the reten-

tion curve may greatly vary from one material to another, and some 
uncertainty on their values remain. Shrinkage resulting from simula-
tions with various values of the reference pressure 𝑝𝑟,0 is represented 
on Fig.  25, showing a positive correlation between plastic shrinkage 
and the reference pressure. Plastic shrinkage measured on printed parts 
left without curing measures to prevent evaporation typically reaches 
3mmm−1 to 4mmm−1 for thin walls [12,31], further validating the 
chosen value of the reference pressure 𝑝𝑟,0.

Shrinkage results 5 h after printing do not depend on the value of 
𝑘𝑠𝑙,2, since the hydration extent 𝜉2∕𝜉∞2  is negligible at that time, and the 
water retention curve has not shifted yet.



A. Gribonval et al. Cement and Concrete Research 196 (2025) 107918 
Fig. 21. Modelled evolution of the water mass distribution for 20mm thick (a) and 50mm thick (b) specimens at 50% relative humidity. 𝑚𝑒𝑣𝑎𝑝 and 𝑚𝑐𝑜𝑛𝑠 are respectively the 
evaporated water mass per unit volume and the water mass consumed by the hydration reaction per unit volume.
Fig. 22. Simulated evolution of the shrinkage for several wall thicknesses and ambient 
relative humidities.

Fig. 23. Calibration of the maximum hydration extent 𝜉∞2  based on the compressive 
strength results.
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Fig. 24. Simulated influence of the initial material temperature on shrinkage 5 h after 
printing, for a modelled ambient air at 𝑅ℎ = 50% and 𝑇𝑎 = 20 ◦C.

Fig. 25. Influence of the reference pressure 𝑝𝑟,0 on the modelled shrinkage for an 
ambient air at 𝑅ℎ = 50% and 𝑇𝑎 = 20 ◦C and a 30mm thick wall.

For 𝑘𝑠𝑙,2 varying from 1 to 4, the modelled water content and 
hydration extent are homogeneous in the wall thickness at 7 days, 
and no gradient of those values can be observed. However, the Young 
modulus does depend on the value of 𝑘𝑠𝑙,2, as shown on Fig.  26. The 
lower the value of 𝑘𝑠𝑙,2, the higher the Young modulus at 7 days. 
Indeed, evaporation is unaffected by the value of 𝑘 . As a result, the 
𝑠𝑙,2
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Fig. 26. Influence of the value of the coefficient of evolution of the retention curve 
𝑘𝑠𝑙,2 on the modelled Young modulus for an ambient air at 𝑅ℎ = 50% and 𝑇𝑎 = 20 ◦C.

Fig. 27. Compressive strength at 20 days as a function of the wall thickness for an 
ambient air at 𝑅ℎ = 50% and 𝑇𝑎 = 20 ◦C, for various values of the coefficient of 
evolution of the retention curve 𝑘𝑠𝑙,2.

saturation 𝑆𝓁 at a given time does not depend on the value of 𝑘𝑠𝑙,2. 
However, the capillary pressure increases as 𝑘𝑠𝑙,2 increases for a given 
saturation level, and the pore relative humidity decreases, slowing 
down the hydration kinetics. Subsequently, the hydration extent and 
Young modulus are lower for higher values of 𝑘𝑠𝑙,2. Results in terms of 
compressive strength at 20 days as a function of the wall thickness are 
illustrated on Fig.  27, showing that the simulation of the compressive 
strength is relatively sensible to the value of 𝑘𝑠𝑙,2, as expected from its 
influence on the Young modulus evolution.

7. Conclusions

The present study confirms that extrusion-based 3D-printed con-
crete is subject to high water loss in the absence of curing measures to 
prevent evaporation due to the large surface to volume ratios of printed 
parts. This evaporation, which depends on the surface area exposed to 
the ambient air, has visible detrimental effects short-term on the plastic 
shrinkage and long-term on the stiffness and compressive strength. The 
main outcomes of the present study are as follows:

• In the absence of curing, the compressive strength of printed parts 
can decrease by more than 35% for 24mm thick walls compared to 
cast specimens of the same material. Placing the printed parts in 
water to prevent any evaporation allows to reach the compressive 
strength of the cast specimens.
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• 20 days after printing, the compressive strength of printed parts 
depends on the wall thickness. This phenomenon, which is well 
captured by the presented coupled model, is due to the varia-
tions of the surface-to-volume ratio, thinner walls resulting in 
higher evaporation, lower cement hydration and lower compres-
sive strength. The modelled coupling between evaporation, ce-
ment hydration and strength build-up allows to capture this phe-
nomenon and estimate the mechanical properties of a printed 
sample in given ambient conditions.

• The fully coupled model can also be used to estimate plastic 
shrinkage induced by water evaporation. Similarly, plastic shrink-
age is more prominent for thinner walls due the higher surface-to-
volume ratio. Effects of plastic shrinkage are visible just a couple 
hours after printing, when the stiffness build-up is limited.

Those results outline the importance of mastering the curing con-
ditions at which printed parts are stored immediately after printing. 
Indeed, a humid environment, although restricting in terms of feasibil-
ity, provides better results in terms of compressive strength build-up 
and limited plastic shrinkage. Additionally, limiting air convection 
around fresh printed parts and reducing the temperature difference 
between the material and the ambient air allow to reduce evaporation, 
improving both shrinkage results and mechanical performances of the 
material.

Eventually, the proposed model can be used to simulate curing 
procedures, and estimate their short-term efficiency in terms of shrink-
age, and long-term efficiency in terms of mechanical performance. 
Inversely, given process control data such as the material temperature 
at the nozzle and curing measures, the model can be used to compute 
the reachable mechanical properties. Additionally, although the model 
has numerous input parameters, most values are determined from 
distinct experimental procedures. Moreover, the sensitivity study pre-
sented in this work emphasises the robustness of the model to variations 
of the least well-known parameters, making the model useable in prac-
tice, even with process variability. An interesting perspective would be 
to rely on uncertainty quantification techniques to more precisely assess 
the influence of model parameter uncertainties on various quantities of 
interest.

The fine process control allowed by additive manufacturing during 
and after printing opens the door to using digital twins to adjust print-
ing parameters in real time in order to obtain printed parts with the 
desired properties. Additionally, the possibility of having fine control 
of the printing environment and estimating the final properties of 
the material in a given environment could open the door to specific 
standardisation, with relevant safety coefficients.
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