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ARTICLE INFO ABSTRACT
Keywords: The incorporation of steel reinforcement in cast concrete can effectively enhance the ductility and
3D printed mortar (3DPM) strength of the concrete. In this paper, the steel wires reinforced 3D printed mortar (3DPM) was
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utilized as the external restraint for two series of short concrete columns (S-series: square section,
C-series: circular section). Three different wire diameters (fine, medium, and thick) were
considered as experimental variables. The experimental results indicate that the specimens
reinforced with medium steel wires in both series exhibited strengths comparable to or superior to
those of the unreinforced specimens. In terms of crack control, the specimens with the appro-
priate reinforcement ratio exhibited excellent performance, showing the smallest crack widths for
both C-M and S-M specimens. It is found that in both S and C series that an appropriate rein-
forcement ratio positively influences the load-bearing capacity of the restrained columns.
Furthermore, a calculated model for the uniaxial compression model of ECC confined concrete
was proposed. The findings reveal that the calculated model is conservative and effective in
predicting the compressive strength of the short column, with the exception of the C-F specimen.

1. Introduction

The application of 3D printing in civil engineering is a highly promising area of development. Some 3D printed buildings are
already being used for practical purposes. Compared to the traditional method of pouring concrete, 3D printing can be faster, more
cost-effective, and can reduce carbon emissions [1,2]. The use of 3D printing not only saves money but also helps to reduce carbon
emissions. Additionally, 3D printing can reduce the need for formwork and eliminate the time required for formwork erection, thus
accelerating the project [3]. 3D printing is an emerging technology with promising applications in the field of civil engineering. The
utilization of 3D printing in real projects necessitates careful consideration of material selection for concrete, printing requirements,
and operational performance. Therefore, it is essential to study the fundamental requirements and development trends of 3D printing
in the field of civil engineering.

Despite the evident value of 3D printing in numerous engineering applications, it is crucial to consider the potential degradation of
mechanical properties in 3D printed materials due to the limited strength of the interlayer bonding surface during the printing process
[4]. In current research, numerous scholars have employed various methods to study the comprehensive performance of 3DPM,
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Nomenclature

fi circumferential pressure of the concrete

fL3pp perimeter pressure provided by 3DPM

Sisw perimeter pressure provided by helical steel wire

Onh.3pp circumferential tensile stress of the 3DPM

oh,sw circumferential tensile stress of the wire

kp effective constraint coefficient in the horizontal direction
k, effective constraint coefficient in the vertical direction

B side length

Dt effective diameter printing thickness

rA radius of the fillet cross-sectional area

s net vertical spacing between the transverse wires

Asw cross-sectional area of wire

&u tensile strain corresponding to the tensile strength of the wire
Esw tensile strain of the wire

fy yield strength of the steel wire

fec peak axial stress at constant circumferential pressure

Ecc compressive strain at constant circumferential pressure

F the load applied to the confined concrete column

£ circumferential tensile strain at the concrete surface
Aspp cross-sectional area of the outer concrete layer

fer tensile stress when the tension-to-compression stress ratio is 0.25
Ecr tensile strain corresponding to the uniaxial model

e tensile strain corresponding to biaxial model

u poisson ratio of the 3DPM, taken as 0.17

Espp elasticity modulus of 3DPM

Ec elasticity modulus of concrete

03pp axial compressive stress of 3DPM

oc axial compressive stress of concrete

£ the ultimate axial strain of the confined concrete column
£ axial compressive strain of 3DPM

fee the cubic compressive strength of 3DPM

Oce axial compressive strength of 3DPM, taken as 0.9f,,

Ece axial compressive strain of 3DPM, taken as 0.005

£e equivalent annular tensile strain

e circumferential tensile strain of the concrete surface

£ hoop tensile strain of 3DPM

Tq inner diameters of the printed paste

ryy outer diameters of the printed paste constant factor

feo compressive stress under peak axial stress of unconfined concrete
£co compressive strain under peak axial stress of unconfined concrete
A cross-sectional area of the inner concrete layer

focusing on enhancing mechanical properties and durability through different processes and materials. It was found that the process
parameters of printing, including print speed, layer height, time interval, and geometry of the printed layer affect the strength of the
component [5,6]. The cross-sectional geometry of the component can affect the stability of the print and the failure mode [7]. In
addition incorporating fibers or wrapping steel tubes in the printed material can improve the mechanical properties [8]. A significant
number of researchers have discovered that incorporating cementitious composite materials and fibers can enhance the load-bearing
capacity and deformation resistance of 3DPM [9—11]. The enhancement of the mechanical properties of 3DPM represents a significant
research focus within the field of 3D printing materials. Once effective improvements have been made, the promotion of this material is
likely to be widespread. Consequently, the study of different reinforcement methods to enhance the performance of 3D printed
components is likely to have considerable application potential.

In addition to researching material properties and process parameters, it is worthwhile to investigate the conversion of plain 3D
printed components into reinforced 3D printed components. Implanting the traditional steel frame in 3D printed components may not
only disrupt the printed material and cause collapse but also affect the construction process of 3D printing [12,13]. Insertion of
reinforcement bars during the printing process is a key direction of current research [14].Some scholars used square hoops with
pre-drilled reinforcement holes [15] and a built-in hoop formwork method [16] to insert the reinforcement inside the bond structure,
resulting in a 78.2 % increase in the strength of 3D printed components. Other scholars have investigated how to automate the printing
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process to improve the mechanical properties [17,18]. Li et al. [19] investigated the continuous steel cable reinforcement method and
found that the moment carrying capacity and bond strength of the reinforcement increased by 263 % and 71 %, respectively,
compared to plain concrete. Mechtcherine et al. [20] innovatively proposed a method of 3D printing of steel reinforcement bars using
gas-shielded welding to improve the material properties. Therefore, the study of effective methods for incorporating reinforcement
materials to improve the mechanical properties of 3D printed components is an important area of research.

In the research of 3D printed components, many scholars have found that, in addition to internal reinforcement, strengthening the
external constraints of components is also an important method to enhance their mechanical performance, especially the compressive
properties of columns [21]. It was found that high-strength transverse reinforcement could improve the post-peak ductility index of the
restrained specimens, and reducing the transverse reinforcement spacing could further improve the ductility and maximum load of the
constructs [22]. In addition carbon fibre [23] and glass fibre [24] can also enhance the axial compressive properties as well as the axial
deformation of the columns. Furthermore, it was found that after the use of FRP constrained 3D printed columns, the former exhibited
higher axial stiffness and compressive capacity compared to normal cast columns due to the constraints imposed by the outer material
on the deformation of the inner material [25]. Some other scholars have also found that outer restrained reinforced concrete columns
can improve compressive performance. Among them, Yuan et al. [26] improved the compressive strength of the specimens by 38.5 per
cent by using FRP dense die-cast concrete columns. Xiong et al. [27] has found that improving the bonding effect between the materials
can enhance the overall constraint. Fibers and expanders can effectively improve the bond stiffness and bond strength of the FRP
reinforcement, thereby strengthening the constraint effect. Zhao et al. [28] investigated the axial compressive properties and ductility
of concrete reinforced with innovative wire mesh and modified high-strength mortar composites. Therefore, using 3DPM with rein-
forcing bars as an outer frame to restrain the inner concrete can enhance the compressive properties of the component.

According to the above research, taking into account the constraint effects of reinforcing 3D printing materials is of significant
importance for enhancing its practical value in engineering applications. In this paper, high-strength steel wire is selected as the
reinforced material, which is embedded in the 3DPM during the printing process to form different styles of 3DPM shells. At the same
time, concrete with the same proportion is poured inside to form a constrained concrete short column. The damage process of the short
concrete column, the restraining effect of steel wire confined 3DPM, and the force state of the mortar body are studied to obtain the
stress-strain analysis model of uniaxial compression of concrete short column confined by steel wire reinforced 3DPM.

2. Experimental methods
2.1. Raw materials

Table 1 shows the mix proportion of 3DPM used in this experiment, which used Portland ordinary cement (P-O 42.5) and river sand
as the fine aggregate. The water-cement ratio of 3DPM was 0.26. The addition of silica fume to the mix can improve the viscosity
between the mixed materials, and increase the compressive properties and durability of the 3DPM [22]. Nano clay was used to improve
the viscosity of the 3DPM, and hydroxypropyl methylcellulose (HPMC) could improve the compatibility of the 3DPM. The defoamers
could reduce the air bubbles generated by HPMC during mixing to improve the density of the 3DPM, sodium gluconate (SG) slowed the
setting time of the 3DPM, and SP was a polycarboxylic acid water reducer [29,30].

2.2. Preparation of steel wire-embedded printing

Fig. 1 shows the sample preparation process of this test. The printing system used in this test is the CABR-3DPRT mortar 3D printing
system manufactured by Construction Research and Measuring Instrument Co. To control the variables of the test, the fluidity of 3DPM
in this test is 180 mm. The printing speed in this test is as follows: squeezing speed 2.5 rad/s, xy-direction moving speed 50 mm/s, z-
direction speed 10 mm/s. The internal part of the printing motor is modified to embed the steel wires into the mortar during the
printing process. A stepper motor was added in the upper end of the machine, so that the steel wire uniform speed through the motor
and the steel tube, and finally embedded in the 3DPM inside. The material of the steel wire used in this study is consistent, with varying
diameters of steel wire. Specifically, the steel wire diameters are 0.5 mm for fine steel wire, 1.0 mm for medium steel wire, and 1.5 mm
for thick steel wire.

Two series of short columns were tested in this experiment: short columns with a circular cross-section of 150 x 300 mm? (C-series)
and short columns with a square cross-section of 150x150x300 mm? (S-series). The C-series short columns are classified into four
types based on the different steel wire diameters: specimens with no steel wires are defined as C-N, those with fine steel wires as C-F,
those with medium steel wires as C-M, and those with thick steel wires as C-T. Similarly, S-series short columns have three types:
specimens with no steel wires (S-N), specimens with fine steel wires (S-F), and medium steel wires (S-M). The steel wire follows the
printing path embedded in the 3DPM interior. During the 3D printing process, it was found that the thick steel wire in the corner of the
S-series specimen was exposed and could not be embedded in the 3DPM. Therefore, the S-T specimen is not considered in this study.

Table 1

Mixture proportion of mortar (unit: kg/m3).
Mix Cement Sand Silica fume Nano-clay HPMC Defoamer SG SP Mixing water
M1 1000 1000 230 5 1.28 1 0.7 1 260
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Fig. 1. Manufacturing process of short columns.

After 7 days following the 3DPM casting, the filled concrete was cast into the center to form short concrete columns. In addition to
printing short columns, respectively, 100x100x100 mm? cubes and 150x150x 300 mm? prisms with the same mixture proportions of
3DPM and filled concrete in short columns were cast. The mechanical properties of 3DPM], filled concrete, and steel wire are shown in
Table 2.

After 28 days of standard curing, preparations before loading were made for the short columns. The upper and side surfaces of all
specimens were polished to a smooth. For C series short columns, the semi-circular side was painted white, while for S series short
columns, one side was painted white. After the white paint was set, irregular scattering spots with a diameter of approximately 2
millimeters, occupying around 14 pixels, were sprayed onto the white area.

2.3. Compressive strength test

Fig. 2 shows the loading device used in this test. The load recording for this test is provided by the loading machine and the axial
displacement is provided by the displacement transducers (LVDT) at the front and rear. As the specimens in this test were 3DPM, the
specimens showed a stack of layers with the unevenness of the top and bottom layers on the outer surface, and the 3D camera was used
to facilitate the ability to recognize the change in concavity and convexity of the layers. In this test, the camera shooting frequency is
2 seconds each, and the average for each specimen is 150 shots. The loading rate of the test machine was 5 kN/s, and loading started
after preparation was completed.

3D-DIC (Digital Image Correlation) was used to measure the crack propagation process and overall damage displacement during
specimen damage, which refers to the use of a high-definition digital camera to capture specific surface deformations and other pa-
rameters [29]. In this technique, the digital camera captures and tracks the deformation of scattering points pre-sprayed on the
specimens, and uses the change in grey scale values to obtain deformation data on the sample surface [31].

3. Results and discussion
3.1. Stress-strain curves

After loading, the compression stress-strain curves for two series specimens are shown in Fig. 3. For the calculation, the loading
surface area of S-series specimens was 225 mm?, and the value of C-series specimens was 177 mm?.

Table 2
Mechanical properties of 3DPM, concrete, and steel wire.
3DPM Concrete Fine steel wire Medium steel wire Thick steel wire
Diameter/mm / / 0.5 1.0 1.5
100 m/kg / / 0.10 0.39 1.56
Tensile capacity/(kN) / / 0.56 1.32 2.70
Compressive/Tensile strength/(MPa) 80 18 / / /
Modulus of elasticity/(GPa) 35.6 23.4 195 195 195

Note : 100 m/kg means weight of 100 m steel wire.
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Table 3

Parameters in the calculation process.
Specimen £ r(mm) |ei] fi(MPa)
S-N 0.005 12.5 0.007 0.84
S-F 1.00
S-M 1.39
C-N 0.005 0 0.009 1.09
C-F 1.19
C-M 1.78
C-T 2.09

Fig. 2. Testing setup.

Fig. 3(a) shows the stress-strain curves of the specimens in S-series. The curves for specimens with different diameters of steel wires
show similar trends. The curve can be divided into three stages. The first stage is a slow-rising stage, rising to around 4 MPa. The
second stage is an approximately linear rising stage until the peak stress, with a noticeable increase in slope compared to the first stage.
The third stage is an approximately linear descent stage. The peak stress of the S-N specimen is approximately 31 MPa. The addition of
fine steel wires results in a reduction of about 19 % in the peak stress, while the addition of medium steel wires leads to an increase of
about 33 %. The strain corresponding to peak stress for the three types of specimens is similar, around 0.008. Curves for specimens in
C-series are shown in Fig. 3(b). The trend of the C-series specimen curves is the same as that of the S-series, which is also approximated
to be divided into three stages. The peak stresses of the three specimens C-N, C-M, and C-T were approximated with values in the range
of 34-37 MPa. Consistent with the S-series, the lowest stress was found in the specimen with fine steel wire. The peak stress of C-F
decreased by about 27 % compared to the value of C-N The strain corresponding to the peak stress of four specimens in C-series was
approximately 0.007.

When comparing the two types of specimens, it was found that for specimens without reinforcement, the compressive stress of C-N
was 20 % higher than that of S-N. In the two series of specimens, the effect of steel wires on the ultimate compressive capacity was
different. The addition of fine steel wires led to a decrease in the compressive stress of the specimens in both series. The medium steel
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Fig. 3. Stress-strain curve of short column specimens.
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wires in the S-series specimens play a role in increasing the compressive capacity. The effects of medium and thick steel wires on the
compressive stress of the C-series specimens were not significant. There are two main reasons for the negative effect of fine steel wires
on compressive stress. Firstly, the cross-sectional area of the steel wire is too small, which prevents it from fully utilizing its tensile
capacity during the loading process. Secondly, the steel wire embedded in the mortar causes disturbance, reducing the bond between
the mortar and the wire, resulting in a decrease in the stress.

The addition of steel wire has a certain beneficial effect on the residual stress after the peak load of the two series of specimens.
Compared with specimens without reinforcement, a certain extent of decrease was observed on the slopes of the descending stage of
the curves for specimens with steel wires. Overall, the stress-strain curves became smoother with the addition of fine steel wire, but the
peak stresses decreased. After adding medium steel wire, the peak stress of the square specimen increased by 33 % and was the highest
among all the columns at 41.8 MPa. After adding coarse steel wire, the peak stress of the round specimen changed little, but the
ductility improved significantly. It can be concluded that properly configuring the diameter of the steel wires helps improve the re-
straint effect of 3DPM.

Furthermore, scholars have highlighted the significance of hoop spacing in enhancing the bearing capacity of confined concrete
columns [32]. This experiment primarily focuses on the use of steel wire as hoop reinforcement in the 3D printing process to improve
the load-bearing capacity of concrete columns. However, the spacing may deviate slightly due to the flow of mortar during the printing
process, which may have a minor impact on the overall structure.

3.2. Destruction process and crack development

3.2.1. S-series destruction process

The crack width of specimens varied by different strain states over time and the distinct crack patterns in square and circular
columns. Consequently, the strain states of each column at three load levels (60 %, 80 %, and 100 %) and its final damage morphology
are illustrated in Fig. 4.

In Fig. 4(a), when the load reaches 60 % of ultimate stress, the primary crack in the S-N specimen extends from the top to the
bottom, and a subtle strain concentration zone appears in the lower left corner. When the load reaches 80 % of the ultimate value, the
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(c) S-M failure process and Exx nephogram

Fig. 4. Strain state of square specimens under (1) 60 %, (2) 80 %, (3) 100 % loading and (4) damage results.
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strain near the main crack remains unchanged, while the strain value on the lower left zone significantly increases. When the load
reaches the peak load, a secondary diagonal crack forms on the left side, reaching the same strain level as the main crack, while the
3DPM on the periphery begins to gradually peel off. When the load continues rising until the damage occurs, two cracks enlarge, and
transverse cracks are produced at the intersection. Additionally, cracks have formed at the lower right corner of the specimen.

In Fig. 4(b), a subtle strain concentration zone occurs on the left side of S-F after the load reaches 60 %, the corresponding region
eventually develops a through crack. After the load reaches 80 % of its capacity, a vertical crack forms on the right side of the
specimen, where the strain is higher than on the left side. After reaching the peak load, the primary crack on the right side expanded
rapidly, excessively wide cracks result in discontinuous strain distribution. The strain at the crack on the left side gradually increases
until failure, leading to an increase in crack width accompanied by some mortar peeling off near the crack, and the steel wire has been
pulled off.

In Fig. 4(c), a strain concentration zone appears in the upper left corner of S-M specimen when the load reaches 60 %. When the
load reaches 80 %, a strip-shaped strain concentration zone appears along the right edge of the specimen, with values larger than those
in the upper left corner. After reaching the peak load, the strain along the right edge of the specimen further increases. When the load
continues to increase until failure, a nearly through vertical crack appears along the right edge of the specimen, with the 3DPM at the
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Fig. 5. Strain state of circular specimens under (1) 60 %, (2) 80 %, (3) 100 % loading and (4) damage results.
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lower right corner peeling off. Additionally, some small cracks have appeared on the left side, and some of the steel wires at the upper
end have been pulled off.

It can be observed that the cracks in the S-series specimen primarily originate at the top and extend downward. The strain dis-
tribution changes significantly as the cracks develop. When no reinforcement or fine steel wires were used, the specimens tended to
show a greater number of cracks and a wider crack width. However, when medium steel wires were used, the number of cracks
decreased, and the cracks became narrower. It is indicated that increasing the diameter of the steel wire is beneficial for enhancing the
confinement capacity in S-series columns.

3.2.2. C-series destruction process

In Fig. 5(a), once the load reaches 60 % of its capacity, an incomplete crack can be seen from the upper left to the lower right in the
C-N specimen, at an angle of approximately 30 degrees to the vertical direction. When the load reaches 80 % capacity, the central part
of the main crack expands significantly, and the crack at the bottom splits into two downward-extending cracks. When the load reaches
its peak level, the strain change in the main crack is minimal, and a strain concentration region appears at the upper right corner. After
failure, it was observed that significant deformation occurred near the main crack, with large areas of mortar detachment observed at
the starting point of the crack and the lower right.

In Fig. 5(b), after the load reaches 60 % of its capacity, four strain concentration zones are noticed at the top of C-F, with the highest
strain observed at the leftmost edge. When the load reaches 80 % of its capacity, two strain concentration zones in the center gradually
extend downward, and the strain increases slightly. When the load reaches its peak, the strain values in the strain concentration zone
distributed from the middle of the upper part towards the lower right of the specimen show a significant increase, corresponding to a
visible main crack after failure. Meanwhile, mortar detachment is observed above and below the main crack.

In Fig. 5(c), after the load reaches 60 % of its capacity, C-M exhibits four strain concentration zones from the top to the bottom, with
the third one experiencing the highest strain. After the load reaches 80 % of its capacity, there is no significant change in the value of
the strain. The strain at the location of the second strain concentration zone increased obviously after the load reached its peak value.
When the specimen is damaged, it can be observed that the main crack develops downward along the second strain concentration
location on the left side. At the same time, it was observed that the crack width on the surface of the C-M specimen was significantly
finer than that in the C-N and C-F, and the degree of peeling of the 3DPM shell around the specimen was lighter.

In Fig. 5(d), after the load reaches 60 % of its capacity, three strain concentration zones appear in the C-T specimen, accompanied
by a localized increase in stress at the upper right end. After the load reaches 80 % of its capacity, the strain at the leftmost strain
concentration zone significantly increases. When the load reached its peak value, obvious cracks, and mortar detachment can be
noticed in the middle of the left side of the specimen. After failure, The 3DPM shell completely peeled off from the left middle part, with
the steel wire broken and the internal concrete exposed. Additionally, the fine cracks are visible at the middle position of the specimen.
The circular specimen exhibits a high number of cracks during rupture, and these cracks are parallel to each other and intersect the
bottom of the column obliquely. Compared with C-N, cracks in the specimens with steel wires appear later, and there are more and
finer cracks inside the specimens before failure.

Based on the above damage changes of all 3D printed confined concrete short columns, it can be observed that the damage of the
short columns initially originates from the micro-cracks formed in the outer layer of 3DPM. The square columns are particularly
susceptible to developing cracks at the corners of the column ends. As the load increases, the cracks gradually widen and extend
downward. The cracks in round columns are mostly diagonal, while square columns are characterized by vertical cracks at the corners
of column ends and diagonal cracks on the plane. As the cracks gradually changed from vertical to oblique, the outer layer of mortar
began to peel off. During the early spalling stage, the outer layer of the concrete primarily cracks due to the lateral pressure from the
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Fig. 6. Evolution of transverse cracking width.
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internal expansion of the concrete. As stress gradually increases, lateral deformation intensifies, and the outer layer is constrained by
the steel wire when it detaches. At this stage, the steel wire’s restraint has not reached its limit, leading to incomplete spalling of the
layer. After reaching the load limit, the outer mortar begins to shed over a large area, and both the 3DPM and the internal steel wire
commonly fracture.

3.2.3. Crack development

Considering the potential impact of adding steel wire on the crack propagation of the specimen in various load sections, this paper
employs Digital Image Correlation (DIC) to analyze the development of the crack on the positive surface of the specimen. It also
generates the crack propagation process of the specimen under various load conditions, as shown below:

Fig. 6(a) illustrates the cracking width development process of S-series specimen. The transverse cracking width on the surface of
the S-N specimen begins to expand when the load reaches almost 46 % of the peak load and then cracks rapidly expand further after
reaching 80 % of the peak load. No visible cracks can be seen in the two specimens with steel wires of S-series until 88 % of the peak
load. At peak load, the transverse cracking width of the specimen without steel wire was greatest, followed by the specimen with fine
wire, and the lowest for the specimen with medium wire.

Fig. 6(b) illustrates the cracking width development in the C-series specimen. After the load reaches approximately 60 % of the
peak load, the transverse cracking width begins to increase on the surface of the C-N, C-F, and C-T specimens. Subsequently, the cracks
in the three specimens increased at almost the same rate. The cracking width in the specimens without steel wires (C-N) increased
rapidly when the load reached 94 % of the peak load. The cracks in specimens with medium steel wires (C-M) appear the latest, and the
cracking width is the finest.

The trend in transverse cracking width change for C-series specimens is similar to that for S-series specimens. It is noticed that the
number of cracks and cracking width of C-series specimens are higher than those of S-series. On the other hand, incorporating steel
wires with an appropriate reinforcement ratio reduces the rate of crack width increase and also decreases the crack width at rupture.
This finding is supported by the observation that the cracking widths of both C-M and S-M are the lowest in both series. The appropriate
reinforcement ratio can effectively enhance the load-bearing capacity of concrete columns.

4. Uniaxial compression model of concrete analysis
4.1. Compressive stress-strain models of confined concrete

The compressive properties of confined concrete have been extensively researched, leading to the development of various
compressive stress-strain models for confined concrete. However, there are limited studies on mortar embedded with steel wires using
the 3D printing process as a reinforcement material. This study uses high-strength stainless steel wire rope to reinforce engineered
cementitious composites [32]. The stress-strain relationship of wire-embedded 3D-printed confined concrete will be derived in three
steps: (1) determining the circumferential pressure of the outer 3D-printed mortar on the inner concrete; (2) defining the stress-strain
relationship of the outer mortar under the complex stress state; and (3) determining the restraining effect of the wire-embedded
reinforced 3D-printed mortar and defining the load-strain relationship of the concrete column. strain relationship.

4.2. Confining pressure

There are two types of cross sections of 3D printed concrete used in this experiment: circular cross sections (with a radius of
150 mm) and square cross sections (in which the four corners are rounded and the side length is 150 mm), as shown in Fig. 7. The outer
layer consists of a 25 mm thick 3DPM with a steel wire ring embedded within it, while the inner layer is made of C20 poured concrete.

The analytical model of the cross-section constraint force is obtained based on the cross-section shape (as shown in Fig. 8(a)). The
analytical model of the constraint force for a circular column cross-section can be based on the concrete intrinsic model adopted by Li
et al. [33].

concrete
concrete IR

\ Steel wire Steel wire
/[ 3D printed mortar
/3D printed mortar

(a) C-series (b) S-series

Fig. 7. Concrete column sections.
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Unlike the uniform constraint forces in restrained circular columns, in restrained square-section concrete columns, the hoop
stresses are nonuniform along the circumference of the concrete core section [34], which are larger at the four corners of the section
and smaller at the straight edges. As shown in Fig. 8(b), the total cross-sectional area consists of the ineffective constraint area (IA) and
the effective constraint area (EA). To simplify the constraint forces, an equivalent circular cross-section is used instead of a square
cross-section, and the effective diameter (D) of the equivalent circular cross-section can be determined by the following equation [35]:

D=+2B 1)

where B represents the side length of the square cross-section. Hence, the lateral strain and lateral circumferential pressure are
equivalent to the circumferential strain and circumferential pressure, respectively. As shown in Fig. 9, the circumferential pressure of
the center-cast concrete is provided by the 3DPM embedded with steel wires at the periphery.

As shown in the figure, the circumferential pressure (f}) is provided by the 3DPM embedded with steel wires at the periphery:

fl :fl,SDP +fl.sw 2)

Due to the low reinforcement ratio of the steel wire, f, 5, can be calculated as follows[36]:

2top 3pp

fizpp = kn Dtt 3)
where kj, can be determined by Eq.(4) [39].
S B-2r%/6
kﬁzyfA—Azfl_E( e _, 2B-2r? 4@
"TAT A A - 3A

Considering that the restraining effect of the embedded steel wire on the concrete is similar to the restraining effect of ordinary
hoops, the effective coefficient of restraint in the vertical direction can be determined as Eq. (5) [39]:

s 2
k= (1-55) ®
Therefore, the circumferential circumferential pressure provided by the helical wires (f;5,) can be expressed as follows [39]:
2Asw6h,xw
fl,xw - khva (6)

Finally, the total circumferential pressure f; represents provided by the outer layer of 3DPM embedded in the wire, as follow:

2t0_h‘3DP + kthZAswgh.sw

7
D+t Ds @

fi=kn

4.3. Stress-strain relationship of steel wire and 3DPM

In this experiment, the outer layer of 3D reinforced mortar was exposed to both axial compression and lateral tension. However,
there is limited research on cementitious composites under multiaxial strain [36]. In this paper, the stress-strain model of ECC under
biaxial tension-compression illustrated in Fig. 10 [32], is utilized to analyze the tensile stress-strain behavior of concrete confined by
wire-reinforced 3DPM.

Since the material in this experiment is not mixed with fibers and the strength of the specimen decreases significantly after damage,
only the elastic phase (the red part of the curve) is considered in the calculations in this paper. o5 3pp can be expressed as Eq.(8) [36].

-~ ~ Effectively
AN

y v \ Confined area

(a) General circular cross-section (b) Equivalent circular cross-section

Fig. 8. Constrained cross-section model.

10



C. Sun et al. Case Studies in Construction Materials 21 (2024) e03457
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Fig. 9. Equivalent perimeter pressure.
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The axial compressive strain refers to the axial compressive stress of concrete. In addition, the axial compressive stress of 3DPM can
be determined based on the ECC compression stress-strain model [36] as follows:

5 6
[1.1 (i) +o.5(ﬁ) - o.6<i) ]ace J(0< <
Ece Ece Ece Ece

2

O3pp = 0.15(£4> ()]
- : — |0 ,(C=21)

1- 2(i) +1.15(25)2 Eee

ce ce

The reference research indicates that the o, and ¢, can be considered as 0.9f,. (cubic compressive strength of 3DPM) and 0.005
[36]. Also, considering the thicker confining layer of 3DPM, the equivalent annular tensile strain in the equation (¢,) can be obtained
by the following equation[40]:

— [(1 RS (r"/r”)z] (10)
(1= 2p) + (ra/m)

where, the r, and r; are the inner and outer diameters of the printed paste, respectively, as shown in Fig. 11; ¢, represents the
circumferential tensile strain of the concrete surface[37]:

(1= 2p) + (ra/ms)

By setting values of r and ¢, equal to r, and the hoop tensile strain of 3DPM surface in the test, respectively.
The embedded steel wire within the outer mortar also contributes to the constraint. As the internal concrete is pressurized and

A
1
fer ,‘. A B~ - Uniaxial model H
—_ 1 1
B} I’ ! — Biaxial model '
E IV 1
N 1 1
2 & :
§ / 1 1
b= l/ | 1
2} 1 1
i i
!
0 ecr scr Ste
Strain (%)

Fig. 10. Tensile stress-strain curve of 3DPM.
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expands outward, the steel wire in the mortar experiences axial tension. The tensile stress of the steel wire can be calculated using a
tensile stress-strain model [38]:

2 3
Thow _ 3335 _ 336 <E—‘W) +1.33 (8—“”) 12)
fy & &y &y
Stress-strain relationship of concrete under constant circumferential confining stress according to [40]:
o (ec/ecc)y
L Ty a— (13)
fcc Y — 1 + (gc/gcc)y
E
— e a4
r Ec - fcc / Ecc
The peak axial stress and the corresponding compressive strain are calculated as follows [41]:
fcc :fco+6~7f?>83 (15)
@:Hs(}ciq) (16)
gCO co

The tensile strain state and the circumferential tensile strain in the annular direction of 3DPM are not uniformly distributed around
the perimeter of the extended section:

o L)
=0.85 {1 +0.75 (—l> } —e « a7
Kl + 3}{—;) <1 - 0.07;7*‘;> } oo

The axial compressive stresses in the concrete core and 3DPM were calculated using the previously mentioned equations. This
calculation assumes the initial equivalent annular tensile strains and circumferential pressures, ensuring that the results meet the
specified error limits for the provided values. The calculated results are presented in the table below:

Through iterative selection of assumed parameters, the initial equivalent circumferential strain of the circular cross-section
specimen in the table is set to 0.005, and the radius of the fillet is 0. In the square specimen, the initial equivalent circumferential
strain is set to 0.005. The radius of the fillet is 12.5 mm, and the remaining calculation method follows the approach for determining
the equivalent circular cross-section. From the table, it is evident that the circumferential pressure around the annular specimen is
higher than that around the circular specimen when the same type of steel wire is used.

Finally, the compressive load-strain relationship of wire-reinforced 3DPM confined concrete has been determined:

F = 0.A; + 03ppAspp (18)
Where F is the load applied to the confined concrete column, A, and Aspp are the cross-sectional areas of the inner concrete layer, and
the outer 3DPM layer. When calculating a square section, the shape of the section is equivalent to a circular section, and there is an
ineffectively constraint area under compressive stress. So, this article adjusts the inner layer concrete area by 1.05 times and the outer
layer mortar by 0.5 times based on the ratio of actual area to calculated area during the calculation process.

4.4. Procedures of the proposed model

Fig. 12 shows the procedures of the analytic model:

Fig. 11. Circumferential forces.

12



C. Sun et al. Case Studies in Construction Materials 21 (2024) e03457

1) by assuming a confining pressure (f; ;) for a given initial equivalent hoop tensile strain (e.) of 3DPM, calculating the corresponding
axial compressive strain (¢.) of the concrete core by Eq.(17);

2) determining the hoop tensile stress (en3pp) of 3DPM and the hoop tensile stress (ep,) of steel wire according to the tensile
stress—strain models of 3DPM expressed by Eqs. (8) and (12), respectively

3) comparing the confining pressure (f;) calculated by Eq. (7) with the assumed confining pressure (f; 4);

4) calculating the peak axial compressive stress (f.c) and its corresponding compressive strain (e.) of confined concrete under a
constant confining pressure (f;) by Eqgs. (15) and (16);

5) obtaining the axial compressive stress (o) of concrete core and the axial compressive stress (o3pp) of 3DPM by using Eqgs. (9) and
13);

6) 6 ) repeat steps 1-5 by increasing the equivalent hoop tensile strain (&) until the compressive strain of concrete core (¢.) reaches
the compressive strain corresponding to the ultimate load (¢;) of confined concrete.

The calculation results that follow are derived from the aforementioned parameters:

Table 4 presents the calculated, tested, and calculated-compressive values for each type of concrete column. It is evident that the
calculated compressive values of square columns are slightly lower than the compressive test values. The addition of fine steel wires
results in lower tested and calculated values compared to the unwired specimen, while the addition of medium steel wires leads to
higher values than the unwired specimen. The compressive values calculated for the cylinders were generally lower than the test
values, except for the specimen with the addition of fine steel wires. The calculated results increased as the diameter of the wires
increased. The errors in the calculated values compared to the tested values are lower than 15 %, except for the fine-wire columns. The
above comparisons indicate that the proposed analytical model can reasonably estimate the compressive stress-strain relationship of
the restrained concrete by the steel wire 3D-printed mortar. However, it is important to note that for more accurate prediction of the
compressive properties of concrete, further studies are required on the stress-strain relationship of 3D printed mortar under tensile-
compressive stress states.

5. Conclusion

This study investigated the compressive performance and damage mechanism of wire-reinforced 3DPM-constrained concrete
columns under uniaxial compression. The effects of the section shape and the steel wire diameter were considered. A compressive
stress-strain analytical model was established to characterize the constrained concrete columns. The main conclusions are presented
below.

(1) The trend of stress-strain curves in both S and C-series are similar, which is approximated to be divided into three stages. In the
two series of specimens, the effect of steel wires on the ultimate compressive capacity was different. In the S-series, the
compressive strength behaves in the order of S-M>S-N>S-F. In C-series, the peak stresses of the three specimens C-N, C-M, and
C-T were approximated the same, the specimen C-F behaved with the lowest stress.

(2) DIC analysis found that the square columns are particularly susceptible to developing cracks at the corners of the column ends
and extend downward. In comparison to the specimens S-N and S-F, the number of cracks decreased and the cracks became
narrower in the specimens S-M. Combined with the effect of steel wire on the compressive strength, an appropriate increase in
the reinforcement ratio of the 3DPM can be beneficial for enhancing the confinement capacity in S-series columns.

(3) The number of cracks and cracking width of C-series specimens are higher than those of S-series. Compared to the specimens

without steel wires, cracks in specimens C-M appear later, and there are more and finer cracks inside the specimens before

failure. The cracking widths of both C-M and S-M are the lowest in both series, which proves once again the positive effect of the
appropriate reinforcement ratio on the load-bearing capacity of confined columns.

Based on the uniaxial compression model of ECC confined concrete, this paper proposes a preliminary compressive stress-strain

analytical model for wire-reinforced 3DPM confined concrete. Where, the calculated/tested values for the S-series are in the

range of 0.9-1.0, the value for the C series in the range of 0.9-1.2. The specimens with fine steel wires in both series show the
lowest strengths, which result in large deviations between the calculated and tested values.

4

—

This paper investigates the compressive performance of wire-reinforced 3DPM-constrained concrete columns, which clarifies the
effectiveness in the improvement of compressive performance by the reinforced 3DPM. Further research on the design method of the
appropriate reinforcement rate of steel wire and the establishment of a more perfect theoretical analysis model of restrained short
columns will play an important significance for the future application of 3DPM in engineering.
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Fig. 12. Steps of the analytical model.

Table 4

Comparison of predicted and actual values (unit: MPa).
Specimen S-F S-M C-N C-F C-M C-T
Test 20.95 35.76 36.90 26.94 36.56 34.12
Cal 20.41 32.62 32.67 32.70 33.49 34.05
Cal/Test 0.974 0.912 0.885 1.214 0.916 0.998
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