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A B S T R A C T   

This study investigated 3D concrete printing of permanent formwork for concrete column construction. The 
effect of different hydroxypropyl methyl cellulose (HPMC) contents (0, 0.0003 and 0.0006 by mass of binder) 
and the water-to-binder (W/B) ratios (0.27, 0.29 and 0.31) on the rheological properties, structural build-up and 
mechanical performance were studied using several mixtures for manufacture of the permanent formworks. The 
results showed that the mixture with the HPMC = 0.0006 and the W/B = 0.27 showed the maximum static yield 
stress, largest thixotropy and maximum green strength, and thereby selected as the optimum mixture. The plastic 
failure of the optimum mixture was also predicted using a thixotropy model and was compared with the 
experimental results. Subsequently, three concrete columns with different longitudinal steel reinforcement ratios 
(0.0%, 1.9% and 2.5%) were constructed using the printed concrete as the permanent formwork and tested in 
compression. Good bonding was observed at the interface of the cast-in-place concrete and the printed concrete 
permanent formwork. In addition, it was observed that the initial stiffness, the maximum bearing capacity and 
the corresponding longitudinal displacement of the concrete columns increased, as the longitudinal reinforce-
ment ratio increased. The counterpart concrete columns using the conventional formworks were also constructed 
and tested for comparison. In comparison, the concrete columns made using the printed concrete as the per-
manent formwork obtained a higher stiffness and bearing capacity than the counterpart conventional concrete 
columns. The reasons for the differences are explained.   

1. Introduction 

3D concrete printing (3DCP) is a rapidly emerging construction 
process combining materials technology and digital technologies to 
build ‘free-form’ concrete structures layer-by-layer without the use of 
formwork. 3DCP can potentially provide high quality and a wide range 
of construction geometries with less construction time, cost and wast-
ages due to the removal of the formwork [1,2]. The formwork represents 
35%–60% of the overall costs of concrete construction [3]. In addition, 
the formwork forms a major part of the construction waste, as it is 
typically made of timber and all of it is discarded sooner or later [2,4]. 

In recent years, few emerging 3DCP technologies such as Contour 
Crafting, Concrete Printing, D-shape and Digital Fabrication have been 

developed. However, the application of 3DCP in industry is still in its 
primary stage, and further in-depth research is needed to overcome 
challenges to be able to fully utilize this technology in construction in-
dustry. One of the main challenges is that conventional steel reinforce-
ment is hard to be included in the 3DCP process. Several research studies 
have been conducted to tackle this challenge. For example, researchers 
explored the possibility of using micro cables embedded inside the 
printed layers as reinforcement in 3D printed concrete [5,6]. In addition, 
the possibility of using different short fibers as a partial/complete 
replacement of steel rebars in 3D printed concrete have been investi-
gated in several studies [7–11]. 

Another possible solution to tackle the reinforcement challenge is to 
use 3DCP technology to print a permanent (stay-in-place) concrete 
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formwork, inside which conventional steel reinforcement or prestressed 
tendons can be post-installed, and then concrete can be poured inside. 
Although, this approach does not utilize the full capabilities of 3DCP (i. 
e. printing a structure rather than printing a formwork); however, this 
method has its own benefits including reduction in construction waste, 
time and cost, especially when formworks with complex geometries are 
needed. Manufacture of such bespoke formworks with conventional 
materials/production processes would be very challenging and costly, if 
not impossible. For example, Vantyghem et al. [12] reported manufac-
ture and testing of a 3D printed post-tensioned concrete girder designed 
by topology optimization. In 2019, researchers at ETH Zurich 3D printed 
nine 2.7 m high hollow concrete columns with very complex geometry 
and surface texture, and conventional steel reinforcement cages were 
then installed in the printed columns, followed by concrete pouring 
[13]. In another study, Salet et al. [14] designed and tested a 3D printed 
concrete bridge by printing a group of hollow concrete segments and 
post-installation of prestressed tendons. However, there is still very 
limited research on the performance of components made using a 3D 
printed permanent concrete formwork. 

This study aims to investigate the 3D concrete printing of permanent 
formwork for concrete column construction. At first, several mixtures 
were designed to identify an optimum 3D printable mixture for pro-
duction of permanent concrete formwork. The rheological properties, 
structural build-up, mechanical strength and printing performance of 
different mixtures were systematically characterized. Subsequently, the 
number of failure layer of the optimum mixture due to plastic yielding 
was predicted using the Kruger et al. [15]’s thixotropy model, and the 
predictions were compared with the experimental results. Finally, the 
overall stability of the 3D printed permanent concrete formwork and the 
influence of steel reinforcement ratio on the bearing capacity of the 
concrete columns were investigated. 

2. Experimental program 

2.1. Materials 

In this study, the cementitious binder was composed of ordinary 
Portland cement (OPC), sulfoaluminate cement (SAC) and silica fume 
(SF). Type II 52.5 OPC, complied with Chinese standard GB175-2007, 
with a 28-day compressive strength of 52.8 MPa was used. Un- 
densified SF of Grade 955 complied with Chinese standard GB/T 
27690-2011was used. SAC has many excellent characteristics, such as 
high early strength, good dimensional stability, and low CO2 emissions 
as compared to OPC. In this study, the SAC with a 1-day compressive 
strength of 46.4 MPa was used as OPC accelerator to enhance the 
aluminate hydration reactions and improve the structural build-up [16, 
17]. The chemical compositions of the OPC, SF, and SAC are given in 
Table 1. Hydroxypropyl methyl cellulose (HPMC) with viscosity value of 
38000–42000 mPa.s was used as a viscosity modifying agent. The par-
ticle size distributions of SF, OPC, SAC, and HPMC are plotted in Fig. 1. 

A combination of river sand (with a specific surface area of 0.101 
m2/g) and fine silica sand (with a mean size of 150 μm) was used as the 
fine aggregate in this study. The mass ratio of the river sand to the fine 
silica sand was 3:1. The fineness modulus and maximum size of the fine 
aggregate were 2.51 and 1 mm, respectively. A polycarboxylate (PCE)- 
based superplasticizer with a water-reducing rate of 45% by weight and 
a solid content fraction of 20% was used to lower the water-to-binder 
ratio (W/B). 

Furthermore, short polyethylene (PE) fibers (6 mm long and with an 
aspect ratio of 500) and calcium carbonate (CaCO3) whisker (CCW) were 
employed as the reinforcement materials in order to reduce the risk of 
shrinkage of printing materials and to enhance micro mechanical per-
formance to some extent. The particle size distribution and chemical 
composition of CCW are also presented in Fig. 1 and Table 1, respec-
tively. The physical properties of the PE fiber and CCW, provided by 
their manufacturers, are summarized in Table 2. Fig. 2 presents scanning 
electron microscope (SEM) images for the SAC, SF, CCW and PE fiber 
used in this study. 

2.2. Mixtures proportions and mixing 

As shown in Table 3, nine mixtures were designed to study the effect 
of water content and HPMC content. Three different W/B (0.27, 0.29 
and 0.31) and three different amounts of HPMC (0, 0.0003 and 0.0006 
by mass of the binder) were used. The amount of the PE fiber and CCW in 
all mixtures were kept constant. 

All mixtures were prepared in a 40 L planetary mixer. The OPC, SF, 
SAC, CCW and fine aggregates were first dry mixed for 2 min at 140 rpm. 
Then, water and SP were gradually added to the mixer and the fresh 
materials were mixed at 140 rpm for 3 min. Once a consistent and 
flowable mixture was reached, the HPMC powder was added to the fresh 

Table 1 
Chemical compositions of OPC, SF, SAC and CCW.  

Constituent (wt%) SiO2 Fe2O3 Al2O3 CaO CO2 MgO SO3 K2O Na2O LOI 

OPC 20.40 3.38 4.70 64.70 – 0.87 1.89 0.49 0.33 3.24 
SF 92.90 0.08 2.49 0.84 – 0.99 0.36 1.64 0.28 1.04 
SAC 8.11 0.78 27.56 36.19 – 1.05 14.47 0.48 0.11 11.76 
CCW 0.29 0.07 0.11 54.93 42.08 2.11 0.30 – – 0.11  

Fig. 1. Particle size distributions of silica fume (SF), calcium carbonate whisker 
(CCW), ordinary Portland cement (OPC), sulfoaluminate cement (SAC) and 
hydroxypropyl methyl cellulose (HPMC). 

Table 2 
Physical properties of PE fiber and CCW.  

Material Density 
ρ (g/cm3) 

Tensile strength ftf (GPa) Elastic modulus 
Ef (GPa) 

Length 
Lf (mm) 

Diameter df (μm) Aspect ratio 
Lf/df 

PE fiber 0.97 3.0 116 6 24 250 
CCW 2.8 3000–6000 410–710 0.02–0.03 0.5–2 20–60  
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material and the mixing was continued for 1 min at 140 rpm. Subse-
quently, the PE fibers were gradually added to the mixer and mixed for 
1 min at 140 rpm to achieve a uniform fiber dispersion. Lastly, the fresh 
composite was mixed for 1 more min at 420 rpm to complete the mixing 
procedure. 

2.3. Testing procedures 

2.3.1. Rheological measurement 
Rheological properties have crucial effects on the printability and 

printing quality of the cement-based composite materials. In order to 
have the same material state and history, all fresh mixtures were sub-
jected to a rest duration of 10 min before starting the rheological mea-
surements. Subsequently, the stress growth test was performed to obtain 
the evolution of static yield stress and to investigate the effect of 

different factors on the rheological behavior. The rheological properties 
of the fresh mixtures were measured at ambient temperature (23 ◦C ±
1 ◦C) using a Brookfield RST-SST rheometer equipped with a four-bladed 
vane with 10 mm diameter and 20 mm height (Fig. 3(a)). Fig. 3(b) 
presents the simplified schematic diagram of the shear stress develop-
ment. Three specimens were prepared and tested for each mixture. The 
total duration of the stress growth test was 2 min, and each fresh spec-
imen was subjected to a low constant rotational speed (0.2 s− 1) and the 
static and dynamic yield stresses were recorded. In addition, the dif-
ference between the static yield stress and the dynamic yield stress was 
used to evaluate thixotropy [18,19]. In this study, a relatively low 
shearing speed of 0.2 s− 1 was applied to reduce the viscous effect, 
because a higher shearing speed may result in segregation of the con-
stituents and lead to over estimation of the yield stress [20,21]. 

Fig. 2. SEM micrographs of (a) SAC (b) SF (c) CCW and (d) PE fiber.  

Table 3 
Mix proportions of the 3D printable materials.  

Mix No. OPC SAC SF F. Agg. Water SP HPMC CCW PE fiber 

M1 0.82 0.03 0.15 0.8 0.27 0.001 0.0000 0.1 0.001 
M2 0.82 0.03 0.15 0.8 0.29 0.001 0.0000 0.1 0.001 
M3 0.82 0.03 0.15 0.8 0.31 0.001 0.0000 0.1 0.001 
M4 0.82 0.03 0.15 0.8 0.27 0.001 0.0003 0.1 0.001 
M5 0.82 0.03 0.15 0.8 0.29 0.001 0.0003 0.1 0.001 
M6 0.82 0.03 0.15 0.8 0.31 0.001 0.0003 0.1 0.001 
M7 0.82 0.03 0.15 0.8 0.27 0.001 0.0006 0.1 0.001 
M8 0.82 0.03 0.15 0.8 0.29 0.001 0.0006 0.1 0.001 
M9 0.82 0.03 0.15 0.8 0.31 0.001 0.0006 0.1 0.001 

Note: OPC: ordinary Portland cement; SAC: sulfoaluminate cement; F. Agg.: fine aggregate; SF: silica fume; CCW: calcium carbonate whisker; SP: Superplasticizer; PE 
fiber: polyethylene fiber; HPMC: hydroxypropyl methyl cellulose. All numbers are mass ratios of the binder (OPC+SF+SAC) mass, except the CCW content (volume 
fraction). 
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2.3.2. Assessment of structural build-up 
After extrusion, printed filaments should have enough structural 

build-up to retain their shapes and do not have excessive deformations 
due to weight of subsequent layers printing on top of them. In this study, 
following [22–24], unconfined uniaxial compression tests (UUCTs) were 
performed to investigate the green strength of each mixture. Acrylic 
molds with a height of 140 mm and an inner diameter of 70 mm were 
used to prepare the test specimens (Fig. 4). The cylindrical mold was 

composed of two parts, linked together by cable ties. Teflon film was 
used to reduce the cohesion between the material and the mold. After 
casting of the cylindrical specimens, they were left in the molds for 10 
min (to be at rest for 10 min similar to the fresh materials used for the 
rheological tests), and then were demolded for testing. It should be 
noted that before the UUCTs, the slump of each cylindrical specimen was 
measured. The slump S (mm) was calculated based on the following 
equation:  

S = hm - hd                                                                                     (1) 

where hm is the mold height (mm) and hd is the height of specimen after 
removing the mold (mm). If S > 15 mm or unstable collapse occurred (i. 
e. large deformation occurred), the UUCT was not conducted for that 
mixture. 

Fig. 5(a) shows the setup for the UUCT. For each mixture, 16 cylin-
drical specimens were prepared and tested for resting times of 10, 30, 60 
and 90 min; where four specimens were tested for each resting time. 
Following [22], a servo–hydraulic universal testing machine was 
employed to conduct the compression test at a rate of 30 mm/min. A 
digital camera was used to record the whole test process, and then 
ImageJ software was used to calculate the transverse deformation of 
each specimen. The mean diameter (Dt,mean = average of D1 to D5) was 
used as the transverse diameter of the specimen at each time during the 
test (see Fig. 5(b)). The vertical strain (εt) at every moment was calcu-
lated by dividing the vertical displacement of the specimen at each time 
(ut) by the height of the specimen after removing the mold (hd). The 
vertical displacement was extracted from the photographs taken during 
the tests. The axial stress (σt) at every moment can be obtained based on 
the recorded axial force (Ft), and the stress-strain curves were plotted. 
The εt, σt and Dt,mean were calculated using the following equations: 

Dt,mean =

∑5
i=1Di

5
(2)  

σt =
Ft

π ×

(
Dt,mean

2

)2 (3)  

εt =
ut

hd
× 100% (4)  

2.3.3. Mechanical properties measurement 
In this study, the compressive and flexural strengths of each mixture 

were measured using the conventionally mold-cast specimens at 28 days 
after casting. The fresh materials were cast into prismatic steel molds 
(40 mm × 40 mm × 160 mm). After 24 h, the specimens were demolded 
and stored in the laboratory condition (23 ◦C ± 1 ◦C and 95 ± 5% 
relative humidity) until the day of testing. Three specimens for each mix 
were used for the bending and compression tests. The mechanical test 
was performed using a fully automatic testing machine with a load ca-
pacity of 300 kN. At first, the bending tests were conducted. Then, the 
compression tests were conducted on the 40 mm cube specimens 
extracted from the prisms after completion of the flexural tests. 

Fig. 3. (a) Brookfield RST-SST rheometer for stress growth test and (b) Shear 
stress development under constant shear rate of 0.2 s− 1. 

Fig. 4. Cylindrical specimen preparation for measurement of green strength.  

Fig. 5. (a) Setup for the unconfined uniaxial compression test and (b) photograph of a fresh specimen during image analysis.  
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2.3.4. Structural failure prediction 
According to the results obtained in Sections 2.3.1, 2.3.2 and 2.3.3, 

an optimum mixture for 3DCP was selected, and then its buildability 
performance was investigated. Obviously, it is useful to predict the 
structural failure of cementitious materials before printing a structure, 
as it can help for quality control of materials and the selection of the 

printing parameters. Recently, Kruger et al. [15] developed a rheolog-
ical parametric model that can be used for the prediction of structural 
failure of 3D printed concrete, which mainly accounts for plastic 
collapse model. In order to conduct the experimental verification using 
Kruger et al. [15] model, printing parameters and material’s rheological 
parameters should be obtained first. In this study, a circular hollow 
column measuring 250 mm in diameter and 600 mm in height (see 
Fig. 6) was continuously printed at 34.1 mm/s until failure and the result 
was compared with the model’s prediction. The printed circular hollow 
column was used as the permanent formwork to fabricate composite 
columns in Section 2.3.5. Specifically, the printing parameters used as 
input parameters in this model are summarized in Table 4. 

Furthermore, based on these printing parameters, the stress growth 
tests on the optimum mixture at different resting times (0, 10, 20, 30, 40, 
90, 120 and 1200 s) were conducted to obtain the relevant rheological 
parameters (τS,i, τD,i, Rthix and Athix). Here, τS,i is initial static yield shear 
stress of the material (Pa), τD,i is initial dynamic yield shear stress of the 
material (Pa), Rthix is short term re-flocculation rate (Pa/s) and Athix is 
structuration rate (Pa/s). Finally, the parameters obtained were 
substituted into the model to predict the number of printed layers before 
failure (NL), which can be expressed in the form of the following two 
equations based on limited conditions: 

NL = −

⎡

⎢
⎢
⎣

τD,i(
Rthix ⋅lp

v

)

−

(
ρ⋅g⋅h1

2⋅103⋅FAR

)

⎤

⎥
⎥
⎦ (5)  

NL = −

⎡

⎢
⎢
⎣

τS,i +

(
Athix ⋅(τD,i − τS,i)

Rthix

)

(
Athix ⋅lp

v

)

−

(
ρ⋅g⋅h1

2⋅103⋅FAR

)

⎤

⎥
⎥
⎦ (6) 

Further details regarding the testing procedure and the parameter 
calculation formulas can be found in Refs. [15,25]. 

2.3.5. Manufacture and compression test of composite columns using 
printed concrete as permanent formwork 

Based on the results of experimental verification, the number of 
failure layer of the optimum mixture can be determined. In turn, the 
results can guide the quality control of materials (e.g. hydration rate 
control by addition of retarders, etc.) and the setting of printing pa-
rameters (e.g. changing nozzle size and printing speed, etc.). Fig. 7 
shows the 3D concrete printer used in this study having the print area of 
3 m × 2 m and the height of 3 m. The cone-shape extrusion device 
contained compression section with a gradual groove depth mixing 
screw and forming section with an opening of Ø20 mm. 

At present, the assembly of structural components is the develop-
ment trend of engineering construction. Assembly of 3D printed com-
ponents is a beneficial supplement to the assembly of structure owing to 
significant benefits in terms of customization, making members with 
complex shapes, ease of transport and segmental assembly on site. 
Considering that the printed permanent formwork has a number of 
failure layer when printing, it is necessary to assemble the 3D printed 
composite column in sections when the column is fabricated in field. 
Fig. 8 shows the schematic illustration of the assembly of a 3D printed 
composite column. Since the structure is assembled in segments, rein-
forcement area should be reserved at the splicing region, the rein-
forcement in this area can be connected by mechanical connection or 
manual overlapping, and the safety and reliability of the structure can be 
guaranteed by seam grouting. 

In order to study the performance of 3D printed permanent form-
work and the influence of reinforcement ratio on the bearing capacity of 
the composite columns, three composite columns were designed as 
shown in Table 5. Three cast-in-place columns with the same rein-
forcement ratios were also designed for comparison purposes (see 
Table 5). Fig. 9(a) shows a composite column, in which the printed 

Fig. 6. 3D model of the hollow column.  

Table 4 
Summarized printing parameters as input parameters for 
the model.  

Printing parameter Value 

h1 12 mm 
w1 25 mm 
lp 785.4 mm 
v 34.1 mm/s 
Aspect ratio (h1/w1) 0.48 
FAR 1.41 

Note: hl is defined as the layer height (mm); wl is defined as 
the layer width (mm), lp is the constant path length of each 
layer (mm), v the printing speed (mm/s) and FAR is the 
strength correction factor. 
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concrete was used as the permanent formwork. It should be noted that 
the diameter and height of both types of columns (i.e. the cast-in-place 
columns and the composite columns) were 250 mm and 500 mm, 
respectively. 

The procedure for manufacture of the composite columns was as 
follows: (1) After completion of the mixing procedure (as per Section 
2.2) the fresh materials were placed at rest for 10 min before being 

extruded. This was to ensure the fresh material used for printing the 
permanent formwork had the same material state and history to the 
fresh material used for the rheological measurements and UUCTs. (2) 
The permanent formwork was then printed and stored in the laboratory 
condition (23 ◦C ± 1 ◦C and 95 ± 5% relative humidity) for 24 h (3) 
Subsequently, the pre-made reinforcement cage was placed inside the 
permanent formwork. (4) The conventional concrete was then cast into 
the permanent formwork and the composite column specimen was 
stored in the laboratory condition (23 ◦C ± 1 ◦C and 95 ± 5% relative 
humidity) for 28 days before testing. It should be noted that the average 
28-day cubic compressive strength of the printed concrete and the cast- 
in-place concrete were 40 MPa and 30 MPa, respectively. 

Each column specimen was tested under pure axial loading using a 
hydraulic testing machine. The test data was recorded by a data acqui-
sition instrument. The test loading device and test setup are shown in 
Fig. 10. In the axial direction of the circular short column, two Linear 
Variable Differential Transducers (LVDTs) with a measuring range of 
100 mm were mounted on the bearing plate to measure the longitudinal 
displacement of the composite column, and an electric resistance strain 

Fig. 7. 3D concrete printer used in this study.  

Fig. 8. Schematic representation of the assembly of a 3D printed composite column.  

Table 5 
Reinforcement detailing of composite column specimens.  

Specimen ID Reinforcement detailing 

Stirrup Longitudinal bar 

3DP-PJ0 – – 
Cast-PJ0 – – 
3DP-PJ1 C8@100 mm 6C14 
Cast-PJ1 C8@100 mm 6C14 
3DP-PJ2 C8@100 mm 8C14 
Cast-PJ2 C8@100 mm 8C14  
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gauge was placed at the mid-height on both sides of the column to 
observe the displacement and strain growth in the process of 
compression. 

According to the relevant literature [26,27], the loading scheme of 
this test was as follows:  

(1) Pre-loading: in the preloading stage, the preload was about 15% 
of the calculated ultimate load, and then the specimen was 
unloaded, and the data collection was started again.  

(2) Regular loading: from the beginning of the loading to 80% of the 
predicted ultimate bearing capacity, the loading increment was 
1/10 of the predicted ultimate bearing capacity. At each loading 
interval, the load and the corresponding longitudinal displace-
ment values were recorded, and then the loading was increased. 

Fig. 9. (a) The composite column with using 3D printed concrete as permanent formwork, (b) Cross sections and reinforcement details of the composite columns, and 
(c) Cross sections and reinforcement details of the cast-in-place columns (unit: mm). 
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When the applied load reached to 80% of the ultimate bearing 
capacity, the loading increment was reduced to 1/20 of the pre-
dicted ultimate bearing capacity. When the specimen was loaded 
close to the ultimate bearing capacity, it was loaded continuously 
to collect the test data under the ultimate state. When the load 
reached to the ultimate bearing capacity, the loading was 
continued and the load values were recorded until the specimen 
had great deformation, and the load value dropped to 80% of the 
ultimate bearing capacity. When the load-deformation curve had 
obvious decline section, the test was stopped. 

3. Results and discussions 

3.1. Stress growth test results 

The shear stress versus time results of all mixtures with different W/B 
and HPMC contents are presented in Fig. 11. Generally speaking, the 
evolution of shear stress of each mixture was similar, first increased and 
then decreased to an equilibrium value, but the changing range of stress 
value was quite different depending on the W/B and HPMC content. The 
peak value of shear stress in Fig. 11 was noted as the static yield stress of 
cementitious materials (i.e. the stress necessary to initiate flow from at 
rest stage). 

The static yield stress and corresponding thixotropy values of each 
mix are summarized in Table 6. M1 had a certain thixotropy, however its 
static yield stress was low, which would lead to lower shape-retention- 
ability and load bearing capacity. M2 and M3 without the addition of 

HPMC showed approximately no thixotropy, owing to their relatively 
high W/B ratios. M4, M5 and M6 showed thixotropy in different degrees, 
among which M4 showed the largest value of thixotropy. Comparing M1 
with M4 clearly showed that the addition of a small amount of HPMC 
greatly improved the static yield stress of the fresh mixture. The 
viscosity-enhancing effect of HPMC can be explained by these two 
mechanisms: (1) connecting cement particles [28,29] and (2) combining 
free water [30,31]. 

M7 (with the HPMC content of 0.0006 and the W/B ratio of 0.27) 
showed the maximum static yield stress and the largest thixotropy, 
which is very beneficial for the buildability requirement of 3DCP. Here, 
in terms of the yield stress and thixotropy, M7 can be considered as the 
optimum mixture, and the assessment of its structural build-up is pre-
sented in Section 3.2. It is interesting to note that the static yield stress 
and the thixotropy of M8 and M9 were much lower than those of M5 and 
M6. According to Roussel et al. [32] and Marchon et al. [19], different 
chemical admixtures can generate a competitive adsorption on the 
surface of cement particles, which in turn will influence their perfor-
mances in the cement-based materials. In the mixtures investigated in 
this study, the PCE-based SP and HPMC may also have competitive 
adsorption relationship [33–35]. More studies are needed to investigate 
the adsorption and desorption of PCE-based SP and HPMC. In summary, 
when the W/B was 0.27 and the HPMC content was 0.0006, the mixture 
showed superior thixotropy that is desirable for 3DCP. 

Fig. 10. Setup for testing of concrete column specimens.  

Fig. 11. Shear stress vs time results for mixtures with different W/B. (a) HPMC content = 0, (b) HPMC content = 0.0003 and (c) HPMC content = 0.0006.  

Table 6 
Static yield stress and corresponding thixotropy value of each mix.  

Mix 
No. 

Static yield stress 
(Pa) 

Corresponding thixotropy 
value 

HPMC 
content 

W/ 
B 

M1 382.3 193.0 0.0000 0.27 
M2 28.0 1.6 0.0000 0.29 
M3 26.2 0.7 0.0000 0.31 
M4 1276.6 717.1 0.0003 0.27 
M5 1087.0 606.4 0.0003 0.29 
M6 695.9 404.2 0.0003 0.31 
M7 2622.1 2022.1 0.0006 0.27 
M8 644.0 311.5 0.0006 0.29 
M9 417.0 58.1 0.0006 0.31  
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3.2. Structural build-up results 

Fig. 12 shows the shape-retention-ability of each cylindrical spec-
imen after demolding. As shown in this figure, M1, M2 and M3 without 
using any HPMC showed large deformations under self-weight. The 
slump values measured for M1, M2 and M3 were 82, 105 and 110 mm, 
respectively. Moreover, the failure pattern of M1, M2 and M3 was plastic 
collapse. When the HPMC content was 0.0003, the shape-retention- 

ability of the specimens was greatly improved. The slump values of 
M4, M5 and M6 were 14, 18 and 20 mm, respectively, decreasing by 
83%, 83% and 82% with respect to M1, M2 and M3, respectively. 
However, a certain inclination pattern was observed in these specimens, 
i.e. plastic deformation due to low material’s rigidity. When the addition 
of HPMC was increased to 0.0006, M7 showed the best shape-retention- 
ability with a relative low slump value of 9 mm, as expected. However, 
M9 showed large collapse and M8 showed elastic buckling. According to 

Fig. 12. Shape-retention-ability and slump values (S) of different fresh specimens after demolding.  

Fig. 13. Stress-strain curves of unconfined uniaxial compression tests on the fresh specimens at different resting times of t = 10, 30, 60 and 90 min: (a) M4, (b) M7 
and (c) M4 and M7 at resting time of t = 10 min. 
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Fig. 12, it can be concluded that only M4 and M7 had a slump value of 
less than 15 mm, and M7 showed the best shape-retention-ability with 
the HPMC content of 0.0006 and the W/B of 0.27. Additionally, the 
shape-retention-ability of the specimens with the same W/B ratio of 0.27 
was enhanced by increasing the dosage of HPMC. However, the shape- 
retention-ability of other specimens with the same W/B of 0.29 and 
0.31 were enhanced first and then decreased by increasing the dosage of 
HPMC. 

The UUCTs were only performed on the fresh specimens of M4 and 
M7, as they showed the slump value of less than 15 mm. Fig. 13 shows 
the stress-strain curves of M4 and M7 at different resting times. 

As shown in Fig. 13(a) and (b), in both M4 and M7 the strength and 
stiffness as well as the peak stress point increased as the resting time 
increased. The peak stress values of M7 (with HPMC = 0.0006) were 
higher than those of M4 (with HPMC = 0.0003) at resting times of t =
10, 30, and 60 min, which means M7 had a faster early strength 
development rate as compared to M4. However, at resting time of t = 90 

min, the peak stress of M4 (51.5 kPa) was 1.3 KPa higher than that of M7 
(50.2 kPa). It is obvious in Fig. 13(c) that M7 (with peak stress value of 
11.7 kPa) had higher green strength development rate at resting time of 
t = 10 min than that of M4 (with peak stress value of 8.0 kPa), which 
contributed to superior shape-retention-ability of M7 to M4. Fig. 15 
shows the typical failure modes of the fresh specimens of M4 and M7. 
When the specimen was at the early age (t = 10 min), both M4 and M7 
specimens showed ‘barreling’ effect to a certain extent due to having a 
relatively low stiffness, see Fig. 14(a) and (c). However, when the 
specimen was at the older age (t = 90 min), both M4 and M7 specimens 
showed a distinct shear failure plane, see Fig. 14(b) and (d). Because of 
the higher green strength, the ‘barreling’ effect and shear failure plane in 
M7 were less pronounced than M4. 

3.3. Mechanical properties 

The average 28-day compressive and flexural strengths of each mix 
are depicted in Fig. 15. For the same HPMC content, the compressive 
and flexural strengths of the specimens decreased with the increase of 
W/B from 0.27 to 0.31. Moreover, for the same W/B, the compressive 
strength of the specimens decreased with the increase of HPMC content 
from 0 to 0.0006. On the other hand, the flexural strength of the spec-
imens decreased first and then slightly increased as the HPMC content 
increased from 0 to 0.0003 and then to 0.0006, but the rate of decrease 
was higher than the rate of increase. Therefore, it can be said that the 
addition of HPMC reduces the compressive and flexural strengths of the 
material to a certain extent. The possible reason for the HPMC effect on 
the mechanical properties can be explained as follows: 

On the one hand, the addition of HPMC can strengthen the micro-
structure of matrix with reducing the number of micro-cracks and con-
trolling the shrinkage and cracking in the hardened state. This is because 
of reducing the rate of water evaporation owing to the water-retention 
ability of HPMC, thereby improving the mechanical strength of 
cement-based materials [36–38]. On the other hand, HPMC has the 
function of containing entrained air, which will increase the porosity 

Fig. 14. Typical failure modes of fresh specimens (a) M4 specimen at t = 10 min, (b) M4 specimen at t = 90 min, (c) M7 specimen at t = 10 min and (d) M7 specimen 
at t = 90 min. 

Fig. 15. Average compressive and flexural strengths of different mixtures.  

Table 7 
Summary of the yield stress results obtained for the optimum mixture (M7).  

Parameter Resting time between tests 

Initial 10 s 20 s 30 s 40 s 90 s 120 s 20 min 

Static yield stress (Pa) 2622.1 863.2 943.4 1020.1 1165.9 1751.8 1996 4339.5 
Dynamic yield stress (Pa) 600 308.5 311.3 290.6 312.3 517.1 490.4 764.1  
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and have a negative impact on the material strength [39,40]. In this 
study, when the HPMC content increased from 0 to 0.0003, the weak-
ening effect of the HPMC was dominant. When the HPMC content 
increased from 0.0003 to 0.0006, the weakening effect of HPMC was still 
dominant, while the gap between the strengthening effect and the 
weakening effect was reduced. 

3.4. Structural failure prediction results 

The yield stress results obtained for the optimum mixture (M7) are 
summarized in Table 7. The obtained data, including the dynamic yield 
stress at zero resting time and the static yield stress at different resting 
time (10 s, 20 s, 30 s, 40 s, 90 s and 120 s) were plotted against the 
respective resting times to get the re-flocculation rate (Rthix). The static 
yield stress at zero resting time and at 20 min resting time were plotted 
against the respective resting times to get the structuration rate (Athix), 
respectively, as illustrated in Fig. 16. As shown in this figure, the yield 
strength of material kept increasing (as shown by the blue line) after 
extrusion. With continuous printing process, the stress in the extruded 
filament at the bottom increased (as shown by the black line) due to 
stacking of upper extruded filaments, which is depicted by the building 
rate development based on the model. Once the static yield strength of 
the extruded material at the bottom was smaller than the stress built due 
to filament stacking, the plastic yielding of the bottom filament 
occurred. After these operations, the initial static yield stress, initial 

dynamic yield stress, re-flocculation rate and structuration rate are 
2622.1 Pa, 600 Pa, 11.26 Pa/s and 1.43 Pa/s, respectively. According to 
the prediction model, density (ρ) of the fresh material should be ob-
tained. This parameter was obtained by dividing the mass of the known 
volume of the material by its volume, and the determined value was 
2050 kg/m3. Taking these parameters to the model, the predicted 
number of failure layer (NL) was 45, i.e. the printed structure will fail 
due to plastic collapse after 45 layers. The predicted print failure point is 
depicted by a red cross in Fig. 16. 

As described in Section 2.3.4, a circular hollow column was contin-
uously printed at 34.1 mm/s until failure occurred to verify the thixot-
ropy model. Fig. 17 shows the printed column and the final failure 
pattern. As shown in Fig. 17(a), the printed column showed good shape- 
retention-ability and no significant deformation was observed before 
failure. When the failure occurred, the actual number of failure layer 
was 49 (see Fig. 17(b)), which was 4 layers more than the predicted 
number of failure layer (45). The error is relatively small. It should be 
noted that, right before failure, several cracks were observed at the 
bottom of the printed column (see the magnified photo in Fig. 17(b)), 
indicating that the stress at the bottom layers exceeded the material 
yield strength, which corresponds to failure mechanism of plastic 
yielding of the bottom layers [15,41,42] that was followed by a sec-
ondary instability failure at the top region of the column (see Fig. 17(b)). 
It can therefore be concluded that it is convenient and accurate to pre-
dict the number of failure layer of 3D printed structures due to plastic 
yielding by the thixotropy model developed by Kruger et al. [15]. 

3.5. Compression test results of composite columns 

Fig. 18 shows the failure pattern of all tested composite column 
specimens. In the 3DP-PJ0 specimen (with no steel reinforcement), 
when the load reached 30% of the ultimate load, the first vertical crack 
appeared near the loading surface, and then the load continued to in-
crease. Many longitudinal cracks appeared at the top and bottom of the 
column, and an inclined crack appeared in the middle of the column (see 
Fig. 18(a)). It is worth noting that there was no peeling failure at the 
printing interval of the formwork. The stress at the interval was not 
different from other parts of the specimen, showing good integrity of the 
composite column. With increase in load, several longitudinal cracks 
near the loading point and the inclined crack began to form the main 
cracks, and the main cracks gradually widened to a certain extent. 
Finally, the failure of the column was brittle (see Fig. 18(b)). 

For the Cast-PJ0 specimen (with no steel reinforcement), produced 
by placing the plain concrete in the steel mold, there is no obvious 

Fig. 16. Visual representation of the material strength, building rate of the 
optimum 3D-printable mixture (M7) and the predicted print failure. 

Fig. 17. 3D printing of circular hollow column: (a) During the printing process; (b) Final failure pattern.  
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phenomenon at the initial stage of loading. When the load reached about 
25% of the ultimate load, longitudinal microcracks began to appear near 
the loading face. As the load continued, the cracks began to increase. 
When the load increased to about 70% of the ultimate load, many lon-
gitudinal cracks at both ends of the column began to connect, which 
made many edge concretes peeling off (see Fig. 18(c)). At the same time, 
the microcracks in the middle of the column developed gradually and 
extended to the loading place to form the main cracks (see Fig. 18(d)). 
When the load reached the ultimate bearing capacity, the specimen was 
destroyed instantly. 

The 3DP-PJ1 and 3DP-PJ2 specimens were reinforced composite 
columns. The printing mode of the permanent formwork of these two 
columns was the same as that of 3DP-PJ0, and the printing interval of 
each layer was in the same position. At initial stages of loading, the first 
vertical crack appeared, and then several longitudinal cracks appeared 
at the top and bottom of the columns, and inclined cracks appeared in 
the middle of the column. As the load increased, the longitudinal 

reinforcement between stirrups bended outward and bulged out during 
the compression process, and the transverse cracks were found near the 
middle height of the composite column owing to internal tension stress 
(see Fig. 18(e) and (i)). Subsequently, several longitudinal cracks 
appeared near the loading surface, and the inclined and transverse 
cracks began to form main cracks, and the main cracks widened with 
increase of the load. Finally, the longitudinal reinforcements buckled, 
and the load didn’t increase anymore, meaning the specimens reached 
the ultimate load. Then, the load decreased slowly, while the longitu-
dinal displacement continued to increase, and the cracks gradually 
widened. It is worth noting that large area of collapse and peeling of 
concrete pieces cannot been seen in the specimens. After failure, the 
damaged permanent formwork and the inside crushed concrete were 
removed, showing buckling of the longitudinal reinforcement under the 
axial pressure (see Fig. 18(f) and (j)). 

For the Cast-PJ1 and Cast-PJ2 specimens (with the same steel rein-
forcement as the composite column specimens), the concrete and 

Fig. 18. Failure patterns of all tested composite column specimens (a) Inclined crack of 3DP-PJ0 specimen at printing interval, (b) Final failure pattern of 3DP-PJ0 
specimen, (c) Concrete spalling pattern of Cast-PJ1 specimen, (d) Main fracture formation of Cast-PJ1 specimen, (e) Final failure pattern of 3DP-PJ1 specimen, (f) 
Steel bar buckling of 3DP-PJ1 specimen, (g) Crack connection pattern of Cast-PJ1 specimen, (h) Final failure pattern of Cast-PJ1 specimen, (i) Final failure pattern of 
3DP-PJ2 specimen and (j) Steel bar buckling of 3DP-PJ2 specimen, (k) Crack connection pattern of Cast-PJ2 specimen, (l) Final failure pattern of Cast-PJ2 specimen. 
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reinforcement were in elastic state without obvious phenomenon at the 
initial stage of loading. When the load increased to about 70% of the 
ultimate load, the steel bars in the column were bent and bulged out, and 
the transverse cracks appear in the middle of the column, When the load 
increases to about 70% of the ultimate load, the steel bars in the column 
are bent and bulged out, and the transverse cracks appeared in the 
middle of the column. Due to the development of cracks, the concrete of 
the column body appeared the phenomenon of breaking and peeling off 
without any sign, and a wide main crack was formed by the combination 
of several transverse and longitudinal cracks near the loading surface 
and the inclined cracks of the column body (see Fig. 18(g) and (k)). After 
the column reached the ultimate load, the value of the press decreased, 
and the displacement and strain continued to increase. the concrete of 
the column body continued to peel off, and the specimen failed with 
concrete crushing (see Fig. 18(h) and (l)). Due to the effect of internal 
reinforcement, the failure of column has certain ductility. 

Fig. 19 shows the permanent formwork of the composite column. As 
shown in Fig. 19(a), the printed permanent formwork contained a 
certain amount of PE fibers that provided stress bridging action to a 
certain extent. As no coarse aggregate was used in the printed perma-
nent formwork, when the composite column was damaged, only a wide 
main crack appeared and there was no sudden collapse and large area 
peeling of the column surface. When the permanent formwork was 
knocked open, it can be seen that the connection between the cast-in- 
place concrete and the outer permanent formwork had a concave- 
convex shape, as shown in Fig. 19(b). The coarser inner surface pro-
vided better interface adhesion and more reasonable load transfer 
mechanism between the cast-in-place concrete and the printed perma-
nent formwork, which improved the bearing capacity of the specimen. 
Additionally, X-ray computed tomography (CT) scanning was conducted 
by means of a YXLON X-ray micro CT device to investigate the air void 
content in the printed concrete permanent formwork, especially in the 
interfaces between the printed layers. Specimens measuring 25 mm ×
25 mm × 35 mm, containing three interfaces, were sawn from the 
printed formwork. An acceleration voltage of 195 kV and beam current 
of 0.25 mA were applied. The RAW files obtained from the CT device 
were imported into Matlab 2018b (The Mathworks, US) and processed 
with a custom script to measure the 2D air void content, given in Fig. 19 
(c). Interestingly, a noticeable difference was found in the air void 
content between the interlayers (i.e. the interfaces between the printed 
layers) and the printed layers. The interfaces between the layers had the 
lowest air void content in the specimen (e.g. see Zone 1 in Fig. 19(c) with 
the air void content of 4.72%). However, the regions inside the printed 
layers had the highest air void content in the specimen (e.g. see Zone 2 in 
Fig. 19(c) with the air void content of 11.85%). In addition, comparison 
between Fig. 19(d) and (e) showed that larger air voids were present at 
the interfaces between the layers as compared to the inside of the 

Fig. 19. 3D printed concrete as the permanent formwork of the composite 
column (a) Crack bridging of fibers, (b) Effect of concave-convex surface on 
improving bonding properties between the cast-in-place concrete and the 
printed concrete permanent formwork, (c) Average air void content in the 
height of sample, (d) The grayscale image and false color image of the inter-
layer (the interface between layers) from the top view (Zone 1 in (c)), and (e) 
The grayscale image and false color image of the inside of the printed layer 
from the top view (Zone 2 in (c)). (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 20. Axial load-displacement curves of all the tested concrete col-
umn specimens. 
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printed layers, which may be due to the air introduction by the 3DCP 
process. In general, the mean value of the air void content of the spec-
imens was relatively low (8.35%), contributing to the integrity of the 
printed concrete permanent formwork. 

Fig. 20 shows the axial load-displacement curves of all the tested 
columns. The reinforcement ratios of the 3DP-PJ0, Cast-PJ0, 3DP-PJ1, 
Cast-PJ1, 3DP-PJ2 and Cast-PJ2 specimens were 0.0%, 0.0%, 1.9%, 
1.9%, 2.5% and 2.5%, respectively. It can be seen in this figure that with 
the increase of the longitudinal reinforcement ratio, the initial stiffness, 
as well as the maximum bearing capacity and the corresponding longi-
tudinal displacement of the tested columns increased. This is because the 
increase of the reinforcement ratio made the column to adjust the stress 
distribution of the whole section during the loading process, thereby 
plasticity of the concrete material was well utilized and improved the 
brittleness of plain concrete under compression. 

Compared with the cast-in-place columns with the same reinforce-
ment ratios, the bearing capacity and stiffness of the composite columns 
made by using the printed concrete as the permanent formwork was 
improved, which was caused by a higher confinement effect from the 
printed permanent formwork, and the fact that the strength of the 
printed concrete for the permanent formwork was 40 MPa, which was 
higher than that of the cast-in-place concrete (30 MPa). Hence, the re-
sults show that under the same conditions, the composite column can 
obtain a higher bearing capacity and stiffness than the cast-in-place 
column, simply by a slight increase in the compressive strength of the 
printed concrete as compared to the cast-in-place concrete. At the same 
time, it shows that the construction form of the composite column has 
certain practicability. 

4. Conclusions 

The 3D concrete printing of permanent formwork for concrete col-
umn construction was investigated in this study. Effects of using 
different HMPC contents and W/B ratios on the printability and me-
chanical performances of various mixtures were evaluated to identify an 
optimum mixture. The permanent formworks were 3D printed using the 
optimum concrete mixture. Conventional steel reinforcement cages, 
with different longitudinal reinforcement ratios, were then placed inside 
the printed permanent formworks. The conventional concrete was then 
poured inside the permanent formworks to construct the composite 
column specimens. The performances of the composite columns with 
three different longitudinal reinforcement ratios under pure compres-
sion were investigated and the results were compared with those of the 
counterpart cast-in-place concrete column specimens. The following 
conclusions can be drawn from this study:  

(1) No peeling failure was observed at the printing interval of the 3D 
printed permanent formwork. The stress at the printing interval 
was not different from other parts of the printed permanent 
formwork, confirming its good integrity.  

(2) With the same reinforcement ratio, the bearing capacity and 
stiffness of the composite column (made by using the 3D printed 
concrete as the permanent formwork) was higher than the 
counterpart cast-in-place column. This was because of higher 
confinement effect from the printed concrete permanent form-
work, and the higher strength of the printed concrete for making 
the permanent formwork (40 MPa) than the cast-in-place con-
crete (30 MPa).  

(3) The increase in the longitudinal reinforcement ratio resulted in 
the increase in the initial stiffness, the maximum bearing capacity 
and the corresponding longitudinal displacement of both com-
posite columns and cast-in-place columns. Regardless of the 
reinforcement ratio, the failure of the reinforced concrete col-
umns was due to buckling of the longitudinal reinforcements.  

(4) The interface between the cast-in-place concrete and the printed 
concrete permanent formwork had a concave-convex shape, 

providing better interface adhesion and load transfer mechanism 
between the cast-in-place concrete and the printed concrete 
permanent formwork, and thereby improved the bearing capacity 
of the composite columns.  

(5) The X-ray computed tomography scanning results showed the 
interfaces between the printed layers of the permanent formwork 
had the lowest air void content (4.72%) as compared to the re-
gions inside the printed layers (11.85%). However, larger air 
voids were found at the interfaces between the layers as 
compared to regions inside the printed layers. 
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