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Concrete 3D printing construction technology is a new green construction technology with broad 
application prospects. At this stage, more research on the mechanical properties of concrete 3D-printed 
structures still needs to be done. This paper investigates the effect of printing layer thickness on the axi-
al compressive mechanical properties of composite short columns through finite element analysis of the 
stress-strain of 3D printed ultra-high performance concrete and cast-in-place concrete composite short 
columns under axial load. The results show that the printed shell can effectively restrain the internal core 
concrete; under axial compression, the reduction in the thickness of the printed layer leads to a decrease 
in the ductility of the short column while the compressive strength is improved. It provides a reference 
for practical engineering and subsequent research.
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КОНЕЧНО-ЭЛЕМЕНТНЫЙ АНАЛИЗ ХАРАКТЕРИСТИК 
ОСЕВОГО СЖАТИЯ КОРОТКИХ КОЛОНН ИЗ КОМПОЗИТНОГО 

СВЕРХВЫСОКОПРОЧНОГО БЕТОНА И МОНОЛИТНОГО 
БЕТОНА, ИЗГОТОВЛЕННЫХ МЕТОДОМ 3D-ПЕЧАТИ

Технология строительства с использованием 3D-печати бетоном представляет собой новую эко-
логичную строительную технологию, имеющую широкие перспективы применения. На данном эта-
пе все еще необходимо провести больше исследований механических свойств конструкций, создан-
ных с помощью 3D-печати бетоном. В данной статье исследуется влияние толщины печатного слоя 
на осевые сжимающие механические свойства композитных коротких колонн путем анализа мето-
дом конечных элементов напряженно-деформированного состояния ультра-высокопрочного бето-
на, напечатанного на 3D-принтере, и монолитных бетонных композитных коротких колонн под осе-
вой нагрузкой. Результаты показывают, что напечатанная оболочка может эффективно сдерживать 
внутренний сердечник из бетона; при осевом сжатии уменьшение толщины печатного слоя приво-
дит к снижению пластичности короткой колонны, в то время как прочность на сжатие повышается. 
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Это предоставляет ориентиры для практического применения в инженерных проектах и последу-
ющих исследований.

Ключевые слова: 3D-печать; ультра-высокопрочный бетон; бетонная композитная короткая ко-
лонна; анализ методом конечных элементов.
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1. Introduction

Concrete 3D printing construction technology, as a highly automated and flexible con-
struction technology emerging in recent years, is based on three-dimensional digital mod-
els and completes the construction of the target structure by printing and stacking layers of 
material on top of each other [1; 2]. Each building or component can be personalized on de-
mand using the contouring process in the 3D printing technology [3] approach. Ultra High-
Performance Concrete (UHPC) has excellent physical and mechanical properties and is wide-
ly used in engineering and construction [4]. In this paper, the two are combined to study the 
force performance of 3D printed ultra-high performance concrete and cast-in-place concrete 
composite short columns, using finite element software to simulate them and adjusting the 
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thickness of the printing layer from the printing process to analyze the effect of the two on 
the axial compression performance of the composite structure, and to provide theoretical 
support for the application of practical engineering.

2. Finite element eigenmodel

General-purpose finite element software was selected, and the principal structures, cell 
types, and contact conditions used were further refined by 3D printing of specimen simula-
tions of each anisotropy with parameter inputs for the interlayer cohesive cell.

2.1. Plastic damage modelling of concrete

The plastic damage model for concrete in this finite element software assumes that the 
material has isotropic damage, applies to concrete under various loads, including cyclic and 
dynamic loads, and takes into account the degradation of elastic stiffness due to tensile and 
compressive plastic strains as well as the stiffness recovery in the unloaded state [5]. The 
results of this study are summarised in the following table.The stress-strain relationships 
for the damage plasticity model of concrete in compression and tension in the finite element 
software are shown in Fig 1 and Fig 2.

Fig. 1. Compressive stress-strain curve of concrete damage plastic model.

Fig. 2. Tensile stress-strain curve of concrete damage-plastic model.
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2.2. Selection of normal C30 concrete material eigenstructure

The selection of C30 concrete principal structure follows Chinaʼs “Code for the Design of 
Concrete Structures” (GB50010-2010) [6]. The uniaxial stress-strain curve is shown in Fig. 3.

Fig. 3. Uniaxial stress-strain curve of concrete.

2.3. Selection of reinforcing steel principal structure

The stress-strain constitutive relationship of single loading of steel reinforcement adopts 
the ideal completely elastic-plastic bilinear model, as shown in Fig. 4.

Fig. 4. Stress-strain curves of steel bars.

2.4. Selection of reinforcing steel principal structure

Uniaxial compression and tension of UHPC [7–10] and tension [11]. The stress-strain 
ontological relationship is selected as shown in Fig. 5 and Fig. 6.

Fig. 5. UHPC uniaxial compressive stress-strain curve.
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Fig. 6. UHPC uniaxial tensile stress-strain curve.

In the finite element software, CDP model materials also need to enter several parame-
ters; in this paper, to facilitate the subsequent simulation, it is easy to converge references 
[12; 13]. The selected parameters are shown in Table 1 below.

Table 1 
CDP model material parameter table

Expansion angle Eccentricity fb0/fc0 K Viscosity 
parameter

36° 0.1 1.16 0.6667 0.0005

3. Simulation overview

3.1. Loading method

The calculation is complex to converge because the concrete material is nonlinear in fi-
nite element analysis. In this paper, displacement-controlled loading is used in the simula-
tion to ensure that the model can converge better; at the same time, in order to facilitate the 
control, the reference point RP-1 is established first, and the point is coupled with the up-
per surface of the short column, which is completely fixed to the lower surface of the core 
concrete and UHPC layer. The test adopts a monotonic loading system; the loading rate is 
0.5 mm/min, and it is agreed that the test ends when the load is reduced to 60 % of the max-
imum load.

3.2. Specimen design

This simulation will be for a group of three printed single-layer thickness of 20 mm, 
40 mm, 50 mm width of 50 mm ultra-high performance concrete 3D printed short columns, 
a group of three printed single-layer width of 30 mm, 40 mm, 50 mm thickness of 50 mm 
ultra-high performance concrete 3D printed short columns, and a short column of the exact 
dimensions of the ordinary cast C30 reinforced concrete as shown in Fig. 7. The dimensions 
of all the short concrete columns are 250 mm radius and 1000 mm height, and the ultra-high 
performance concrete 3D printed short columns are printed using the contour process; first-
ly, the external shell is printed with the specifications of the outer diameter D = 600mm and 
the inner diameter d = 500 mm, and then the shell is printed with the rebar cage embedded 
in the shell to be formed by pouring the C30 concrete. Reinforcement cage hoop selection 
of 6mm diameter HPB300 rebar, hoop spacing of 150 mm for a total of 6, the longitudinal 
bar for the diameter of 12 mm HPB300 rebar for a total of four.
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Fig. 7. Schematic diagram of 3D printing short column structure.

The material parameters of the above structure are shown in Table 2.

Table 2 

Material parameter table

Component Material Modulus of 
elasticity (MPa)

Tensile 
strength  
(MPa)

Prism 
compressive 

strength (MPa)
Poisson's ratio

Reinforce- 
ment layer 1.5% UHPC 50100 5.6 115.1 0.2

Hoop 
reinforcement HPB300/d8 2.06×105 256 / 0.3

Longitudinal 
reinforcement HRB300/d12 2.06×105 270 / 0.3

Ordinary 
concrete C30 30000 2.82 28.82 0.2

3.3. Cell division

In this paper, the C3D8R (three-dimensional eight-node reduced integral) unit is used for 
the reinforcement layer and C30 concrete, the C0H3D8 (three-dimensional eight-node sol-
id) unit is used for the cohesive bonding layer between the printed shell layer and the layer, 
and T3D2 (two-node linear truss) unit is used for the reinforcing steel.The cohesive bond-
ing unit is used to connect the contact printing layer with the layer, and after setting a rea-
sonable bond strength, the two are subjected to the force together. The reinforcement layer 
and the core concrete are connected by “face-to-face contact”, and the “penalized contact”-
function with a friction coefficient of 0.5 is selected for tangential behavior, while the “hard 
contact” function is selected for normal pressure behavior. The “hard contact” function is 
selected for the tangential behavior. Reinforcing bars are embedded in the center of the cast 
concrete using the built-in embedded command.The schematic diagram of the cell division 
of the component is shown in Fig. 8.



46

Естественные науки	 София. 2025. № 1

Fig. 8. Schematic diagram of component cell division: a) Printed shell mesh model;  
b) Core cast concrete mesh model; c) Schematic diagram of cohesive cells in the intermediate bond layer.

4. Analysis of simulation results

4.1. Analysis of specimen stress-strain maps

4.1.1. Cloud diagram of reinforcement cage

Fig. 9. Axial rebar cage cloud diagram: a) Stress diagram of reinforcement cage  
at the time of damage; b) Strain diagram of rebar cage during damage

As shown in Fig. 9 of the cage cloud diagram, the stress strain of the longitudinal bars of 
the cage is much larger than that of the hoop bars after the load is applied. The stress-strain 
in the middle of the longitudinal bars is the largest. The damage also occurs in the middle of 
the longitudinal bars of the steel fibers so that the stress and damage of the cage of a short 
concrete 3D printed column are similar to that of an ordinary poured concrete short column.
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4.1.2. Printed shell cloud diagram
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Fig. 10. Print the axial stress contour of the shell: a) Schematic of the stress cloud of printed shells;  
b) C3DP-20 printed shell stress cloud equivalent surface map;  

c) C3DP-40 print shell stress cloud diagram equivalent surface map; 
d) C3DP-50 Print the axial stress map equivalent surface map.

As shown in Fig. 10 of the printed shell, after loading the 3D printed shell, the stress 
first rises on the top and bottom surfaces and then passes to the middle. When the stress 
cloud mode is selected to display the contour surface, it is found that the stress contour sur-
face of the printed layer from 20 mm to 50 mm is continuously encrypted, and the stress 
contour surface of 20 mm develops rapidly in the longitudinal direction. It is assumed that 
the cracks may expand faster in the 20 mm single-layer printing thickness, but more cracks 
appear in the 40 mm and 50 mm single-layer printing thicknesses. The reason for this may 
be that the 20 mm print layer shell has more bonded surfaces, and the steel fibers inside the 
UHPC material used for printing do not play a good role in bridging the cracks, and the steel 
fibers are more likely to line up in the direction of printing.

4.1.3. Core concrete cloud diagram



49

Естественные науки	 София. 2025. № 1

Fig. 11. Core concrete stress contour: a) Stress cloud of core concrete;  
b) Vertical section stress contour; c) Horizontal section stress contour.

Fig. 12. Strain cloud map of core concrete.

As illustrated in Fig. 11 and Fig. 12, it is evident that under loading conditions, the stress 
at the ends of the core concrete cylinder is relatively lower compared to the higher stress 
concentration observed in the central region of the column. The stress distribution exhibits 
symmetry about the central axis, and the binding force of the outer printed shell intensifies 
following significant strain in the midsection of the core concrete column. On the transverse 
plane, the stress within the core concrete is approximately distributed in a ring pattern, with 
a gradual decrease from the periphery towards the center.
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4.1.4. Cloud diagram of 3D printed composite short column  
with ultra-high performance concrete

Fig. 13. Stress Distribution in Ultra-High Performance Concrete 3D Printed Short Columns:  
a) Vertical section stress contour; b) Horizontal section stress contour.

Fig. 14. Strain Cloud Image of a 3D-Printed Ultra-High Performance Concrete Short Column: 
a) Vertical section strain maps; b) Horizontal section strain contour.
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As shown in Fig. 13 and Fig. 14 of the stress cloud of the composite short column, the 
stress strain of the external shell of the printed column is much larger than that of the inter-
nal core concrete after axial loading, which indicates that the printed shell has a better re-
straining force on the internal core concrete. The damage to the member will also start from 
the damage of the external shell until spalling failure.

4.2. Peak load and displacement

Finite element analysis is carried out for the above ultra-high performance concrete 
3D printed short column and ordinary C30 cast reinforced concrete short column models; 
the load-displacement curves are shown in Fig. 15, and the calculated peak load-limit dis-
placements are shown in Table 3. Combined with the graphs, the analysis concludes that 
the strength of all three types of ultra-high performance concrete 3D printed short columns 
is lower than that of cast-in-place concrete short columns. Among them, the peak load of 
20 mm ultra-high performance concrete 3D printed short columns is the highest, the peak 
load of 40 mm ultra-high performance concrete 3D printed short columns is the second high-
est, and 50 mm ultra-high performance concrete 3D printed short columns is the lowest, and 
the peak loads of the three ultra-high performance concrete 3D printed short columns are de-
creased by 12.4 %, 23.4 %, and 28.6 % compared with that of cast-in-place concrete short 
columns, respectively. Overall, the peak load of the ultra-high performance concrete 3D print-
ed short columns decreases gradually with the increase of the thickness of the printed layer.

Fig. 15. Load-displacement curve of each short column.

Table 3 

Component Peak Load-Displacement Table

member peak load (KN) peak displacement (mm) limit displacement (mm)

C3PD-20 5468.76 1.01 1.329

C3PD-40 4781.67 2.12 2.916

C3PD-50 4459.18 2.27 3.188

RC-30 6244.56 1.09 2.268
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4.3. Ductility effects

To evaluate the ductility of short columns 3D printed with ultra-high performance con-
crete, the ductility index (DI) method is adopted [14]. DI is equal to the displacement ratio 
corresponding to the peak load and declines to 85 % of the peak load [15; 16], which can 
describe the ductility of the structural section, as shown in Formula 1.

85%

u

DI ∆
=

∆

   
1)

From the above formula, the ductility indices of C3PD-20, C3PD-40, C3PD-50, and RC-
30 are 1.32, 1.38, 1.40, and 2.08, respectively, which shows that the ductility indices (DI) of 
the three types of ultra-high-performance concrete 3D-printed short columns are lower than 
those of the poured ordinary concrete short columns. The thickness of the printing layer is 
40 mm and 50 mm from the load-displacement curves. The ultra-high-performance 3D print-
ed short columns have greater damage displacement and deformation than the poured ordi-
nary concrete short columns. However, the ultra-high-performance concrete 3D-printed short 
columns will be destroyed quickly after the print shell is damaged and spalled. Meanwhile, 
the ductility of the UHP concrete 3D printed columns decreases with the thickness of the 
printed layer. The reason may be the damage to the printed shell at the weak point of the in-
terlayer bond, which leads to the spalling of the printed shell.

According to the curve, the failure of the short column of ultra-high performance con-
crete 3D printing under load is inferred. The printing shell of the short column of ultra-high 
performance concrete 3D printing on the 20 mm printing layer and the reinforced concrete 
poured inside are under good joint stress. Moreover, due to the small thickness of the print-
ing layer and the good orientation and distribution of steel fibers, the printing matrix has 
strong toughness. However, at the same time, the smaller thickness of the printing layer re-
quires more layers when printing the shell, which will result in more interlayer bonding. 
Once a layer of the printing body is cracked and destroyed, the entire shell will be quickly 
damaged. For 40 mm and 50 mm thick ultra-high performance concrete 3D printed short 
columns, when cracks appear in the printed body, they can continue to work with cracks for 
some time. With the destruction and spalling of the printed shell, the final ultra-high perfor-
mance concrete 3D printed short column is loaded with the poured reinforced concrete in 
the center, so in the final stage, RC-30 has the same curve downward trend.

5. Summary

1)	 The print shell has a good binding force on the internal core concrete.
2)	 The ductility of short 3D printed columns of ultra-high performance concrete in axial 

compression decreases with the reduced thickness of the printed layer. At the same 
time, the structure's compressive strength increases with the reduced thickness of the 
printed layer.

3)	 At present, the axial compressive strength of 3D-printed components is not as good 
as that of integrated casting components; this conclusion needs to be tested by ex-
periment.
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