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Abstract The construction sector is experiencing
significant technological innovations with digitalisa-
tion tools and automated construction techniques, such
as additive manufacturing. Additive manufacturing
utilising cement-based materials can potentially
remove the technological/economic barriers associ-
ated with innovative architectural/structural shapes
which are not suitable for conventional formworks
adopted for concrete material. However, in the “free-
form” digital fabrication with concrete, the mechan-
ical properties prediction of the material in the fresh
state is essential for controlling both the element
deformations and overall stability during printing. In
this paper, the authors explore the critical aspects
related to the determination of the early-age creep
properties of a 3D printable cement-based material,
particularly investigating such a behaviour at different
resting times. The experimental results are used to
calibrate the Burgers’ analytical model to consider
both the elastic and the viscous response of the 3D
printable mortar investigated in the fresh state. The
visco-elastic model is validated by comparing the
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analytical total strain vs time curve with the corre-
sponding experimental counterpart replicating the
layer-by-layer stacking process in the 3D concrete
printing process. It was found that the Burgers’ model
represents a valuable numerical approach to evaluate
the overall accumulation of layer deformation of a 3D
printed element, since it is capable of taking into
account the time dependency due to the time gap and
the variable material stiffness over the process time.
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1 Introduction

The 3D concrete printing (3DCP) [1, 2] technique
consists of extruding and then depositing fresh con-
crete filaments without formworks that are generally
adopted to confine and stabilise the poured material in
the traditional formative processes. The 3DCP tech-
nique starts with the pumping of the cementitious
mortar, whose composition is designed to provide a
thixotropic behaviour: the shear-thinning property of
thixotropic materials implies that the viscosity and the
yield stress decrease if external energy is applied.
Furthermore, once the material comes out from the
nozzle, i.e., when the external energy is removed, the
yield stress grows again in a specific time interval due
to the re-flocculation [3], and the buildability
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requirement can be satisfied. Indeed, the fresh con-
crete mix should ensure adequate yield stress, stiff-
ness, and stability to sustain its self-weight and the
weight of the filaments above it; thus, the printable ce-
mentitious mortar must satisfy specific rheological
and mechanical requirements resulting into specific
buildability properties (just after the extrusion) [4, 5].
An additional requirement is the shape retention of the
extruded filament that ensures the printed object to
maintain its shape during the printing process;
consistently, this requirement also relies on the
printing velocity and geometry of the nozzle [6].
Nevertheless, the prediction of the actual behaviour of
such innovative printable materials is not straightfor-
ward, especially in terms of deformations during
printing; such an issue is associated with the techno-
logical novelties of digital fabrication with concrete
and there is limited knowledge in this field.

The 3D printable concrete in the fresh state (i.e.,
from pumping to layer deposition) behaves predom-
inantly as a visco-elastic material [7-9]. Generally,
viscoelasticity combines viscous and elastic beha-
viours; the key properties of visco-elastic materials are
the stress relaxation (i.e., the stress level decreases
under constant applied strain over time) and the creep
effect (i.e., the strain level increases under constant
applied load over time). In order to distinguish and
define the limit between pure viscous and elastic
behaviours, the dimensionless Deborah (De) number
is employed in rtheology and it is defined as the ratio of
two characteristic times [10]: the relaxation time ¢,
[sec] (i.e., time for the material to reach the equilib-
rium after perturbation) and the observation time
T [sec]. A low value of the De number means that the
material behaves as a viscous Newtonian fluid; on the
contrary, if the De value is high, the material
behaviour is dominated by elasticity. Since fresh
cementitious materials initiate the hardening after the
extrusion from the nozzle, a transition from a visco-
elastic to an elastic behaviour is expected: such
transition is driven by flocculation mechanisms and
cement hydration kinetics over time and depends on
the specific material utilised in the 3DCP process. The
layer-by-layer deposition occurring during 3DCP
generates progressive compression in the concrete
filaments, which undergo increasing levels of axial
strain while the hardening process takes place simul-
taneously. Additionally, delayed deformations may
also appear during the automated process, affecting

either the dimensional accuracy (i.e., through the
accumulation of layer deformation) or the buildability/
stability performance of the printed element. Hence, at
a very early-age, it is fundamental to characterise the
long-term compressive response of printable mortars
as it can lead to additional (and/or not negligible)
deformations under the progressively applied load.
The mix design of printable mortars is generally
characterised by a high paste volume, a low water-to-
cement ratio (w/c), a high dosage of mineral additions
and superplasticiser, often mixed with a viscosity-
modifying agent [11]. Such particularities affect the
visco-elastic properties of the resulting fresh material:
on the one hand, low water-to-cement ratios yield
higher compressive strengths over time; on the other
hand, high paste volumes are more sensitive to creep
and shrinkage [12—14]. The evolution over time of the
degree of hydration strongly influences the mechan-
ical response in cement-based materials; therefore,
higher creep strains are experienced if the traditional
concrete is demoulded and loaded at early ages than
that in the hardened state [12, 15-20]. It is reasonable
to expect a similar behaviour in the cementitious
materials employed in the 3DCP.

However, one of the main challenges for the early-
age characterisation of printable mortars is to control
the evolution over time of the visco-elastic material
properties during the test execution. In order to
overcome this issue, it is important to define specific
testing procedures, especially in terms of test duration.
Few fundamental investigations are available in the
literature about creep at early ages in traditional
concretes, employing rheological test [7], ultrasonic
test [8] or compressive test [15]. Further data and
investigations have to be collected to compare the
early-age creep behaviour of the printed material with
that of traditional concrete [21]. In this context, we
performed unconfined uniaxial compression tests to
investigate the early-age creep response of a 3D
printable mortar.

The aim of this paper is the identification of the
critical aspects related to the early-age creep charac-
terisation and modelling of printable mortars com-
monly used in 3DCP. Under a constant load, the early-
age mortar shows a total strain value which can be
divided into two rates: an instantaneous and a delayed
strain [15]. The former is mainly correlated to the
elastic material response and to adopted printing
process parameters (e.g., material pressure coming
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from the nozzle, printing speed, building rate), while
the latter is mainly studied by surface thermodynamics
theories that treat the cement paste as a two-phase
material, i.e., characterized by micro-diffusion of both
pore water and solid particles [22]. While pore water
micro-diffusion is mainly correlated with settlement,
consolidation and drying phase [15], solid particles
micro-diffusion makes the solid phase more mobile,
and therefore it is considered as the direct source of
creep [22]. In fresh mortars the time range in which the
delayed strain completely develops is drastically
shorter than in hardened ones: further delayed defor-
mations certainly continue to develop over time, but
their magnitude is negligible for the phenomenon and
the production process herein investigated. Accord-
ingly, in the present paper authors suggest designating
such delayed strain with the term “early-age creep”.
To this scope, uniaxial compression tests are
designed and carried out on cylindrical specimens of
a cementitious printable mortar, in order to evaluate
the material response under constant load at different
resting times (i.e., 0, 15, 30 and 60 min). Then, the
experimental outcomes are used to calibrate a 1-D
analytical model (i.e., the Burgers’ model [23]), which
considers the visco-elastic response exhibited by the
printable mortar. In order to assess the robustness of
the calibrated analytical model, further experimental
tests are carried out on cylindrical specimens to
simulate the step-by-step filament deposition process
(i.e., increasing load). Total strain vs time curves were
experimentally obtained by increasing the vertical
load in three steps: in each step the load is maintained
constant for a specific time interval and the mechan-
ical response (including the creep effect) of the
material under curing was assessed. Outcomes are
then compared with analytical curves obtained by
employing the calibrated Burgers’ model. The analyt-
ical model can be a helpful tool to predict the actual
vertical displacement of a 3D printed object during the
automated stacking process, including also the cumu-
lated non-instantaneous deformations; indeed, by
assuming that each deposition step is characterised
by an instantaneous constant load application (i.e., the
weight of one filament) before the subsequent layers,
the instantaneous and creep strain can be assessed.
Therefore, the calibrated 1-D visco-elastic model is
herein used to evaluate the vertical displacement of a
3D printed element, focusing on the influence of both

the time gap between two subsequent layers and the
3D printable mortar stiffness.

2 Materials and methods

This section preliminary sets out a summary of the
linear theory of viscoelasticity and the related existing
analytical models. Subsequently, the authors describe
the details of the printable mortar used in the
experimental campaign as the reference mix in this
research (already used in [24]). Finally in this section,
authors introduce the iterative process designed to
delineate governing testing parameters, such as the
displacement rate on the first loading branch and the
overall testing duration, in order to reduce the
experimental effort satisfying both the instantaneous
load application assumption and the full development
of the early-age creep strain. Then, the experimental
outcomes are used to calibrate the Burgers’ analytical
model, which considers both the elastic and viscous
response exhibited by the printable mortar.

2.1 Theoretical background

The linear theory of viscoelasticity combines the
different behaviours of a linear elastic and a viscous
material within the hypothesis of homogeneous and
isotropic continuum domain. The former can store
elastic energy with no dissipation, while the latter
(with reference to Newtonian viscous fluids) can
dissipate energy without storing it [25]. The constitu-
tive stress-strain relationship of a viscoelastic material
is strongly dependent on the time variable, referred to
the applied load or strain. In particular, the mechanical
response over time is the result of both the loading
history and the strain rate and it is characterised by the
stress relaxation and creep effects. The overall
mechanical response is modelled through simple
spring—dashpot systems (for elastic and viscous
behaviour, respectively), which are connected in
series or parallel. The constitutive equation of the
elastic component (i.e., the spring) is:

c=¢FE (1)

where o [kPa] is the stress, ¢ [—] is the strain, and E
[kPa] is the Young’s modulus. The viscous time-
dependent behaviour is modelled by the equation:
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o=n dt (2)
where n [kPa - sec] is the material viscosity, de/dt
[sec™'] s the rate of change of strain, and ¢ [sec] is the
time of observation. Typically, more articulated
analytical models can be constructed from Egs. 1
and 2 to better reproduce the time-dependent response
of viscoelastic materials. The Maxwell model is
represented by an elastic spring and a viscous damper
connected in series, as shown in Fig. la. Since both
devices are subjected to the same stress, the model is
also called the iso-stress model. By applying the
derivative of total strain with respect to time and using
Egs. 1 and 2, the stress—strain relationship is governed
by Eq. 3 (in which the subscript “M” refers to the
Maxwell device).

dsia+l do
dt n, Ey dt

(3)

Such a model provides a stress behaviour that
decays exponentially with the application of time
permanent deformation (i.e., stress relaxation). The
model does not accurately predict the creep effect
under constant load oy so the strain will increase
linearly with time (with a slope of a¢/1,,).

(a) Maxwell Model

EM r]M

(b) Kelvin-Voigt Model

N«

(c¢) Burgers Model

EM nM

Nk

Fig. 1 Linear viscoelastic model: a Maxwell, b Kelvin-Voigt
and ¢ Burgers [26]

The Kelvin-Voigt model is represented by spring
and damper arranged in parallel (see Fig. 1b); both
devices are subjected to the same strain, so the total
stress is governed by Eq. 2 (in which the subscript
“K” refers to the Kelvin-Voigt device).

de
U:EK'S‘H?K'a (4)

Through Eq. 4, it is possible to demonstrate that
such a model is accurate to describe the creep effect: if
a constant stress (i.e., a(t) = ay) is applied the strain ¢
will increase over time until a maximum value of
00/ Ek, depending on the viscosity 7. By contrast, the
model has some limitations for stress-relaxation
modelling: if a constant strain (i.e.,&(t) =g) is
applied, the model provides a constant value of the
stress 0 = Eg o ¢y without predicting its decrease.

A further elaboration of the spring—dashpot systems
to describe viscoelastic materials is represented by the
Burgers’ model. It is composed of the Maxwell and
Kelvin-Voigt models connected in series, as shown in
Figs. 1c and 2. With the aim of getting the creep
function, i.e., the analytical law of the time-dependent
strain under constant applied load, the stress function
has to be introduced through Eq. 5.

a(t) =a0-H(t — 1) (5)

where o [kPa] is the amplitude of the imposed stress
at the time #y [sec] and H(t) [—] is the unit step
function. The creep function can be obtained by
introducing the stress function o(¢) (Eq. 5) in the
Egs. 3 and 4. Employing further analytical steps [26],
it is possible to calculate the total strain &(r). As a
result, the creep function of the Burgers’ model can be
obtained through the superposition principle, combin-
ing the response of Maxwell and Kelvin-Voigt model.
The resulting analytical law for the strain variation
over time is reported in Eq. 6.

oo | 0o 1\ 0o
) = 5+ g (1 e ) o (6)
where 7, [sec] is the relaxation time (expressed as the
ratio 1 /Ek in the Kelvin-Voigt model). Equation 6
provides the total strain as the result of three compo-
nents: the instantaneous strain, the delayed elastic
strain and the irreversible creep strain (Fig. 2). In
detail, the dampers with viscosity values of 1 and #,,
allow modelling the so-called primary and secondary
creep, respectively. The former tends to decrease over
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Fig. 2 Schematisation of the Burgers’ model creep response

time, whereas the latter dominates the long-term
deformation with the stationary creep rate g¢/1,,. One
of the main advantages of Burgers’ viscoelastic model
is the simple identification of four parameters from
experimental time-dependent strain curves, as already
done in literature for traditional Portland cement paste
[8, 9]. In this paper, such a model was chosen to
describe the strain response recorded during experi-
mental tests under a constant applied load. Since the
issue to be faced is related to a monotone loading
history of the 3D printing process, the unloading
response is neglected. Specifically, the analytical
model is herein used to predict the material response
under the constant load related to a single-stacked
layer. As a result, the total strain can be represented as

the sum of two components: a time-independent strain,
i.e., the instantaneous strain, and the time-dependent
strain, i.e., delayed elastic strain and irreversible creep
strain (as represented in Fig. 2).

2.2 3D printable mortar

The experimental investigation on the viscoelastic
behaviour was conducted on a 3D printable cementi-
tious mortar utilised by the authors in [27] to fabricate
steel-reinforced 3D printed beams. The same material
was previously investigated by the authors through
uniaxial compression tests in displacement control
conditions: stress-strain relationships at different
value of the resting time were obtained [24]. The
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mix was composed by sand (maximum particle size
4 mm), 0.5% in weight of 18 mm polypropylene fibres
(added to prevent plastic shrinkage-cracking during
the early curing stage and after the deposition
process), low water/cement ratio (w/c = 0.39) and a
polycarboxylate superplasticizer (SP =0.10% in
weight of cement) used to improve printability
performances (i.e., pumpability and extrudability).
Dry components were mixed with polypropylene
fibres (140 rpm—-30 s), subsequently the water was
added mixing again the compound (140 rpm—©60 s).
Finally, the polycarboxylate superplasticizer was
added gradually (285 rpm—120 s). The average cubic
strength, R, of the mortar after 28 days of curing was
determined over four specimens and was equal to
53.5 MPa with a standard deviation of 3.1 MPa [28].
The resulting material density was 2411 kg/m®. Please
refer to the mentioned papers for further details, also
concerning the specimen preparation.

2.3 Experimental method

Early-age creep tests under uniaxial compression load
were performed on cylindrical specimens, having the
diameter, d, of 60 mm and the height, 4, of 120 mm
(Fig. 3a): the geometry was chosen to exclude size
effects due to particle size distribution and to have i/
d = 2, i.e., introducing diagonal shear failures. Spec-
imens were tested by using an MTS electromechanical
Universal Testing Machine, with 10kN capacity, at
room temperature 7 = 22 °C and relative humidity
RH = 60%. According to [24], such specimens were
produced by means of a plastic 3D-printed openable
mould (in order to provide good shape retention) and
by using an internal nylon membrane (to effectively
reduce the specimen-to-mould interface friction).
After the casting procedure, the specimen was
demoulded and the membrane removed; in this way,
the curing took place in the same drying condition for
both the specimen and the 3D printed object.

Figure 3b illustrates the loading history which was
composed of two parts: an increasing linear branch up
to the target load, F, (i.e., 8 N, the weight of the
specimen), performed in the displacement-control
condition in the range of time 0-7y; and a horizontal-
constant over time-branch, performed in the load-
control condition in the range of time t, and tg. The
displacement vs time testing record was converted in a

total strain vs time curve. In detail, the total strain afj;p

was obtained by dividing the displacement of the
loading head by the specimen height; whereas the
target stress gy was obtained by dividing the recorded
target force F, by the updated cross-sectional area,
assessed according to the equation provided in Sec-
tion 8 of ASTM D2166/D2166M [29].

To avoid non-controlled interferences with time
dependent material behaviour, the overall testing
procedure was iteratively calibrated in order to satisfy
two constraints:

(a) The Displacement Rate (DR) in the increasing
linear branch up to the target load, Fy must be
high enough to consider the load instanta-
neously applied (the relaxation time ¢, must be
greater than the time f#(, so that viscous strains
can be considered negligible in the time range 0-
f0);

(b) The whole test duration (T, = ty + 7F) must
permit the full development of the early-age
creep strain.

For the sake of clarity, the logic scheme of the
iterative process is reported in Fig. 4.

As schematically reported in Fig. 4, (i) three
specimens were prepared according to [24] and (ii)
tested with an initial value of DR and T, selecting a
specific resting time among * = 0, 15, 30 and 60 min.
Subsequently, (iii) once the average total strain vs time
curve was experimentally obtained, (iv) the Burgers’
model parameters were assessed exploiting the fol-
lowing equations:

olio) = - (7)
lim 4(r) = @ (8)

d
&(t)) — &(ty) = o9/Ex where had

dt
= constant for t > 1 9)
Exp BURGERS
1) — 11,
avg [ Gor () St )\ _0.01% (10)
Stmp (1)

Equation 7 allows assessing the stiffness value of
the Maxwell spring, with the simplified initial
assumption (to be checked with subsequent iterations)
that at time 7y only an elastic instantaneous strain
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Fig. 3 a Sketch and tested specimen and b loading history

arises, i.e., the viscous contribution is neglected.
Equation 8 requires that, after ty, the slope of the
experimental curve is equal to the og/#,, ratio for
long-lasting observation times: such a condition
allows the determination of the viscosity value of the
Maxwell damper my, in Fig. la. Equation 9 allows
evaluating the stiffness of the Kelvin-Voigt spring Ex
in Fig. 1b, which defines the maximum value of the
early-age creep strain. Equation 10 is used for the
calibration purpose, which allows finding the relax-
ation time value #,(expressed as the ratio 15 /Ex in the
Kelvin-Voigt model) that minimises the relative error
between experimental and analytical curve data; in
detail, the matching was done in the range to-tg: the
goal-seeking tool was used to find the #, value, which
substituted in Eq. 6 provides an average scatter of

0.01% (i.e., eBURGERS _ By Once obtained the
Burgers’ parameter values, it is possible to verify that
(v) the value of the time t, is negligible if compared

with the relaxation time of the material (i.e., condition

(b)

Loading Control
— — — Displacement Control

constant load

b
L4
time [sec]

early-age creep strain

instantaneous strain

»
v

(a) above) and that (vi) the strain is fully developed
(i.e., condition (b) above).

Table 1 contains a summary of the experimental
tests carried out. Each iteration was executed for
different values of the mortar ages (i.e., 0, 15, 30 and
60 min) in order to obtain the evolution over time of
the resulting viscoelastic parameters that, in turn,
could be useful for modelling the evolution of the
printing process. Indeed, by determining the Burgers’
model parameters for different resting times, the total
strain accumulated over time by each printed layer due
to the building up process can be accurately quantified.
Each specimen set is identified by the acronym
“DRxx-Tyy-tzz”, where: “DRxx” represents the
displacement rate in mm/min, “Tyy” indicates the
test duration in seconds, and “tzz” is the resting time
in minutes.
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Fig. 4 Logic scheme of the iterative process for experimental
procedure and Burgers’ model calibration

3 Experimental results and Burgers’ model
calibration

By iterating the process showed in Fig. 4, it was
possible to calibrate the analytical Burgers’ model for
each value of the resting time (i.e., 0, 15, 30, 60 min),
characterising the evolution over time of the vis-
coelastic material behaviour. The iterative process
allowed obtaining the testing parameter values suit-
able to investigate the early-age creep for the tested
fresh mortar. Starting from DR =3 mm/min and
T = 300 s, the iteration process converged to the
calibrated values of DR =30 mm/min and

T = 500 s. In detail, the optimal and calibrated
displacement rate adopted in this study is congruent
with other works available in literature focused on
cement-based printable mortar [30-32]. In the follow-
ing, the experimental results and the calibrated
parameters of the Burgers’ model are reported and
discussed. The average force vs time diagram repre-
sentative of the different specimens is reported in
Fig. 5, in which it is possible to observe that a stiffer
material (e.g., after 60 min of resting time) is able to
reach the target load (8 N) in a shorter time, once the
DR is defined.

In Fig. 6, the total strains ¢, are plotted as a
function of the testing time, from 0 to 500 s, for each
value of mortar ages (0, 15, 30 and 60 min) investi-
gated and for each tested specimen (dotted curves
represent the different samples whereas continuous
ones the average curves). It is worth noting that the
total strain &, decreases from 2.2% (at 0 min) to 0.6%
(at 60 min) and its increment asymptotically tends to
zero after about 300 s of testing time. As aforemen-
tioned, under a constant load, fresh mortars exhibited
both an instantaneous and early-age creep strain. It is
possible to notice that early-age creep deformation in
time, recorded for the investigated 3D printable mor-
tar, reflect typical creep deformation trend of hardened
traditional concrete [33, 34]; however, conversely to
the creep effect in traditional concrete, early-age creep
strains develop in terms of seconds. Finally, fresh
mortar experimental curves depicted in Fig. 6 show an
increasing slope of the first branch (i.e., representing
the loading phase), passing from 0 to 60 min.

Figure 7 illustrates the experimental average total
strain vs time curve, whereas Fig. 7b summarizes the
amount of the elastic and early-age creep strain
obtained from experiments. Both curves decrease in
time due to the material hardening evolution: the
early-age creep strain represents a pronounced amount
of the total vertical deformation, with a value of 1.1%

Table 1 Test matrix

Early-age creep test (calibration procedure)

Variables Acronym Target load
Displacement rate [mm/min] DRuxx DRxx-Tyy-tzz 8N

Test duration [sec] Tyy

Resting time [min] tzz

Total specimens for iteration 3
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Fig. 6 Individual and average experimental total strain VS testing time for each considered resting time: a 0, b 15, ¢ 30 and d 60 min

and 0.2% at 0 and 60 min, respectively. It is worth
noting that, up to 30 min (i.e., where it is possible to
find the transition from viscous to brittle shear failure
behaviour) the absolute value of early-age creep is
large. The calibration of the Burgers’ model param-
eters as a function of the resting time of the
printable mortar was achieved by employing the
experimental average total strain vs time curves
plotted in Fig. 7a, and using Eqgs. 6, 7, 8 and 9.
Primarily, the time ty was found as the testing time at

which the strain rate was less than 0.1% compressive
strain/sec. At time ¢y, the corresponding strain value
¢(tp) was assumed as the purely instantaneous elastic
component. The time ty, as expected, strongly depends
on the resting time (see also Fig. 5): at earlier ages, the
material is less stiff, so the time t; is higher; while for
larger resting times, the function of time t, reduces up
to zero as asymptotic limit (Fig. 8).

Similarly, the values of the spring stiffness, Ey; and
Ek, and the value of the damper viscosity, ng, were
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Fig. 8 Time t0 as a function of the material hardening

determined from the average curves of Fig. 7. As a
result, a time-dependent law was found for each one of
the Burgers’ model parameter by the linear fitting of
experimental data, as shown in Fig. 9. From the
analysis of the values obtained, both stiffness values

(i.e., Maxwell and Voigt stiffnesses, Ej; and Eg)
increase with the resting time (Figs. 5a, b); this means
that both instantaneous and delayed elastic strain
(Fig. 2) tend to decrease with the hydration process.
Furthermore, the relaxation time increases over time
(Fig. 9¢): indeed, the evolution of the cement hydra-
tion leads to the transition from a viscous-fluid to an
elastic-plastic solid behaviour, to the extent that the
time required to reach the equilibrium state after a
stress/strain perturbation tends to grow. Moreover,
from Fig. 7a it is clear that the last part of all time-
strain experimental curves has a flat slope.

As a result, Eq. 8 leads to a very high value of the
Maxwell viscosity #,,, which means that the Maxwell
damper can be neglected in this study and for the
observation time selected.

Eu(t) = 9.6 -t + 178.8 [kPa] (11)
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Fig. 9 Time-dependent laws of Burgers’ parameters: a Maxwell and b Voigt stiffness, and ¢ relaxation time
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Ex(f) = 153 -1+ 240.5 [kPa] (12)

t.(f) = 0.39 -  + 18.6 [sec] (13)

The resulting analytical total strain vs time curves
obtained through the Burgers’ parameters are reported
in Fig. 10, along with the corresponding experimental
curve.

By comparing the time-dependent law of the
Maxwell stiffness Ejy(z) (Eq. 11) with the time-
dependant elastic secant modulus obtained from the
experimental campaign carried out on the same 3D
printable mortar in [24] (Eq. 14), it was possible to
observe a good matching between the corresponding
total strain vs time evolution curves (see red dashed
line in Fig. 9a).

Ee(t) = 102 - 1 + 153 [kPa] from [24] (14)

It is worth noting that the former was obtained
through an analytical calibration based on experimen-
tal early-age creep strain curves obtained for different
resting times, whereas the latter was determined as the
secant modulus achieved by uniaxial compression
tests in displacement control (i.e., from stress and
strain measurements). Consequently, it appears that
the time evolution of the measured Young’s modulus
in compression of the printable mortar roughly
correspond to the elastic component of a viscoelastic
system represented by the Burgers’ model and,
specifically, by the Maxwell spring.

4 Analytical model validation

After a proper setting-up of the early-age creep testing
procedure, the Burgers’ model parameters were

30 0 min - Exp 0 min - BURGERS

15 min - Exp 15 min - BURGERS

~~~~~~~~ 30 min - Exp —— 30 min - BURGERS

25 60 min - Exp ——60 min - BURGERS
20t
1.5+

eror [%]

200 300 400 500
Testing Time [sec]

Fig. 10 Average experimental VS analytical temporal evolu-
tion of total strain curves

calibrated, resulting in a good agreement between
experimental average curves and the analytical strain
prediction over time (Fig. 10). The viscoelastic Burg-
ers’ model and corresponding analytical total strain vs
time curves can be used to predict the instantaneous
and the viscous compressive strain of each stacked
cementitious mortar layer, created during the step-by-
step layered extrusion process. However, the printing
parameter variability (i.e., layer height, building rate,
time gap) can be significantly dependent on the
geometry of the printed object as well as by the
printing equipment adopted. In order to assess the
robustness of the calibrated model in terms of
compression strain/displacement prediction during
printing, further tests were designed and carried out
experimentally to simulate the step-by-step deposition
process. In particular, cylindrical specimens of dimen-
sions 60—120 mm (diameter and height, respectively)
were increasingly loaded in three different phases to
simulate three stacking steps: for each increment the
weight of the subsequent stacked layer acting on the
first reference layer is applied and then maintained
constant for 300 s in order to record creep at such
stacking step, as shown in Fig. 11.

The time between each loading step was fixed equal
to 300 s. The 3D printable mortar was loaded up to the
target value (i.e., 8 N) with a strain-rate value of
0.025 min~'. Even in these experiments, different
resting time values of 0, 15, 30 and 60 min were
investigated, and three specimens were tested for each
specimen set. The corresponding analytical total strain
vs time curves were generated from Burgers’ param-
eters previously calibrated (see Eqgs. 11, 12 and 13 and
Fig. 9), as explained in Sect. 3. From those values, the
analytical curve was constructed with the simple
assumption that the parameters remain constant during
the single-step depending only on the resting time ¢ at
which the load is applied; in that way, the total vertical
strain was assessed applying the Eq. 6:

o(t) = E;‘zt) + EZ?:) : (1 - e*ﬁ)

where g is the increment of the vertical stress at each
step and ¢ is the testing time, which correspond to the
resting time. The comparison between experimental
average total strain vs time curves (dashed lines in
Fig. 12 including the experimental scatter as a
coloured region around the average curves) and the
analytical prediction according to the viscoelastic
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Fig. 11 Simulation of one-, two- and three-layer stacking sequence which was repeated for different resting times

Burger’s model (continuous lines) is reported in
Fig. 12. The material loaded at O min (i.e., green
curves) displays a total vertical strain at 900 s of 6.8
and 6.3% (i.e., experimental and simulated values,
respectively). Such values decrease with curing time,
reaching 1.8 and 1.6% at 60 min (i.e., red curves).

The maximum relative percentage error (i.e.,
sf ZI/RGERS _ SEXP

“o———r . 100 [%]) between the analytical predic-

“tot

tion and the experimental outcomes is higher at earlier
ages in correspondence with the first loading step (i.e.,
at 0 min is equal to -25%); respectively, the experi-
mental scatter assumes the highest value that is
approximately 1.47% (see the filled area around the
experimental curves in Fig. 12). The analytical model
provides a good prediction on the long-term strain: the
maximum relative percentage error computed at 900 s
(i.e., after the three loading steps) is equal to approx-
imately + 8, — 11, + 4 and 4+ 8% (within the exper-
imental scatter) at 0, 15, 30 and 60 min, respectively.

Fig. 12 Simulation of the 8% r
stacking process:
Experimental VS Analytical
total strain vs time curves

7% |
6% |
5%
exp. scatter
4%

&ror [%]

3%

Experimental scatter and the relative percentage error
could be reduced by adopting a more accurate system
measurement of the vertical deformation, as already
done in other experimental investigations [30, 32, 35].
Based on the satisfactory agreement obtained in
Fig. 12, the Burgers’ model was further exploited to
predict the total vertical displacement of printed
filaments during a simulated case study based on the
layered extrusion process. In detail, the total vertical
displacement was additively computed from the
analytical assessment of the vertical strain under the
self-weight of the progressively deposited concrete
layers. In the simulated case study, the layer height,
Niayer, was fixed equal to 10 mm, therefore the
increment of vertical compressive stress Ag at each
deposition step acting on the first layer was:

Aoc=p-g- hlayer

where p is the material density (2411 kg/m?), and g is
the acceleration of gravity. Said “— i” the generic
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deposition step, the resting time of the j-th stacked
layer (i.e., t;) is:

l‘]l: = (l _]) : ttimegapWith i2j

where #ime gap 1S the time gap between two consecutive
layers. The total strain of the j-th stacked layer due to
the self-weight of the i-th deposited filament, i.e., &,
was calculated through Eq. 6. The only contribution of
Maxwell and Kelvin-Voigt springs was considered in
order to assess the final value of the total strain (rather
its evolution), i.e., the summation of the instantaneous
and creep strain:

i\ 0o 00
) =
Ey tj Ex tj

in which 69 = Ao = 0.219kPa is a constant value and
the Burgers’ parameters were assessed according to
Egs. 11 and 12 atr =1},

Once the vertical strain of each j-th filament for
each deposition step is assessed, employing the
superposition principle, it is possible to calculate the
accumulated vertical displacement of a printed ele-
ment with the following double summation (Eq. 15).

4=32324(5) 4 (15)
i=1 j=

where & (t;) is the total vertical strain of j-th filament
at i-th deposition step, and h; is the updated value of
the layer height taking into account the increasing
value of the deformation.

The vertical displacement depends on several
technological parameters as well as the material
properties, the stress imposed by a single stacked
filament and the total height of the object. Assuming a
straight 3D printed wall composed of 50 layers,
500 mm high, the total vertical displacement com-
puted on the whole element was assessed by varying
the time gap between subsequent layers and the
material stiffnesses, trying to take onto account
different practical scenarios. In detail, according to
current researches [4, 36-38], time gap values of 30,
120, 300 and 900 s and an increment of material axial
stiffness of 25, 50 and 100% (i.e., E); and Ex) at time
0 min were considered.

Figure 13 summarises the analytical results of the
vertical displacement prediction employing the
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©
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Fig. 13 Vertical displacement prediction—Burgers’ Model

Burgers’ model. It is worth highlighting that for the
material under investigation, the main parameter that
influences the vertical displacement is the time gap;
indeed, the displacement of the reference mix
(i.e., + 0% (REF) in Fig. 13) is equal to 20.1 mm
for the lowest value of time gap (30 s) and drops to
3.4 mm when the time gap is 900 s (i.e., with a
reduction of about 83%). Moreover, in the case of
stiffer mortars, e.g. the stiffness increment is 100%,
the vertical displacement computed with a time gap of
30 s is 11.8 mm, i.e., reduction of about 41%.

5 Conclusion

Printable cementitious mortars typically used in the
layered extrusion process behave as viscoelastic
material: generally, this means that the mechanical
response to an external stimulus (i.e., imposed strain or
load) can not be completely instantaneous, but part of
it can be delayed. At each step of the deposition
process, the single layer is subjected to a constant
increment of vertical stress. Hence, according to the
theoretical creep response, in its early age (which
approximately corresponds to the printing time) the
material exhibits both an instantaneous and a viscous
vertical strain. In detail, the viscous strain component
at early age develops quickly, and it could be a
significant percentage of the overall vertical strain as it
accumulates over time. As a consequence, for tall
structures, a proper investigation of such phenomenon
becomes more important, especially during the print-
ing process. Therefore, an accurate prediction of the
vertical strain is useful to calibrate the robotics motion
and the dimensional/quality control. Moreover,
another critical experimental challenge is the
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hardening of the cement paste: it is necessary to
develop a reliable viscoelastic constitutive model
accounting for this phenomenon. In this context, the
Burgers’ model could represent a satisfactory way to
model the creep strain response over time of the early-
age material, taking into account both mechanical and
viscous material properties. The Burgers’ model is
defined if the four corresponding parameters are
known: since the material hardens at a fresh state, it
is necessary to define the Burgers’ parameters as a
function of the resting time. A good prediction of the
total strain depends on the reliability of the material
mechanical model obtained by experimental data
fitting over time.

Since the temporal evolution of mechanical prop-
erties is a new focus in 3DCP, in this work the early-
age creep effect was studied through an experimental
campaign carried out on cementitious printable mortar
in the fresh state and at different resting times (0, 15,
30 and 60 min). In detail, the loading history was
composed of a loading ramp up to a target force value,
which was maintained constant in order to record the
vertical displacement due to the early-age creep effect.
The testing parameters, i.e., the displacement rate of
the first loading branch and the testing duration, were
chosen through an iterative process in order to satisfy:
the instantaneous load application assumption and the
full development of the early-age creep strain. Exper-
imental outcomes, i.e., total strain vs time curves at 0,
15, 30 and 60 min, were used to calibrate the Burgers’
analytical model: for each parameter, a time-depen-
dent law was achieved. The time-dependent law of the
Maxwell stiffness has a good match with the elastic
secant modulus obtained in [24]. Validation of the
calibrated model was achieved through further exper-
imental tests that simulate the step-by-step deposition
process: the analytical model provides a good predic-
tion on the long-term strain, where the differences fall
within the experimental scatter. Based on the calcu-
lations, the Burger’s model tends to be a useful tool to
evaluate the overall vertical displacement of a 3D
printed element: a sensitivity analysis was performed
to assess the influence of the time gap and the material
stiffness. Further developments should be made to
consider the variability in mix composition and
correlated material curing properties. The diversifica-
tion in 3D concrete printing technologies (e.g.,
building rates, time gap, pressure during extrusion,
nozzle characteristics) has to be considered in future

research: the fabrication of full-scale 3D concrete
printed objects, equipping setup with optic measure-
ment tools to improve the accuracy of the results,
should provide data useful to validate the employment
of the Burgers’ model and the early-age creep
quantification.
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