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Lattice modelling of early-age creep of 3D printed segments with the 
consideration of stress history 

Ze Chang *, Minfei Liang, Shan He, Erik Schlangen, Branko Šavija 
Microlab, Faculty of Civil Engineering and Geosciences, Delft University of Technology, 2628 CN Delft, The Netherlands   

A R T I C L E  I N F O   
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A B S T R A C T   

We propose a new numerical method to analyze the early-age creep of 3D printed segments with the consid-
eration of stress history. The integral creep strain evaluation formula is first expressed in a summation form using 
superposition principle. The experimentally derived creep compliance surface is then employed to calculate the 
creep strain in the lattice model with a combination of stored stress history. These strains are then converted into 
element forces and applied to the analyzed object. The entire numerical analysis consists of a sequence of linear 
analyses, and the viscosity is modelled using imposed local forces. The model is based on the incremental al-
gorithm and one of the main advantages is the straightforward implementation of stress history consideration. 
The creep test with incremental compressive loading is utilized to validate this model. The modelling results are 
in good agreement with experimental data, demonstrating the feasibility of the lattice model in early-age creep 
analysis under incremental compressive loading. To understand the impact of early-age creep on structural 
viscoelastic deformation during the printing process, additional analyses of a printed segment are carried out. 
These simulation results highlight the need to consider creep for accurate prediction of viscoelastic deformation 
during the printing process.   

1. Introduction 

Extrusion-based 3D concrete printing (3DCP) may revolutionize the 
construction industry through the implementation of construction 
automation [1–6]. This advanced technology can fabricate the 
computer-designed geometry of a building in less time than conven-
tional construction, is less labour intensive, and needs a minimum of 
formwork [2,7]. 

When it comes to 3D printable cementitious materials, there is a 
balance between pumpability and buildability [1,7,8]. The former re-
quires that the materials must be sufficiently fluid to be pumped and 
extruded from the nozzle. The printable materials should be stiff to 
sustain the geometry under the self-weight and gravitational loading 
from subsequent printing segments after deposition. In contrast to 
traditional cementitious materials, the 3D printable concrete/mortar 
has two characteristic features [9]: (1) viscosity modifying agents 
(VMAs) are frequently used; (2) high cement content with a low water to 
cement (w/c) ratio. The first feature enables smooth pumping process 
without blockage, as it enhances the viscosity of printable materials. The 

second one allows the extruded materials to be stiff enough, avoiding 
plastic collapse after material deposition. When these two requirements 
are satisfied, the cementitious material may be printable. 

A price is, however, to be paid for this advantage. Extrusion-based 
3D printing may result in increased porosity [10], raising the risk of 
substantial creep deformation of printed segments. Additionally, a large 
volume proportion of cement paste produces will result in high creep in 
concrete, since cement paste is the primary source of creep in concrete 
[11]. This may impair the durability and long-term serviceability of 3D 
printed structures. Even though there has been a lot of research on how 
creep occurs in hardened cementitious materials [6,12–14], an agree-
ment is yet not reached. The viscous characteristics of the hydration 
products, consisting of portlandite (CH) and calcium-silicate-hydrate (C- 
S-H), as well as environmental factors, including temperature and 
relative humidity (RH), all affect creep [14–18]. 

The viscoelasticity and plasticity become apparent after material 
deposition, and these material characteristics codetermine structural 
deformation and failure mode during the printing process. To accurately 
predict structural deformation and quantify buildability during or after 
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printing, it is essential to understand the early-age material behaviour. 
Several experimental approaches have been proposed for buildability 
quantification, including the unconfined uniaxial compression test [19], 
direct shear test [20], rotational rheometer test [21], and ultrasonic 
wave transmission test [22]. Material properties derived from these 
experiments, i.e, green strength, yield stress, elastic modulus, viscosity, 
and others, can be used in numerical or mathematical models for 
structural analysis of 3DCP [19,23–26]. It should be noted that these 
material characteristics only consider instantaneous deformation and 
ignore time-dependent deformation that occurs throughout the printing 
process. Thus, model predictions may underestimate the structural 
deformation because time-dependent processes (e.g., creep) are not 
considered. 

Experiments have therefore been conducted to characterize the 
early-age creep of 3D printable cementitious materials [27–29]. Chen 
et al. performed rheological tests [28] in which a very small shear force 
is applied to system to measure the cohesion among dispersed particles 
within the elastic domain. The formulation of this bond accounts for the 
colloidal attractive forces induced by the flocculation as well as the 
chemical reaction due to structuration. Esposito et al. [27], on the other 
hand, performed uniaxial compressive tests to characterize the early-age 
creep of 3D printable mortar, in the range of 0 to 60 min. The measured 
deformation results from different mechanisms: plastic shrinkage, 
autogenous shrinkage, basic creep, and consolidation settlement under 
compressive load. The experimental results from uniaxial compression 
test are comparable to the time-dependent deformation observed during 
the printing process. To accurately predict structural deformation dur-
ing or after the printing process, it is crucial to incorporate time- 
dependent strain into models for structural analysis of 3DCP. 

However, to the best of the authors’ knowledge, few published model 
investigates the impact of early-age creep on the prediction of structural 
deformation of 3DCP. Based on the published research, most creep 
models are applicable to hardened cementitious materials subjected to 
constant loading [30–32]. Li et al. [33] proposed a numerical method to 
explore the early-age viscoelastic behaviour of hydrating cement paste 
based on the computer-generated microstructural models. Han et al. 
[34] presented a nonlinear model to predict early-age creep of concrete 
(about 2 days) subjected to compressive load. However, early-age creep 
of conventional cementitious materials generally refers to the moment 
after the final or at least the initial setting time. At that stage, the hy-
dration products grow along with the surface of the cement particles, 
eventually forming a solid particle skeleton. Creep in the fresh stage (i. 
e., after casting or deposition from the nozzle in case of extrusion-based 
3D printing) has not been considered in the concrete modelling 
literature. 

There are a few possible reasons for this. First, not many experiments 
focused on early-age creep of 3D printable mortar or concrete. This 
makes it difficult to calibrate and validate models for early-age creep. 
Additionally, the continuous printing process causes growth or change 
of applied stress on printed segments. The complex loading condition 
poses difficulties in creep simulations due to the stress history. In the 
finite element method, a Dirichlet series approximation is used to 
convert continuous compliance functions (i.e., power-law or logarithmic 
functions) into rate-type laws to predict the creep behaviour of cemen-
titious materials [35,36]. Although creep evolution can be modelled, it 
is difficult to accurately identify of the numerous empirical parameters 
needed for the formulation [37]. A creep function with fewer parameters 
could simplify the computational analysis. 

To reduce the number of empirical coefficients needed to define the 
creep function and make the simulation more straightforward, a lattice- 
type model is developed herein to simulate the early-age creep of 3D 
printable mortar. Previously, a 2D lattice model was employed to 
investigate the effect of microstructure of hardened cement paste on 
short-term creep behaviour [17]. However, this model does not account 
for stress history, and cannot therefore be used to simulate creep under 
variable stress. Further developments of the approach included the 

incorporation of the effective stress and modulus to account for the 
elastic and creep components of autogenous shrinkage [38]. Previous 
research therefore demonstrates the feasibility of lattice model in early- 
age deformation analysis. 

The primary contribution of this study is to propose a numerical 
method to predict the evolution of early-age creep of 3D printed seg-
ments while allowing for stress history of individual elements. The creep 
analysis consists of a sequence of linear analyses, in which the elastic 
and creep coefficients are determined based on creep tests. The viscosity 
is simulated via an imposed local force, which is similar to the effective 
elastic modulus method proposed by Bažant [15,37,39]. The model is 
then validated through a series of non-ageing/ageing creep tests. 

2. Methodology 

2.1. Theoretical background 

Laboratory studies of 3DCP demonstrate that the structural defor-
mation of printed segments at fresh stage tends to increase when the 
gravitational loading is constant. The term “early-age creep” is 
commonly used to describe this phenomenon. 

To describe the early-age creep under incremental compressive 
loading, stress history must be considered. However, storing the entire 
stress history will result in a high computational cost and extensive 
memory use. To address this, methods have been proposed to simplify 
the computation of creep strain, such as the rate-type creep approach 
[35,36], effective modulus method [40], ageing coefficient method 
[41], parallel creep method [42], and others [43]. Using these meth-
odologies, the integral stress–strain relation of creep evolution can be 
converted into new formulations that only store a limited number of 
history variables instead of the entire loading history. For instance, the 
continuous creep function is transformed into a Dirichlet series 
approximation using the rate-type technique. However, the Dirichlet 
series expansion involves numerous empirical parameters which are 
difficult to identify [44]. 

Herein, a numerical model to predict this delayed deformation dur-
ing printing process is proposed; it does not distinguish the contribution 
of influential factors like plastic and autogenous shrinkage as well as 
consolidation settlement under compressive stress. In contrast to the 
above-mentioned numerical methods, the proposed method avoids 
approximating the Boltzmann superposition principle and uses it 
directly for creep strain calculation. This method avoids the need for 
fitted parameters, and there is no approximation of the creep constitu-
tive law. 

The creep behaviour of cementitious materials can be analyzed using 
linear viscoelasticity, which enables the consideration of the entire 
history of stress [37]. To describe the strain evolution with loading time 
in a creep test, the stress–strain relation can be expressed as 

ε(t) =
∫ t

o
J(t − τ, τ)dσ(τ) (1) 

where the J is the creep compliance function determined by the 
hardening time (τ) and loading duration (t- τ); σ refers to the stress. The 
Boltzmann superposition principle is adopted to discretize the integral 
formulation: 

ε(t) =
∑i=N

i=1
Δσ(τi)J(t − τi, τi)

J(t − τi, τi) = 1/E(τi) + C0C1(τi)C2(t − τi)

(2) 

where Δσ is the incremental stress; C0 refers to the creep parameters 
determined by the material properties and external conditions such as 
temperature and relative humidity; to ensure the accuracy of C0, each 
creep test should be conducted under constant external conditions such 
as temperature and humidity, and the loading duration is short enough 
to ensure that the microstructure of the tested sample can be assumed to 
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be the same; C1 is a power function that reflects the impact of hard-
ening/ageing time (τ) on creep compliance; and C2 is a power function 
determined by the non-ageing/loading duration (t-τ) [45,46]. The 
detailed procedure for determining these parameters has been described 
by Irfan-ul-Hassan et al. [3] and Chang et al. [47]. Irfan ul-Hassan et al. 
used hourly repeated minute-long quasi-static tests were conducted to 
determine the elastic and creep properties of young cement paste. They 
then determined the creep parameters C0, C1, and C2 by fitting the 
experimental data to a creep model (a power law function). 

It must be noted that the Boltzmann superposition is only valid if 
each period is assumed to be independent. In other words, previous 
loading steps do not affect the creep response resulting from the applied 
force at later stages. The superposition principle is valid given that all 
the principal stresses are below 40–50% of uniaxial strength [48,49]. In 
that case, the analyzed object is not damaged, and linear viscoelasticity 
applies [49]. If the stress is higher, a damage law must be incorporated 
into the numerical model to capture the non-linear creep [37,50]. In this 
model, the time-dependent material properties are incorporated to ac-
count for the effects of curing on material properties, and an element 
removal mechanism is adopted to mimic the effects of damage. We 
consider that the change in the material microstructure is small during 
the short hydration time considered in this study. 

The superposition principle allows the loading path to be separated 
into a sequence of small steps with a time interval of Δti, which are in-
dependent of each other. In each time interval, the creep force is applied 
to the tested sample at the onset and remains constant until the end (as 
shown in Fig. 1 (a)). The final creep evolution is a sum of all the strain 
curves, as shown in Fig. 1 (b). The total strain of the analyzed object can 

be computed with the stress history and creep compliance as inputs. For 
instance, the creep evolution after t4 in Fig. 1 (b) can be calculated as: 

ε(t) = Δσ1J(t − t1,t1)+Δσ2J(t − t2,t2)+Δσ3J(t − t3,t3)+Δσ4J(t − t4,t4)

(3)  

2.2. Lattice model implementation 

The lattice model has been used for fracture and mechanical analysis 
of disordered heterogeneous materials [51–54]. Wider applications have 
been carried out over the past decades, including mass transfer [55], 
corrosion [56], shrinkage [57,58], Alkali-Silica Reaction (ASR) [59], 
creep analysis [17] and simulation of the concrete 3D printing process 
[23,24]. In this study, the lattice model is extended to simulate the 
viscoelasticity of cementitious materials. 

Lattice modelling of the early-age creep consists of two components, 
i.e., the model discretization and creep numerical analysis. The analyzed 
object is discretized as illustrated in Fig. 2: (a) The continuum is first 
divided into a network of cells; (b) A sub-cell is defined within each cell; 
the ratio of the length between sub-cell and cell controls the randomness 
of the mesh system; (c) Lattice nodes are randomly placed within each 
sub-cell; (d) Delaunay tessellation is used to connect adjacent nodes to 
form the lattice beams. The continuum is finally schematized as a set of 
Timoshenko beams, which can transfer the axial forces, shear forces, 
bending moments, and torsion. 

Fig. 1. Schematic diagram of superposition principle (a) piecewise constant stress history with several jumps (b) time-dependent system deformation (adapted from 
[47]). Red color indicates instantaneous deformation, and black/gray indicate the time-dependend deformation; purple and blue curves refer to the elastic and creep 
recovery induced by the reduced stress. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Schematic diagrams of lattice mesh (a) 2D (b) 3D.  
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2.3. Model implementation 

Section 2.1 briefly describes how to compute the creep strain of 
lattice elements. In this section, these computed strains will be 

converted into element forces and applied to the elements. This 
approach is herein termed the ‘local force method’. The details per-
taining the model implementation are shown in Fig. 3. 

This flowchart describes how lattice model simulates the viscoelastic 

Fig. 3. Flowchart about Lattice model on creep analysis.  
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behaviour of 3D printable mortar. This includes 8 steps: A, B, C, D, E, F, 
G, and H. 

Step A: Model discretization 

Model discretization has been described in Section 2.2. The relevant 
material properties are assigned to the beam elements. Besides, the 
designed load path is imported into the lattice model as the external 
boundary for creep and fracture analysis. 

Step B: Determination of creep parameters 

When it comes to the creep analysis, the creep compliance plays a 
significant role and can be computed with the hardening time and 
loading duration as inputs. The obtained creep compliance is then 
incorporated with the superposition principle for the calculation of 
element creep strain, as expressed by Eq.. 

Step C: Incremental load 

The difference between the external and internal loading is defined 
as a disequilibrium force in the incremental algorithm, as expressed by 
Eq.. The former refers to the loading condition imported from the load 
path, while the latter is computed considering the internal force as well 
as element orientation. 

Step D: Linear analysis 

In this step, the governing equation (i.e., Eq) is solved by means of 
the conjugate gradient method. 

KeΔD = ΔF
ΔF = Fex − Fin

(4)   

Steps E and F: Creep analysis 

Given the known creep compliance and obtained incrmental element 
stress, the creep strain of individual elements can be computed based on 
Eq.. These element strains are then converted into elemental normal 
forces. The difference between two steps’ creep forces is defined as in-
cremental creep force in each analysis step. These forces are calculated 
as: 

σcr,i = Eεcr,i
fcr,i = σcr,iA

Δfcr,i = fcr,i − fcr,i− 1

(5) 

Here, E refers to the elastic modulus of printable mortar and A is the 
cross-sectional area of a lattice beam. f and σ are element force and stress 
for creep analysis. This derived incrmental creep force Δfcr,i is then 
applied to the lattice element, as shown in Fig. 4, together with the 
previously computed disequilibrium force in each step. These applied 
local forces enable the simulation of time-dependent deformation. Using 
this method, the entire analysis for viscoelasticity can be conducted by 
solving a series of fictitious elastic problems. This is similar to the 
effective modulus approach proposed by Bažant [39] with the exception 

that the local force instead of the effective modulus is updated in each 
analysis step. 

Step G: System update 

In the lattice model, the entire simulation process consists of a 
sequence of linear analysis steps, in which the lattice beams are assumed 
to be linear elastic. The comparative stress within the individual element 
can be computed using the Eq. When the element stress is lower than the 
material strength (compressive or tensile), the Boltzmann superposition 
is valid because the element is in an undamaged state. Once the stress 
exceeds the material strength, this element will be removed from the 
mesh system, allowing for damage initialization and propagation. Creep 
analysis with the inclusion of element removal mechanism is adopted in 
the model to simulate the creep evolution under high load level (i.e., 
higher than 40%-50 % material strength). 

σ = αN
N
A
+αM

max(Mx,My)

W
(6) 

where N and M refer to the normal force and bending moment 
applied to the lattice beam; W and A are the cross-section and section 
modulus of an element, taken as identical for all elements. Two co-
efficients, αN and αM, determine whether the normal force or bending 
moment plays a significant role in the element failure criterion. 
Consistent with our previous research [60–62], their values are taken as 
1.0 and 0.05.. In each analysis step, those critical elements whose stress 
is higher than the material strength will be removed from the system 
representing a series of cracks. A group of equivalent element forces, 
consisting of normal force, shear force, bending moment and torque, is 
used to replace this removed element for stress redistribution. The sys-
tem stiffness is then updated considering the broken elements. In this 
way, the non-linear material behavior can be simulated as a sequence of 
linear analysis steps. 

Step H: Stop criteria 

For creep analysis under various loading conditions, two stop criteria 
are utilized. The first one regulates the timing of each loading compo-
nent. When the numerical analysis reaches the loading duration of a 
given step, it moves into the following step. The entire numerical 
analysis stops until the whole load path is applied to the mesh system. 

2.4. Limitations of the model 

This newly proposed method is based on linear viscoelasticity. The 
model relies on the superposition principle, which states that the creep 
response of each creep stress can be superimposed. Mathematically, the 
stress history can be described by a linear operator. This assumption is a 
useful for constitutive modeling in the solution of creep integration, 
making numerical models available for creep calculation. However, it is 
not a fundamental law of physics and is only valid approximately under 
certain conditions. For instance, the principle may not hold true for 
small special cases such as drying or variable temperature scenarios. 
During the fresh stage of cementitious materials, hydration and floccu-
lation processes primarily occur. These processes result in differences in 

Fig. 4. The creep deformation and local axial force of an individual beam element.  
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internal structures at the meso/micro scales, which can affect time- 
dependent material properties such as stiffness and strength at the 
macro scale. Additionally, kinematic nonlinearity can also affect the 
creep analysis, as the creep strain can result in large deformation issues, 
leading to material and geometric nonlinearity. The potential nonlinear 
early-age creep of 3D printed materials can also impact the validity of 
this assumption. 

However, the aim of our research is to propose a numerical method 
that can avoid the need for parameter fitting and there is no approxi-
mation of the creep constitutive law. Similar to other numerical 
methods, such as the rate-type method [36] and exponential algorithm 
[63], our numerical method is also based on the Boltzmann super-
position principle. However, the validity of this assumption is assured by 
the linear viscoelasticity but also depends heavily on the tested material 
properties. To eliminate the impact of chemical change on early-age 
creep prediction, the newly proposed method takes time-dependent 
material stiffness as input parameters, enabling the prediction of 
strain history. Thus, when using experimentally derived early-age creep 
material properties in this numerical model, it is crucial to ensure that 
the chemical changes in each aging creep test can be disregarded to 
uphold the assumption of the Boltzmann superposition principle. 

2.5. Model applicability 

This newly proposed model adopts the local force method to simulate 
the viscosity behaviour of cementitious materials, similar to the effective 
elastic modulus method [37]. The model is based on the incremental 
algorithm and one of the main advantages is the straightforward 
implementation of stress history consideration. Besides, this method 
significantly reduces the computational cost and memory intensity since 
it stores just one stress parameter (i.e., element comparative stress) at 

each step of the analysis. In addition, the lattice model adopts the linear 
elastic analysis for individual steps. Once the computed stress is below 
material strength, there is no damage to individual elements. Thus, those 
lattice elements are in the elastic stage, the Boltzmann superposition for 
creep strain computation of each element is always valid. As a result, the 
lattice model with element removal technique and the incremental al-
gorithm is valid for creep analysis of cementitious materials under high 
load levels. 

In addition to the benefits mentioned earlier, the lattice model also 
has the ability to incorporate meso-structure. This feature allows for the 
consideration of material microstructure and volumetric information 
when converting the continuum into the lattice with beams, thus 
enabling the proposed method to simulate creep response with the 
added benefit of accounting for meso/micro structures. 

3. Model validation 

Fig. 5 provides an overview of the proposed numerical model, which 
involves model assumptions and validation. In the creep analysis, the 
creep compliance surface obtained from quasi-static compressive loa-
ding–unloading tests is considered as material properties, and the only 
fitting process is to use experimentally derived strain to calibrate the 
creep compliance surface. Once calibrated, no further fitting is needed, 
and the derived material properties serve as inputs for the computa-
tional compression test with incremental loading. The numerical result 
is first compared with the analytical solution derived from Boltzmann 
superposition to theoretically validate validity of the ’local force’ 
method. Subsequently, the numerical results are compared with exper-
imental findings for model validation, which can confirm the Boltzmann 
superposition’s effectiveness in describing early-age creep. If the local 
force method is incorrect or significant errors arise due to the linear 

Fig. 5. A brief overview about lattice model for creep simulation.  

Fig. 6. Creep analysis on incremental compressive load (a) load path (b) structural strain.  
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viscoelastic assumption, the model validation process would show sig-
nificant discrepancies. 

3.1. Comparison with the analytical solution 

In this section, the predicted results from the lattice model are 
compared with the analytical solution. In addition, mesh sensitivity 
analysis of step size is carried out to investigate its influence on defor-
mation prediction. The model dimension is 100 by 100 mm with a mesh 
resolution of 1 mm. Each load step must be independent; damage is 
therefore not considered in this numerical case study. Three different 
step sizes, namely, 1 s, 2 s, and 3 s, are used for the sensitivity analysis. 
Eq. (7) describes the input creep function. The initial ageing time is set to 
100 s. The load path includes two parts, as shown in Fig. 6 (a). 

J(t − τi, τi) = 1
/

4.2254 + 59.75 × 1
/

τ1.055
i × (t − τi)

0.1193 (7) 

Fig. 6 (b) shows a comparison between the analytical solution and 
the predicted results using lattice model with different step sizes. It can 
be concluded that all of them reproduce the analytical solution quanti-
tatively, namely R2 = 1. It means this newly proposed model can account 
for the impact of stress history and accurately describe the creep 
behaviour of cementitious materials. 

3.2. Early-age creep test of 3D printable mortar 

A series of non-ageing creep tests, in the range of 30 to 90 min after 
material casting, are used to validate the model application on creep 
evolution under constant loading. Subsequently, a compressive test 
which mimics the loading condition during the printing process is 
adopted for model validation. The material mix design can be found in 
Table 1. Details are provided in our previous work [47]. 

3.2.1. Non-ageing creep tests 
Our previous research presented a repeated minutes-long creep test 

to characterize the early-age creep evolution of 3D printable mortar at 
multiple ages equal to 30, 40, 50, 60, 70, 80 and 90 min [47]. This 
experimental campaign consists of quasi-static loading and unloading 
procedures as well as 180 s loading duration between them. A sample 
with a diameter of 70 mm and a height of 70 mm is subjected to a 

compressive force of 5 N with high friction boundary condition, as 
shown in Fig. 3 (a). Detailed information about the sample preparation 
and testing process can be found elsewhere [47]. 

Here, the power-law function is assumed and directly adopted to fit 
the creep evolution of experimental findings for 3D printable materials. 
The creep compliance function can therefore be expressed as: 

J(t − τ0, τ0) = 1/Ee(τ0)+ 1/Ec(τ0)(t − τ0)
β (8) 

Here, Ee and Ec refer to the elastic and creep modulus of all lattice 
beams; β is the creep exponent, which stands for the impact of loading 
duration on creep evolution, and is determined by fitting the experi-
mental data obtained from non-aging creep tests to a power law func-
tion. Specifically, the value of β is obtained through a curve-fitting 
procedure using the average experimental data. More information about 
this procedure can be found in the literature [3 47]. The fitted power- 
law expressions are then introduced into the lattice model as inputs 
for creep strain computation of beam elements. 

The 3D numerical model is built with a mesh size of 3 mm, which 
consists of 10,255 lattice nodes connected by 74,195 Timoshenko 
beams. The radial deformation at the top and bottom sides are fixed to 
mimic the high friction boundary present in the test. The analyzed object 
is subjected to the uniaxial compressive force of 5 N. Fig. 7 (b) gives the 
schematic diagram of the numerical model for creep analysis. 

Modelling results are then compared with experimental findings. 
Fig. 8 shows the comparisons between the experimental results and 
numerical predictions. It can be illustrated that lattice modelling of the 
early-age creep is in good agreement with experimental data. This 
demonstrates the feasibility of lattice model on non-ageing creep evo-
lution of cementitious materials in the fresh stage. 

3.2.2. Ageing creep test 
In this section, the uniaxial compression tests with incrementally 

increased load are employed for model validation. Such tests can mimic 
the loading situation that occurs during the printing process. In contrast 
to the previous non-ageing creep test, both the loading duration and 
hardening time determine the creep evolution. The creep strain of lattice 
element is therefore computed using a double power-law expression 
instead of a power-law function. The above-mentioned early-age creep 
tests at various mortar ages are used to fit this creep function (given in 
Eq.). To describe the time-dependent material stiffness, the elastic 
modulus of lattice elements grows linearly with hardening time within 
90 mins as experimental findings. This ageing creep test can be taken as 
a series of non-ageing creep test with the interval time equal to 10 mins. 
Fig. 9 shows the model input parameters, including the time-dependent 
material stiffness as well as the double power-law function. The applied 

Table 1 
Compositions of 3D printable materials utilized in this study [kg/m3].  

Cement Water VMA Sand (0.01–0.02 mm) w/c ratio Cement type 

1140 342  0.83 770  0.3 CEM I 42.5  

Fig. 7. Early-age creep test of 3D printable mortar (a) Experimental sample [47] (b) Numerical model.  
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Fig. 8. The comparison between experimental findings and numerical results on early-age creep evolution at multiple mortar ages [R2 means the difference between 
the average experimental data and the numerical results; for all non-ageing time creep tests, the R2 = 1]. (a) 30 min (b) 40 min (c) 50 min (d) 60 min (e) 70 min (f) 
80 min (g) 90 min. 
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load path can be found in Fig. 10 (a). Herein, the cylindrical sample is 
the same dimension as the one used in the earlier creep test. 

Fig. 10 (b) shows a comparison between the simulation and experi-
ments in relation to the creep deformation subjected to incremental 
compressive loading. It can be observed that the numerical simulation 
results show lower deformation than the experimental results in the 
early stage of the compression test. This might be due to the presence of 
internal air pores in the sample. During the initial loading, these air 
pores may get compressed, leading to a variation in the creep evolution 
and causing the experimental results to appear larger. In contrast, the 
numerical analysis does not consider the effect of internal air pores. 
However, as the loading continues and the air pores are compressed, the 
material properties of the matrix play a dominant influence on creep 
evolution of the tested sample. Lattice modelling of early-age creep 
evolution can reproduce the experimental results. This quantitative 
agreement suggests that this newly proposed model correctly considers 
effect of time-dependent material properties and the stress history, 
thereby producing a similar early-age creep deformation with the actual 
test. 

4. Discussion 

The presented numerical analyses show that this model can account 
for the stress history and simulate the creep behaviour of cementitious 
materials from fresh to hardened stages. In this section, the impact of 
hardening time and loading duration on creep analysis will be quantified 
through a series of numerical simulations. Subsequently, the early-age 
deformation of printed segments will be modelled to study the effect 
of creep on the prediction of structural deformation. 

4.1. Hardening time and loading duration 

In 3DCP, a specific printed segment may experience different loading 
situations during the printing process (namely, constant, unloading and 
loading situations). During the loading period, the hardening time and 
loading duration determine the creep evolution. When it comes to the 
unloading process, the creep recovery plays a significant role in pre-
dicting the structural response and understanding the mechanism of 
creep behaviour. 

Fig. 9. Determination of input parameters for creep analysis (a) time-dependent elastic modulus (b) creep compliance [47].  

Fig. 10. Compressive creep test with incremental loading (a) loading path (b) structural deformation (Noted that the time 0 in the figures refers to the mortar age of 
t = 20 min). 
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In this section, a 3D numerical model with a diameter of 70 mm and a 
height of 70 mm is built. A mesh size equal to 3 mm is adopted. The 
whole model consists of 10,255 lattice nodes connected by 74,195 
Timoshenko beams. The step size is set to 6 s in these analyses. Detailed 
information about these numerical analyses can be found in Table 2. A 
constant elastic modulus is used in these analyses to ensure the single 
variable analysis. A loading–unloading process is utilized to explore the 
model feasibility to simulate the creep recovery and investigate the 

impact of time (hardening time and loading duration) on creep analyses. 
The creep compliance is mathematically described as: 

J(t − τi, τi) = 1
/

4.6453 + 23260 × 1
/

τ1.363
i × (t − τi)

0.1167 (9) 

Development of strain with different input parameters is shown in 
Fig. 11. Both the loading duration and hardening time affect the creep 
evolution. When the loading duration increases to three times, the final 
strain of analyzed sample increases from 0.1814% to 0.2027%. The final 
system strain with 180 s of hardening time is more than 100 times 
greater than that with 18,000 s of hardening time, indicating that the 
hardening time has a greater impact on creep evolution than the loading 
duration. In addition, the elastic and creep recovery can be observed 
during the unloading process, which demonstrates that the proposed 
model is able to simulate the creep recovery in cementitious materials. 

4.2. Creep analysis of a 3D printed segment 

During the printing process, cementitious materials are extruded 
from the nozzle and placed on the deformed geometry of an already 

Table 2 
Parametric analyses of early-age creep with different loading duration and 
hardening times.  

Case Applied force 
(N) 

Hardening time 
(s) 

Loading duration 
(s) 

Unload force 
(N) 

1 5 1800 300  0.5 
2 5 1800 600  0.5 
3 5 1800 900  0.5 
4 5 180 600  0.5 
5 5 18,000 600  0.5  

Fig. 11. Lattice modelling the creep evolution with various hardening time and loading duration (a) loading duration (b) hardening time.  

Fig. 12. Schematic of printing process (a) entire printing process (b) one specific printed segment within one printing layer.  
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printed piece, as described in Fig. 12. The compressive force from the 
subsequent printing layers is applied to one specific printed segment. 
Together with the self-weight, these forces determine the structural 
deformation, which includes the elastic, plastic, and time-dependent 
deformation. 

The influence of early-age creep on structural viscoelastic deforma-
tion is studied in this section. The same model is used as in the previous 
section, and the creep compliance described in Eq. (9) is used. Elastic 
modulus is also taken as constant in the simulations. This excludes the 
effect of time-dependent stiffness and ensures the single variable anal-
ysis of creep on structural deformation. Fig. 13 (a) describes the loading 
path of this printed segment and Fig. 12 (b) demonstrates the structural 
deformation with or without the inclusion of creep. It should be noted 
that the red and orange curves refer to the creep evolution with different 
ageing times (namely, 600 s and 1800 s). It can be found that the 
structural deformation with the consideration of creep increases 
significantly compared to that not considering creep. In particular, the 
model strain with the ageing time equal to 600 s is more than 20 times 
larger than the one without creep. This discrepancy demonstrates the 
necessity of considering creep for predicting the deformation of a prin-
ted system. In the further research, early-age creep will be incorporated 
into the 3DCP model for buildability quantitation to study its impact on 
the structural analysis. 

5. Conclusions 

A new numerical method was proposed herein to analyse the early- 
age creep of 3D printable mortar. The creep compliance surface and 
time-dependent material behaviours obtained from previous research 
were taken as input parameters. This developed model was then vali-
dated through a creep test with incremental compressive loading. Based 
on the presented results, the following conclusions can be drawn:  

• The local force method is suitable for simulating the viscoelastic 
behavior of cementitious materials. One of the main advantages of 
this approach is the straightforward implementation of stress history. 
This solution method requires no approximation of the creep 
constitutive law and produces the exact solution with the analytical 
model;  

• The superposition principle is incorporated into the lattice model 
based on the incremental algorithm. The entire simulation of creep 
includes a sequence of linear analyses. Results of lattice analyses of 

the early-age creep are in good agreement with experimental results. 
This demonstrates the model’s ability for creep analysis of 3D 
printable mortar under incremental/constant compressive loading;  

• When predicting structural deformation of 3D printed concrete, 
hardening time has a greater influence on the determination of creep 
development than loading duration. In comparison to the model 
which does not consider early-age creep, the numerical result shows 
a very different result on the prediction of structure deformation. 
This discrepancy highlights the necessity of creep for the accurate 
prediction of viscoelasticity deformation for 3D printing concrete. 

The numerical simulations in this study show that this newly pro-
posed model can account for stress history and simulate the creep 
behaviour of cementitious materials from fresh to hardened stages under 
various loading conditions (namely, loading, unloading, and constant 
load). In further research, this approach will be incorporated into nu-
merical models for 3DCP to study the impact of early-age creep on 
structural analysis during the printing process. Views and opinions 
expressed are however those of the author(s) only and do not necessarily 
reflect those of the European Union or the European Research Council. 
Neither the European Union nor the granting authority can be held 
responsible for them. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

Ze Chang and Minfei Liang would like to acknowledge the funding 
supported by China Scholarship Council under grant numbers 
201806060129 and 202007000027. Branko Šavija acknowledges the 
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