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ARTICLE INFO ABSTRACT
Keywords: 3D concrete printing (3DCP) is an innovative technology with significant potential in construc-
3D concrete printing (3DCP) tion. However, it faces critical challenges in achieving precise layer geometry and dimensional
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accuracy, as small geometric deviations in individual layers can compromise the stability and
performance of the entire structure. To investigate the underlying deformation mechanisms, this
study develops an integrated analysis framework combining experimental study with Smooth
Particle Hydrodynamics (SPH) modelling. Key rheological and process parameters for 3DCP are
identified experimentally. For the first time, a novel three-dimensional (3-D) SPH model is
devised to simulate single- and double-layer concrete printing processes, considering nozzle
moving speed, material inlet speed, and nozzle height. The high consistency between experi-
mental and SPH results demonstrates the accuracy of models in predicting layer shape and
tracking inter-layer deformations. Parametric analysis reveals a self-compensatory effect of nozzle
height on layer height variations and demonstrates that a lower nozzle speed to material inlet
velocity ratio improves layer shape and structural performance. These findings provide insights
into the control of construction materials to enhance printing quality and structural reliability in
3DCP.

1. Introduction

Three-dimensional concrete printing (3DCP) is an innovative construction technique that builds structures by extruding concrete
layer by layer without using traditional formwork [1]. This technique gained a wide range of attention from both academia and in-
dustry due to its potential to reduce costs, labour, and construction time while allowing the creation of structures with complex ge-
ometry and shape [2,3]. Despite these benefits, 3D printed concrete components often suffer from subpar surface finishes and limited
dimensional accuracy. These issues are generated due to the absence of formwork and challenges in controlling the geometry of each
printed layer [4,5]. Geometric discrepancies introduced in a single layer tend to accumulate over subsequent layers, propagating
imperfections from individual filaments to the entire structure. This can impact the aesthetics, stability, mechanical strength, and
durability of 3D printed concrete structures [6,7].

To improve geometric precision in 3DCP, researchers have investigated material behaviours and process parameters to identify key
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factors affecting printed layer shapes and deformations. Fresh concrete was commonly treated as a shear-thinning Bingham fluid.
Among its rheological properties, yield stress plays a key role in shaping the extruded materials [8]. The shear thinning affects filament
shape while viscosity has a minimal influence [9,10]. Among 3DCP process parameters, two critical ratios were identified: the ratio of
nozzle diameter to nozzle height, and the ratio of nozzle travel speed to material inlet velocity [10,11]. Keeping these ratios near 1 can
prevent filament buckling and tearing. Larger nozzle diameters and higher material inlet velocities create flatter, more rectangular
filaments, while smaller nozzles increase stress concentrations, raising the risk of damage and tearing [8]. Furthermore, extrusion
forces induce substrate deformation, leading to lateral flow and structural instability [11-13]. While most studies have focused on
single-layer printing, multi-layer printing remains underexplored due to the complexity of interlayer interactions. In multi-layer
printing, accumulated inter-layer deformations can significantly alter the structural geometry and stability [14]. The process
parameter-layer geometry relationships derived from single-layer studies cannot be applied to multi-layer cases, as the printing
substrate changes from a rigid print bed to a deformable printed layer with varying stiffness, surface profile, and interfacial friction.
These differences influence material deposition and structural integrity. A key challenge is understanding how deformation and
geometric discrepancies propagate across layers, ultimately affecting the dimensional accuracy and stability of printed structures.

Given these challenges, accurately predicting layer shape is essential for ensuring structural precision and minimising cumulative
deformation. However, traditional trial-and-error methods are impractical for large-scale construction due to their resource-intensive
and time-consuming nature. To overcome these limitations, various numerical techniques were applied to simulate the 3D printing
process [15-17], with a focus on two-dimensional (2-D) modelling. Comminal, et al. [11] developed computational fluid dynamic
(CFD) models using a generalised Newtonian model and the elastic-viscoplastic model to characterise the rheological behaviours of
fresh concrete. Cheng et al. [18] developed the reproducing kernel particle method (RKPM) to simulate concrete slump tests and 3D
printing process. However, their approach involved extruding material from a long nozzle, causing high fluid pressure and excessive
initial material inlet speed. Reinold, et al. [12,19] devised the Particle Finite Element Method (PFEM) to simulate the extrusion
process, using an elastic-viscoplastic constitutive model based on a unified fluid and solid mechanics formulation. However, the need
for frequent re-meshing to prevent element distortion increased computational costs, limiting these simulations only to 2-D models. To
address this, Rizzieri et al. [20,21] introduced a mesh de-refinement technique to reduce the number of degrees of freedom in time.
However, those 2-D models could only simulate the printing of printing direction and only suit the infinite brick-type extrusion from
rectangular nozzles [22]. To break the limitation, Yu et al. [23] developed a 2-D virtual printing scheme using the Smooth Particle
Hydrodynamics (SPH) method, where the widely applied circular nozzle was simulated, and the lateral layer deformation was
accurately captured. However, this model solely predicts cross-sectional shape and cannot account for the material flow along the
printing direction. To this end, this study proposes a novel 3D SPH model which simulates concrete motion along the printing direction
and captures inter-layer deformations. Compared to 2D models, it enables more realistic geometry predictions by capturing complete
shapes and multi-directional deformation of extruded materials.

While most numerical studies have focused on single-layer shape prediction, only a few [18,24] have explored double-layer
printing, often using specimens primarily for model validation without thoroughly examining the associated deformations. Howev-
er, double-layer modelling is crucial due to the introduction of new boundary conditions that affect material deposition and structural
stability [14]. The complexity of simulating layer-to-layer deformation under varying process parameters presents considerable
computational challenges, deterring comprehensive investigation. To the authors’ knowledge, no studies have yet examined the
numerical prediction of layer dimensions for double-layer 3DCP with varying process parameters. To bridge this gap, this study de-
velops a 3D SPH model to simulate single- and double-layer 3DCP, predicting layer geometries validated using experimental data.

SPH method as a mesh-free, Lagrangian particle approach is naturally well-suited for fluid flow problems involving large de-
formations and free surfaces, which are commonly encountered in 3DCP [25]. It avoids mesh distortion and the need for re-meshing in
Lagrangian mesh methods like PFEM, as well as the computational inefficiencies caused by the hollow mesh of Eulerian methods like
CFD. The SPH method has been proven effective in modelling the flow of viscous fluids, such as self-consolidating cementitious
composites [26-28] and 3D printable fibre-reinforced polymer composites [29,30].

To fill in the aforementioned research gaps, in this study, the integrated analysis framework with the experimental studies and 3-D
SPH modelling of 3DCP is developed. In the experimental work, rheological tests are performed to determine key parameters of fresh
concrete including static and dynamic yield stresses and viscosity, which are used to define the material model in the SPH model. 3DCP
tests are performed to print single-layer and double-layer concrete samples and their cross-sectional shapes are characterised. In the
numerical work, the novel 3-D SPH model is devised to simulate both single-layer and double-layer 3D concrete printing and predict
the layer shape. The experimental results are utilised to validate these numerical models. Furthermore, through a parametric study, the
devised 3-D SPH models are employed to investigate the influences of two key processing parameters, the ratio of the nozzle moving
velocity to material inlet velocity and the nozzle height, on layer shape and inter-layer deformations. This paper is outlined in four
sections. Section 2 details the development of integrated analysis framework with the experimental study and 3-D SPH modelling of
3DCP including rheological and 3DCP tests, and the numerical models using the 3-D SPH method. Section 3 provides the results and
discussion on comparing of the experimental and numerical results and conducting a parametric study to investigate the influences of
the two key processing parameters on layer shape and inter-layer deformation. Finally, Section 4 draws conclusions, indicates the
limitations of current SPH modelling approach, and provides recommendations for future work.
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2. Methodology
2.1. Development of the integrated analysis framework with experimental study and 3-D SPH numerical modelling for 3DCP

Fig. 1 illustrates the integrated analysis framework with the experimental study and 3-D SPH numerical modelling for 3DCP
developed in this study, in which the experimental studies and the 3-D SPH modelling and simulations are interlinked via data flows to
form the integrated analysis process. In the experimental studies, firstly, a series of rheological tests were performed to determine key
parameters of fresh concrete, including static and dynamic yield stresses and viscosity. The obtained data were then used to define its
material model in the 3-D SPH model. Secondly, 3DCP tests were performed to print ten concrete segments: five single-layer samples
and five double-layer samples, whose cross-sectional shapes were measured and characterised. In the numerical modelling and sim-
ulations, at the first time, the novel 3-D SPH model was devised to simulate both single-layer and double-layer 3D concrete printing
processes and predict the layer shapes of 3D printed concrete samples. The experimental results of 3-D printed concrete samples were
utilised to validate these numerical models. Furthermore, through parametric studies, the devised 3-D SPH numerical models were
further employed to investigate the influences of two key processing parameters, the ratio of the nozzle moving velocity V, to material
inlet velocity V;, and the nozzle height, on layer shape and inter-layer deformations.

2.2. Experimental design and procedure

2.2.1. Materials

The cement-based mortar used in the 3DCP experiment was formulated with a binder system consisting of Ordinary Portland
Cement (OPC), conforming to AS 3972 Type GP, ground granulated blast-furnace slag (GGBFS), and silica fume (SF) with fine sand
(max. Particle size: 1.18 mm). The binder composition was 30 % cement, 60 % GGBFS, and 10 % SF. The water to binder ratio is 0.25
and the sand to binder ratio is 0.36. Furthermore, a polycarboxylate-based high-range water reducer admixture (5 L/m%) and a
Viscosity-Modifying Agent (8 L/m>) were used to modify the rheology of mortar, reducing yield stress and viscosity while improving
workability and water retention. These admixture dosages were optimised using a Taguchi method to achieve a flowability range of 30
~ 40 mm. The mix was designed for a relatively long open time and excellent early-age strength to ensure its printability.

Experimental testing and 3-D SPH modelling

3DCP tests Rheological tests

Print Measure

3D printed concrete Yield stress and

specimens plastic viscosity
Measure Input
Validate SPH modelling of
Layer shapes 3DCP process
Process parameters Outputs
 The ratio V,/V,, Impact * Layer shape
* The nozzle height * Inter-layer deformation

Fig. 1. Integrated analysis framework with the experimental study and SPH numerical modelling of 3DCP.
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2.2.2. Rheological test

The rheological behaviours of the mortar were measured using an International Centre for Aggregate Research (ICAR) Plus
rheometer. The setup included a cylindrical container holding the fresh mortar, a multiple blade vane driven by an electric motor to
shear the mortar, and a torque meter. The multiple blade vane was chosen for its ability to generate a uniform flow velocity profile,
ensuring accurate and stable flow curve measurements. To prevent slippage along the container walls, the container featured vertical
rods around its perimeter [31].

Dynamic and static yield stresses, as well as plastic viscosity, were measured on three mortar batches at 15 minutes, coinciding with
the time of extrusion. Dynamic yield stress and plastic viscosity were determined using a flow curve test, which included a pre-shear
period followed by a series of flow measurements. During the pre-shear, the vane rotated at a maximum speed of 0.6 rev/s to break
down any thixotropic structures and create a consistent shearing history. The rotation speed was then gradually reduced from 0.6 to
0.03 rev/s, with the vane speed held constant for 5 seconds at each step, during which the average speed and torque were recorded.

Static yield stress was measured using constant shear rate tests, where the vane rotated at 0.025 rev/s. As the torque increased over
time, the maximum torque recorded was used to calculate the static yield stress.

2.2.3. Sample fabrication using 3DCP

The experimental 3D printing was conducted using a desktop 3D printer (3D PotterBot Super 10 with the auger system). This
printer features a print bed that can move biaxially in the horizontal direction, an auger screw assembly that can move vertically, and a
nozzle with a diameter of 25.4 mm (Fig. 2).

The 3DCP tests involved printing five single-layer and five double-layer mortar specimens with varying processing parameters,
including the nozzle move velocity V,, material inlet velocity V;;, and nozzle height H,,,,. as detailed in Table 1. A schematic of the
3DCP test configuration is shown in Fig. 3. In Case 1, the reference group, the nozzle height was set to half of the nozzle diameter and
both V;, and V;;, were designed to 30 mm/s, aiming for a V,,/V;, ratio of 1. However, controlling V;, precisely was challenging, as it was
influenced not only by the rotational speed of the auger screw but also by the amount of material in the hopper and the time-dependent
rheological behaviours of the mortar. To mitigate this, the rotational speed of the screw was adjusted via G-code, and the mortar was
added to the hopper after each layer was printed to maintain a consistent volume. The V;,, was recorded accurately to ensure reliable
data. The parametric study (Cases 2-5) examined the effects of these processing parameters on the layer shape and the concrete flow
process.

To accurately determine the material extrusion speed Vi, of each specimen, a novel three-step method was developed, which
takes advantage of a movable print bed, as follows:

(a) Determine the mass M; of each specimen: The print bed is weighed as M4 before printing. After printing each specimen, the
combined mass of the print bed and the printed specimens My, + Mj + My +... + M, is measured. The massof each specimen M; is
then calculated by M; = (Mpeg+ M1+ M2 + ... + M;) — (Mpeg + M1 + M2+ ... + M;1).

(b) Calculate the volume of each specimen by V; = M; /p, where p is the density of the mortar.

(c) Calculate the average material inlet speed of each specimen by V,,= V;/t;,where t; is the printing time of each specimen.

All 3DCP experiments were conducted in a ventilated indoor laboratory with an ambient temperature of approximately 25 °C.
Before starting the tests, the auger screw, hopper, and nozzle were lubricated with a thin paste of cement and water. The mortar was
prepared in a single batch by mixing the solid materials for 1.5 minutes, adding water over 30 seconds, and then mixing for an
additional 4 minutes. 10 minutes after mixing, the mortar was manually fed into the hopper of the auger screw assembly and printed
onto the print bed. Before formal printing, a trial extrusion was performed to discharge the lubricated paste layer and to verify the
printability of the mortar. The full printing process for ten specimens lasted approximately 7.5 minutes, with about 30 seconds per
layer. To prevent drying, the printed segments were covered with a wet cloth. After 1.5 hours, both ends of each segment were cut to
remove the effects of unstable extrusion, as shown in Fig. 4. Note that cutting the specimens too early might result in deformation since
the mortar is still soft at the initial setting stage while cutting too late makes the hardened material difficult to cut manually.

To precisely capture the cross-sectional geometry of the 3D-printed specimens, their widths and heights were carefully measured
using a vernier calliper. Additionally, all cross-sectional cuts were digitised and analysed using a custom image processing script that
employed OpenCV and Matplotlib, as shown in Fig. 5. The process began by rotating and centring the images before clipping them. The
clipped images were then converted to grayscale, smoothed using a Gaussian blur, and processed with Canny edge detection to outline

(a) The 3D PotterBot Super 10 concrete printer (b) The auger screw assembly

Fig. 2. The 3D concrete printer system.
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Table 1
Settings of main process parameters in 3DCP tests.
Case Nozzle move velocity V,, (mm/s) Material inlet velocity V,, (mm/s) Vi/ Vin Nozzle height H,yze (mm)

1 30 33.4 0.90 12.7
2 30 37.8 0.79 12.7
3 40 27.1 1.48 12.7
4 40 36.3 1.10 12.7
5 30 32.7 0.92 19.05
6 30 29.3 1.02 12.7
7 30 35.1 0.86 12.7
8 40 26.5 1.51 12.7
9 40 36.1 1.11 12.7
10 30 31.4 0.96 19.05

(a) Single-layer specimens (b) Double-layer specimens

Fig. 4. The cut 3D printed mortar specimens (Cases 1-10, from left to right).

Grayscale process,
Gaussian blur &
Canny edge detection

Rotation, centering
& clipping

—>

-20 -10 0 10 20
X (mm)
Original picture Clipped image Extracted contour

Fig. 5. Image processing script.
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and draw the contours.
2.3. SPH modelling of 3DCP process
2.3.1. SPH governing equations
The main equations to be solved in SPH method are the incompressible mass and momentum conservation equations, alongside the

constitutive relation of the viscous fluid. Since that the only acting body force is gravity, the Navier-Stokes equations can be expressed
as [11]:

Vov=0 1))
D
pD—‘t’:—vp+v-r+pg @

where V denotes the divergence operator, v  is the velocity vector field, p is density, P represents the pressure in a Lagrangian frame, 7
represents deviatoric stress tensor, and g is gravity.

In the SPH method, the fluid is discretised into a collection of particles [25]. Each particle carries mass, density, and velocity. Their
influence on neighbouring particles is determined by a smoothing kernel function, as illustrated in Fig. 6 [29]. This kernel function is
typically chosen to be a cubic spline due to its numerical stability. It enables the transformation of the governing differential equations
into integral forms, which are solved based on particle interactions within a finite support radius, known as the smoothing length.

In this study, the smoothing length of the cubic spline kernel was automatically calculated at the start of the analysis by Abaqus
[32]. This ensures that each particle interacts with enough neighbours, typically between 50 and 60, within the influence range of the
kernel function. To improve numerical stability, especially in high-velocity regions, artificial viscosity was applied following the
method proposed in [15]. Throughout the simulation, particles were dynamically tracked to accurately capture fluid behaviours over
time. This approach ensures the robustness and precision required for simulating complex 3D concrete printing processes.

2.3.2. Material models
The Bingham model was adopted to describe the rheological behaviour of fresh mortar [33]. Using the generalised Newtonian fluid
model, the constitutive relationship can be expressed as:

T= 26 =17 ®

where, 7 is the deviatoric stress, 7, is the apparent viscosity, e is the deviatoric part of the strain rate, and y = 2éis the engineering shear
strain rate.

To prevent numerical singularities at low shear rates where the viscosity tends to infinity, the viscosity function is regularised using
a bi-viscous model:

Mmaxlf 7 <Te

7 . 4
7°+11plf7 > 7.

Na =

where, 7, is the regularisation critical shear rate, 7o is the yield stress, 17, is the plastic viscosity, and 5p,,= 32+ 1, is the cutoff
maximum value of the regularised viscosity function. In this study, to maintain a balance between computational accuracy and ef-
ficiency, 7, = 0.01 s~ was used, giving a maximum cutoff viscosity of 5,,,, = 29kPaes.

Smoothing Kernel
W

Cuwrent particle

Neighboring _

= Su;;porl
particle b - = domain Q

Fig. 6. Particle approximations using smoothing kernel [25].
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2.3.3. Geometric models

The SPH model was devised using Abaqus/CAE to consist of a mortar particle generator, an extrusion nozzle, and a print bed as
depicted in Fig. 7. The nozzle was modelled as a cylindrical tube with an inner diameter of 25.4 mm, a wall thickness of 2.0 mm, and a
length of 50 mm, the same as those in the experiments. The mortar particle generator was positioned at the top surface of the nozzle,
where it generates mortar particles with defined material properties, particle radius and material inlet velocity V,. The nozzle and
generator remained stationary while the print bed was assigned to move at a steady velocity V. In a steady extrusion, the two opposite
configurations, where the nozzle moved and the printing bed was fixed, and vice versa, are equivalent [34]. The nozzle height Hy,,e
was kept constant. After the extrusion, the material was only subjected to gravitational forces. Table 2 summarises the 3DCP process
parameters used in the devised SPH models.

2.3.4. Boundary conditions

To solve the mass and momentum conservation equations, appropriate initial boundary conditions were established. A no-slip
boundary condition was imposed on the print bed and nozzle walls, as the surface roughness of nozzle walls is comparable to the
sand particle size [35]. A “hard contact” was employed to avoid potential penetration of fluid particles. A common issue with the SPH
method is the truncated smoothing kernel at boundaries, which can reduce the integration accuracy. When the particle approaches
Lagrangian boundaries, the smoothing kernel is truncated, leaving part of its supporting domain without SPH particles. To mitigate
this issue, a ghost particle method [36] was implemented to create a virtual plane with ghost particles. These ghost particles, defined
by properties like pressure, density, and velocity calculated from the real particles do not interact with the cement particles but provide
data for kernel interpolation near the boundaries.

2.3.5. Meshing and solving

SPH mortar particles were modelled using 1-node continuum particle (PC3D) elements with a 1-mm mesh size. This size was chosen
based on a mesh sensitivity analysis that compared three mesh sizes of 0.75 mm, 1 mm, and 1.5 mm. Fig. 8 illustrates the variation in
strain energy over the printing time for three mesh sizes. The extracted strain energy curves clearly show that three mesh sizes
provided matched results throughout the simulation process, though the curve for the mesh size of 1.5 mm was slightly lower than the
others. Moreover, Fig. 9 shows the predicted layer geometries for Case 3 using the three particle sizes, while Fig. 10 compares the
corresponding layer contours with experimental measurements. The mesh sizes of 0.75 mm and 1 mm both provide accurate geo-
metric predictions, while the 1.5-mm mesh result exhibits larger deviations with a lower resolution. Consequently, the 1-mm mesh size
was adopted to ensure sufficient resolution to capture the layer shape while maintaining computational efficiency.

The nozzle and print bed were treated as rigid body, with a smaller mesh size of 0.5 mm used to prevent fluid particle penetration.
Despite the finer mesh, the computational cost remained low due to the rigid body treatment. The single-layer printing model consisted
of approximately 10,000 SPH mortar particles and 250,000 grid cells, while the double-layer model used around 18,000 SPH particles.

Explicit dynamic analysis was used to simulate the concrete flow. The time-step size was automatically adjusted by the solver based
on numerical stability and convergence criteria, mainly influenced by the effective plastic viscosity and the cubic spline kernel
function.

All simulations were run in parallel on a high-performance workstation with 32 cores available at Western Sydney University.
Computational CPU times for the single-layer and double-layer printing simulations were approximately one day and three days,
respectively. By increasing the mortar mesh size to 1.5 mm, the computational time of the single-layer SPH model can be reduced to
9.5 hours, at the cost of a lower but acceptable resolution.

1
1
1
1
nozzle
1
1

Fig. 7. The devised SPH model of 3DCP process.
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Table 2

3DCP process parameters used in SPH models.
Parameters Numerical values
Nozzle diameter D 25.4 mm
Nozzle height H, 12.7 and 19.05 mm
Printing speed V, 30 and 40 mm/s
Material inlet velocity V;, See values in Table 1

600
— 0.75 mm
500 - -~ 1mm .
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-~
T 400 F -
S
£
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£ 200 R
)
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Fig. 8. The mesh sensitivity analysis.
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(a) 0.75 mm (b) 1 mm

Fig. 9. The middle planes of simulated layer with various particle sizes.

= = Simulation - 0. 75 mm
— - = Simulation - 1 mm
== Simulation - 1. 5 mm
Experimental result (1)
Experimental result (2)

-20 -10 0 10 20
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Fig. 10. The layer contours with various particle sizes and experimental measurements.

3. Results and discussion
3.1. Rheological behaviours of fresh mortar

The obtained results of the flow curve tests are shown in Fig. 11. The torque-speed data were converted into shear stress (t) and
shear rate (y) curves using the Reiner-Riwlin equations and linear regression with least-squares minimization was applied to analyse
the data [37]. According to the Bingham model [11], the vertical intercept of the flow curves represents the yield stress, while the slope
of the fitted line corresponds to the plastic viscosity. For the three mortar batches tested, the average dynamic yield stress was
determined to be 290.3 Pa, and the plastic viscosity was 6.5 Pa-s.
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Fig. 11. The shear stress - shear rate curve of the mortar.

In the constant shear rate tests, the static yield stress was derived from the maximum torque recorded, with an average value of
894.2 Pa across three tests. The measured mortar density was 2057.8 kg/m?® . Given the short printing duration (~7.5 minutes) and
continuous shearing action of the single-screw extruder, the flocculated particle structures and early hydration products in the mortar
are likely disrupted, reducing the in-process yield stress to a level comparable to that measured at 15 minutes. This supports the use of
15-minute rheological parameters in the SPH simulations.

3.2. Experimental and numerical results of 3DCP tests

Fig. 12 show the process and method to compare the experimental and 3-D SPH numerical results. The printing processes of ten 3D
printed concrete specimens were simulated using the developed SPH model. Cross-sectional shapes of the numerical results were
obtained by slicing the simulated layer geometries along their middle planes as shown in the right of this figure.

The geometric dimensions of 3D printed layers, including both experimental measurements and numerical predictions, are sum-
marised in Tables 3 and 4. Fig. 13 compares the cross-sectional shapes from the experiments and numerical simulations for the ten
segments. Overall, the numerical results (dashed red line) closely align with the experimental outcomes (solid blue and green lines),
validating the SPH modelling approach.

In single-layer printing (Cases 1-5), the differences in layer height and width are minimal, with deviations below 1.5 mm and
discrepancies generally within +5 %, demonstrating the high accuracy of the model. In the double-layer printing (Cases 6-10), de-
viations range from 1.0 to 2.5 mm with most relative errors below 10 %, showing reasonable accuracy despite reduced predictive
performance with more layers. Given that 3DCP operates at a metre scale [11], this variation remains within an acceptable range.

For the double-layer printing, the simulated layers appear flatter, with lower height and greater width, whereas the experimental
results show a more rounded geometry. The discrepancy may be attributed to increased dynamic yield stress during printing, driven by
structuration accelerated under ambient temperatures around 25 °C, especially in GGBFS-based mortars. However, as the current
Abaqus SPH framework does not support defining contact between different SPH materials, it is not doable to assign distinct rheo-
logical histories to individual layers. As a result, a uniform and constant yield stress is applied to all particles. This simplification
neglects time-dependent stiffening in previously deposited layers, leading to underestimated resistance and overpredicted deforma-
tion, thereby reducing the accuracy of multi-layer simulations. Another contributing factor may be minor fluctuations in the cross-
sectional shape of the experimental specimens, possibly due to filament buckling or nozzle vibration, while the simulations gener-
ally produce smoother layer shape.

3.3. Effect of V,,/Vy, on layer shape and inter-layer deformation

Fig. 14 (a) and (b) illustrate how the layer dimensions, width W and height H, changes with the ratio of nozzle moving velocity and
material inlet velocities V,/V;, under a nozzle height of 12.7 mm. Regarding the single-layer segments, as the V,,/V;, ratio increases
from 0.79 to 1.48, the layer width decreases by 37.04 % (from 58.10 mm to 36.58 mm), while the height decreases by 16.6 % (from
12.35 mm to 10.3 mm). These reductions occur because a higher V,,/V;, ratio means less concrete is extruded per unit length of the
print bed, as noted in literature [11]. Additionally, the greater reduction in width (37.04 %) compared to height (16.6 %) indicates
that V,,/V, has a more pronounced effect on width than height. Essentially, when sufficient concrete is extruded, it tends to spread
sideways rather than stack vertically, a phenomenon known as the "compacting effect of the nozzle" [38].

Fig. 15 shows the numerical velocity vector fields of extruded concrete near the nozzle exit, revealing distinct flow characteristics
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Fig. 12. The contour extraction and comparison.

Table 3
Experimental and numerical layer geometry in single-layer printing (Cases 1-5).
Case Vn/Vm Dimension Section 1 Section 2 Average Numerical Prediction Discrepancy
1 0.90 w 56 55.8 55.9 54.85 —1.88 %
H 11.8 12.1 11.95 11.64 —2.59 %
2 0.79 w 58.2 58 58.1 57.76 —0.59 %
H 12.4 12.3 12.35 11.84 —4.13%
3 1.48 w 36.65 36.5 36.575 36.35 —0.62 %
H 10 10.6 10.3 10.07 —2.23%
4 1.10 w 46.9 47 46.95 46.3 —-1.38%
H 11 11.4 11.2 10.87 —2.95%
5 0.92 w 38.35 38 38.175 38.46 + 0.75 %
H 16.2 16.6 16.4 149 —9.15%

Note: All dimensions are reported in millimetres. The “Discrepancy” represents the relative error, calculated as the numerical prediction minus the
experimental average, divided by the experimental average.

under varying V,,/Vp, ratios. At low V,,/Vp,, lateral expansion is evident, with velocity vectors extending outward horizontally from the
nozzle base, which explains the wider layer formation associated with the compacting effect. At high V,,/Vp,, the flow becomes more
vertically aligned, with reduced lateral spread due to limited material supply and stronger downward momentum.

In addition to reduced material availability at high V;,/V;,, rheological effects may also influence the width reduction. Shear-
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Table 4
Experimental and numerical layer geometry in double-layer printing (Cases 6-10).
Case Vn/Vm Dimension Section 1 Section 2 Average Difference Numerical Prediction Discrepancy
6 1.02 Wy 51.3 50.3 50.8 3.55 52.1 + 2.56 %
Wy 47.8 47.25 46.55 -1.48 %
46.7
H; 10.2 11.6 2 9.68 -11.19%
10.9
H, 13.2 12.6 12.99 +0.70 %
129
7 0.86 Wy 56.7 54.9 55.8 2.05 58.5 + 4.84 %
Wy 53.9 53.75 53 —1.40 %
53.6
H; 11.2 10.6 1.8 9.68 -11.19%
10.9
H, 12.5 12.9 13.02 +2.52 %
12.7
8 1.51 Wi 35.85 33.9 34.875 4.325 36.32 +4.14 %
Wy 30.5 30.55 32.8 +7.36 %
30.6
H; 10.1 11 2.8 9.79 -7.20 %
10.55
H, 13.6 13.1 12.21 —8.53 %
13.35
9 1.18 Wi 45.1 44.3 44.7 4.2 47.73 +6.78 %
Wy 40.9 40.5 40.16 —0.84 %
40.1
H; 11 11.1 2 9.99 —9.59 %
11.05
H, 13.1 13 12.52 —4.06 %
13.05
10 0.96 Wi 36.3 35.2 35.75 5.4 38.06 + 6.46 %
Wy 31 30.35 30.87 +1.71 %
29.7
H; 16.6 16.5 3.8 16.5 —0.30 %
16.55
H, 20.3 20.4 18.06 —-11.25%
20.35

Note: All dimensions are in millimetres. “Difference” refers to the variation between H; and H,, and between W; and W,.

induced particle migration may occur during extrusion, with particles moving from high-shear regions near the nozzle wall toward the
centre, reducing particle concentration near the edges and limiting lateral spread. Moreover, localised shear thinning near the nozzle
exit lowers apparent viscosity, promoting faster axial flow and restricting lateral expansion.

For double-layer specimens, as V,,/Vy, increases by 43 %, from 0.85 to 1.50, the widths of the first layer W5 and the second layer
Wonq decrease by 37.5 % and 43.2 %, from 55.8 mm and 53.75 mm to 34.875 mm and 30.55 mm, respectively. However, the height of
the first layer Hjy fluctuates slightly between 10.55 mm and 11.05 mm, while the height of the second layer Hy,q increases by 4.9 %,
from 12.7 mm to 13.35 mm. This suggests that V,,/V;, has a significant effect on layer width but a neglected effect on the height of
double-layer specimens.

To further analyse the effect of V,,/V,, on the total height of specimens, Fig. 16 shows their relationship. The height of the single-
layer specimens Hy.jqy.r decreases linearly as V,,/Vy, increases, whereas the total height of the double-layer specimens Hz jqyr fluctuates
slightly between 23.6 mm and 24.1 mm. This suggests that the volume of extruded concrete has a marginal effect on the total height of
double-layer specimens compared to single-layer segments. This difference is due to the self-compensatory effect of the printed nozzle
height, which becomes more pronounced when there is insufficient material at high V;,/V;, ratios. Specifically, Fig. 17 illustrates the
inter-layer deformation of double-layer specimens and the self-compensatory effect of the printed nozzle height. In the designed
scheme, the extruded concrete should fill in the gap between the nozzle and print bed, creating layers with uniform layer shape.
However, in practice, the height of the first layer is usually slightly lower than the designed nozzle height Hy,, due to the vertical
deformation of fresh concrete under gravity and the extrusion force [14]. Consequently, the practical printed nozzle height H,, ,,;, for
the second layer is higher than the designed Hygz.- At higher V,,/V,,, the insufficient material beneath the printhead exaggerates this
effect, resulting in a higher second layer, and therefore compensates for the height difference with specimens under lower V,,/V;, ratios.

The self-compensatory effect on upper-layer height occurs at the cost of reduced layer width due to the fixed extruded material
volume. In large-scale 3DCP, this phenomenon is common in the final printed layers, where cumulative deformations raise the
practical printed nozzle height H,, ., above the designed height Hpg, resulting in a rounder layer shape with an increased height but
a reduced width. To mitigate this geometric discrepancy, slightly increasing the material inlet velocity V;, can compensate for the
width reduction. Additionally, slicing strategies should incorporate layer width compensation to maintain printing precision and
ensure structural consistency.

From Fig. 13 and Table 4, it is also evident that the difference in layer width and height between the first and second layers
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Fig. 13. Comparisons of the cross-sectional shapes of numerical and experimental results: the SPH model’s high accuracy in predicting layer height
and width, and the increasing discrepancies in double-layer printing due to cumulative deformations.

increases as the V,,/V,, ratio rises. This trend is highlighted in Fig. 18, which compares the cross-sectional shapes of Case 7 (V,,/Vy,, =
1.51) and Case 8 (V,,/V;, = 0.86). In Case 7 the difference between Wi, and Woyq is 4.325 mm, or 12.4 %. Whereas in case 8, where the
extruded material is sufficient, the difference between Wiy and Wayq is only 2.05 mm, or 3.7 %, indicating that the two layers have
nearly the same width.

The geometry difference between the first and second layers arises from the variation in their practical nozzle heights during
printing. When the extruded material is insufficient, as in the case of a high V,,/V,, ratio, the practical nozzle height for the second layer
is higher than the designed nozzle height. This leads to a more rounded second layer, consistent with findings in literature [8], and a
larger difference from the flatter first layer. In contrast, when the material is sufficient, as with a low V,,/V;, ratio, the compacting effect
of the nozzle is more pronounced, and the first layer height closely matches the nozzle height (e.g., in case 2, where V,,/V;, = 0.79,
Hi.igyer = 12.35 mm, and Hpoyze = 12.7 mm). This ensures that the practical nozzle height for the second layer remains close to the
designed height, resulting in more uniform layer shape. Thus, to achieve more consistent layer shape and improved mechanical
performance in 3D printed specimens, it is recommended to use sufficient concrete (lower V,,/V;,) during printing.

3.4. Effect of nozzle height on inter-layer deformation

Fig. 13 illustrates that increasing the nozzle height results in printed layers with a more rounded cross-sectional shape, charac-
terised by greater layer height and reduced width, consistent with the findings in literature [11,13]. To further investigate the effect of
nozzle height on inter-layer deformation, single- and double-layer 3D printing processes were simulated using the proposed SPH
model, with various nozzle heights (Hpozze = 12.7, 15.875, 19.05, 22.225, and 25.4 mm) under a V,/V;, ratio of 1.

Fig. 19 presents the relationship between the predicted total specimen height and nozzle height. The green and blue solid lines
represent the ideal cases where the specimen height H equals the designed nozzle height (H = H,,,.) and twice the nozzle height (H =
2Hnoz:1e), respectively. The gap between these solid lines and dashed lines (denoting actual total specimen height Hj.iqyer and Ha.jayer)
reflects the extent of layer deformation. The results indicate that deformation increases with nozzle height for both single- and double-
layer specimens. This is because higher nozzle heights create more rounded layers, which leads to greater layer height and increased
gravitational pressure, resulting in more vertical deformation. Another factor is that at higher nozzle heights, the material is
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Fig. 14. The relationship between layer dimensions and V,/V,.

insufficient to fully fill the gap between the nozzle and the print bed since the volume of extruded concrete remains constant.

When the nozzle height exceeds 19.05 mm, double-layer specimens exhibit significantly greater deformation than single-layer
ones. This is mainly because the yield stress of mortar is insufficient to resist the increased gravitational load at larger gaps. As a
result, the upper layer undergoes excessive vertical deformation, while the first layer is subjected to secondary loading from the
overlying material and extrusion pressure during placement of the second layer. Unlike the upper layer, which flows immediately after
extrusion, the bottom layer has already entered a resting state, and it is subsequently reloaded, resulting in additional compression.
This non-uniform deformation reflects dynamic stress redistribution, wherein stress from the newly extruded layer is progressively
transmitted to the underlying one, leading to localised deformation differences.

In summary, increasing the nozzle height initially causes a gradual rise in the specimen height; however, once the yield stress
threshold is exceeded, deformations become significantly more pronounced, leading to vertical compression of the upper layer and
flattening of the lower layer. In large-scale 3DCP, where cumulative deformations tend to accumulate, monitoring practical nozzle
height and implementing adaptive control are essential for maintaining consistent layer geometry.

These observed effects of V,,/Vp, and nozzle height Hy,,,. are summarised in Table 5, which highlights their respective impacts on
layer width, height, and inter-layer deformation. This overview serves as a practical reference for optimising process parameters and
improving print quality in 3DCP.
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Fig. 15. Comparison of velocity vector fields under low and high V,/V,, (Insets highlight the flow direction and lateral spread of the extrude
material near the nozzle exit).

3.5. Effect of nozzle length on layer shape

The primary goal of this section is to identify a numerical solution for reducing computational time. To reduce the computational
cost of developed models and investigate the effect of nozzle length on the layer shape, a series of simulations were performed using
single layers with varying nozzle lengths (25, 35, 40, 45, and 50 mm). The processing parameters were set to a V,,/V;, ratio of 1 and a
nozzle height of 12.7 mm. Table 6 summarises the layer dimensions and the corresponding computation time for different nozzle
lengths.

The results indicate that nozzle length has a limited effect on the layer shape, with shorter nozzle lengths producing flatter cross-
sectional shapes. When the nozzle length reaches 45 mm, the geometry both in shape and dimensions becomes identical to that of the
50 mm nozzle. This suggests that the nozzle length of 45 mm can be considered as a critical value for simulation purposes, allowing for
a 10.4 % reduction in computational time, from 2.5 hours.

The flatter cross-sections observed with shorter nozzles are due to the reduced vertical velocity of the mortar. In the SPH model, the
vertical velocity is initially set to V,, and increases within the nozzle under gravitational force. During this process, the fluid pressure of
concrete flow is generated and applied to the nozzle. The fluid pressure is released once the concrete is extruded, and a horizontal
velocity vector forms, causing the concrete to spread laterally.

It is important to note that determining the critical nozzle length analytically is a complex issue involving pipe rheology and the
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Fig. 18. The layer geometrical difference caused by various V,,/Vp,.

reaction force of the print bed, which lies beyond the scope of this study.

4. Conclusion

The integrated framework of the experimental and 3-D SPH modelling analysis of 3DCP has been developed in this research. The
experimental program was conducted to characterise the rheological properties of fresh concrete for the numerical modelling of 3D
concrete printing. Ten single- and double-layer concrete samples were 3D printed using various processing parameters. Subsequently,
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the novel 3-D SPH method was developed to simulate the 3D printing process of both single and double-layer concrete samples.
Moreover, the effects of two key processing parameters including the ratio of nozzle velocity to material inlet velocity and nozzle
height on layer shape and inter-layer deformations were examined both experimentally and numerically.

Based on the obtained results, the following conclusions can be drawn.

Based on both experimental and numerical results, the ratio of nozzle moving velocity to material inlet velocity V,,/V,, significantly
affects layer shape, particularly the width and evenness of double-layer specimens. However, its impact on total height is mitigated
by the self-compensatory effect of nozzle height. A lower ratio (0.85-1) is recommended for achieving uniform layer shape and
improved mechanical performance.

Based on both experimental and numerical results, higher nozzle height results in a rounder layer shape — larger height and smaller
width. The specimen total height increases with the nozzle height within the limitation of material yield stress. Excessive nozzle
height, however, can lead to material yielding and excessive deformation.

In large-scale 3DCP, cumulative deformations in the final printed layer may elevate the practical nozzle height, leading to a rounder
shape with an increased height and a reduced width. To mitigate this, optimising slicing strategies, such as slightly increasing
material inlet velocity, applying width compensation in slicing software, and implementing adaptive height control, helps maintain
print accuracy and geometric consistency.

The developed 3-D SPH model can accurately predict the layer shapes of both single- and double-layer 3D printed concrete
specimens. It captures the inter-layer deformation behaviours of the samples and reveals a self-compensatory effect of nozzle height
on layer height, thereby reducing the discrepancy between the overall height of the printed structure and the intended design.
Through the parametric studies using the devised SPH model, a nozzle length of 45 mm can be considered a critical value in
numerical simulations, reducing computational time by 10.4 %.

Overall, the developed SPH models effectively simulate single- and double-layer 3D printing processes, providing accurate pre-
dictions of cross-sectional shapes. However, challenges remain in simulating large-scale 3DCP due to high computational demands and
the limitations of current models in capturing time-dependent rheological and mechanical behaviours. In particular, the time-
dependent increase in yield stress due to material structuration was not considered in this study, as the current Abaqus SPH frame-
work does not support contact between different SPH materials. This limitation necessitates the use of a uniform and constant yield
stress across all layers, which may reduce the accuracy of multi-layer SPH simulations. Currently, no existing model fully accounts for
both the rheological and mechanical behaviours in large-scale concrete 3D printing, highlighting the complexity of this task. The next
step in advancing this research is to integrate SPH with the Finite Element Method (FEM), incorporating a time-dependent elastic-
viscoplastic constitutive model to simulate large concrete structures and optimally set the 3DCP at large scale, driving the broader
application of 3DCP-based technologies in modern building engineering construction.

CRediT authorship contribution statement
Yang Richard (Chunhui): Writing - review & editing, Supervision, Resources, Methodology, Conceptualization. Rahman

Mahfuzur: Validation, Investigation. An Dong: Writing — original draft, Investigation, Formal analysis, Data curation. Zhang Y.X.:
Writing — review & editing, Supervision, Methodology.

16



LT

Table 5

The effects of V,,/V,, and Hp,gye On layer geometry and inter-layer deformation.

Layer shape

Inter-layer deformation

Vo/Vin A higher V,,/V,, reduces the layer width and height both.
Width reduction is more significant due to compacting effect of the nozzle.
Hpozzte A higher Hp,. increases the layer height but reduces the width.

A higher V,,/V,, leads to specimen height fluctuation due to the self-compensatory effect of nozzle height.
It also results in worse layer geometric consistency.
A higher Hy,, increases specimen vertical deformation. Excessive H., may cause material yielding and severe deformation.
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Table 6

Layer dimensions and computing time using different nozzle lengths.
Nozzle length (mm) 25 35 40 45 50
W (mm) 50.9 50.5 50.1 49.8 49.8
H (mm) 11.1 11.3 11.5 11.6 11.6
Computing time (hour) 15.5 18.5 19.75 21.5 24
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