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Abstract 

A growing number of nations and regions have printed concrete structures thanks to the application of 3D print-
ing technology in the field of civil engineering. However, the houses built with printed concrete are mostly printed 
concrete wall structures with composite load-bearing walls and cast-in-place frames. This structure solely takes 
into account the performance of the structure under vertical loads, which does not address its ability to withstand 
horizontal loads. In this paper, wall specimens were designed and tested under horizontal reciprocal loads in order 
to investigate the structural performance of this cast-in-place border-frame printed concrete wall structure under 
horizontal loads. Four factors are examined in order to determine how well the cast-in-place frame printed concrete 
wall structure performs when subjected to horizontal loads: column longitudinal reinforcement strain, hysteresis 
curve, skeleton curve, and energy dissipation capacity. According to the test results, the addition of the wall increased 
the bearing capacity and accumulated energy dissipation of the specimen, but the increase in stiffness also caused 
the structural ductility to decrease. As a result, cracks were more likely to generate at the wall–column joints, so the 
stiffness matching between the printed concrete wall and the cast-in-place side frame needed to be further coordi-
nated to obtain a higher ductility. It turns out that the wall sections have little impact on the seismic performance of 
the members.
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1 Introduction
The usage of 3D printing technology in the construction 
of houses, which has attributes of automation, informa-
tion technology, and intelligence, is growing in the con-
text of worldwide industrial growth towards automation 
and digitalization. A residential building with one floor 
underground and five floors above ground was printed 
by Shanghai WinSun at Suzhou Industrial Park in 2015 
to become the world’s tallest 3D-printed building (Alec, 

2016; Yu, 2015, 02). In 2016, Dubai manufactured an 
office building completely made of 3D printing in just 
17  days (Koslow, 2016; Tess, 2016). The first officially 
habitable house in the world was constructed in 2021 at 
Eindhoven University of Technology in the Netherlands 
applying 3D-printed concrete technology. It is a bun-
galow with two bedrooms. This single-story residence 
and four more multi-story residences are part of their 
milestone project, all of which satisfy the needs of the 
residents in terms of comfort, layout, quality, and price 
(Frearson, 2018; Gallow, 2022; Keighran, 2022).

Related research has revealed that the aggregate gra-
dation and components of concrete (Liu et  al., 2019), 
the printing interval time (Panda et  al., 2018) and the 
height of the nozzle from the printed layer all have an 
impact on the mechanical characteristics of 3D-printed 
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concrete. Additionally, the accumulation forming tech-
nique used in 3D-printed concrete printing causes pores 
to emerge between the printing layers as the structure 
takes shape, leading to micro cracks. Since the internal 
forces of the printed concrete are varied, the mechanical 
properties of 3D-printed concrete components are ani-
sotropic (Le et  al., 2012, 3; Sanjayan et  al., 2018; Zhang 
et  al., 2021b, 1). As a result, quite a number of studies 
have been conducted to enhance the mechanical prop-
erties of printed concrete members. Reinforcement is 
frequently employed in 3D-printed concrete, with hori-
zontal reinforcement being simpler and vertical rein-
forcement being more challenging. There are two types 
of reinforcement: manual reinforcement and automatic 
reinforcement (Zhang, 2020). The manual reinforcement 
occurs in the following situations: (1) vertical holes are 
reserved at both ends of the wall when the wall is printed, 
vertical reinforcement is inserted after the wall is printed, 
and concrete is filled in the holes after the concrete is 
hardened (Zhang et  al., 2021a, 06). (2) Only the hollow 
wall is printed and the reinforcement cage is lifted at the 
location where the structural column is designed. The 
reinforcement cage can be welded to the foundation raw 
reinforcement by reserving welding holes at the bottom 
of the printed wall (Lin et al., 2021, 03). (3) With strategi-
cally placed reinforcing cages and plastic pipes, Chinese 
construction company Huashang Tengda prints concrete 
on the foundation (Molitch-Hou, 2016). In addition, 
some academics have utilized materials to print reinforc-
ing bars or mixed in mortar to increase the strength of 
composites for vertical reinforcement purposes. The 
production of vertical bars with and without extra ribs 
using gas-metal arc welding 3D-printed reinforcing bars 
was proven to be feasible by Mechtcherine’s feasibility 
research (Mechtcherine et al., 2018).

In recent years, the majority of the engineering practice 
of printing concrete construction of multi-story houses 
has adopted a construction method similar to a masonry 
structure, which entails first printing concrete wall ele-
ments and reserving cast-in-place concrete column con-
nection section at the end of the wall at the same time, 
and setting cast-in-place beam section at the top of the 
wall and horizontal floor cover connected parts so as to 
form a wall and cast-in-place side frame composite load-
bearing printing concrete wall structure. The structural 
ability of this construction to support horizontal loads is 
not given much consideration in its application; rather, 
it is primarily taken into account for its vertical load-
bearing capability. In this paper, 3D-printed concrete 
wall specimens with cast-in-place reinforced concrete 
borders were modeled, designed, and tested for horizon-
tal reciprocal loads to see how well the construction per-
formed in resisting horizontal loads. The failure modes of 

the printed concrete specimens were compiled, the data 
on the reinforcement stresses and strains of the speci-
mens were obtained, and the structural performance was 
examined from four angles: column longitudinal rein-
forcement strain, hysteresis curve, skeleton curve, and 
energy dissipation capacity.

2  Experimental Design
The majority of hollow walls are utilized in engineering 
practice to reduce the amount of concrete needed for 
printing and increase printing effectiveness. The test was 
designed to print a concrete hollow wall specimen with a 
cast-in-place frame (Specimen 1). To observe the impact 
of the stiffness of the printed concrete wall and the frame 
stiffness on the overall structure, a solid printed concrete 
wall structure with a frame (Specimen 2) and a frame 
structure (Specimen 3), respectively, were each designed 
and put through horizontal reciprocal loading tests for 
comparison.

2.1  Specimen Description
2.1.1  Hollow Printed Concrete Wall Specimen 

with Cast‑in‑Place Frame
Vertical printing was used to create the hollow walls. 
With HRB335-grade horizontal tie steel bars of 6  mm 
diameter, the printed hollow wall size has dimensions 
of 1480  mm × 1260  mm × 180  mm. Since the walls are 
printed in layers to create the components, tie bars 
are positioned when the walls are printed to a specific 
height. The horizontal tie bars are deeply embedded in 
the reinforcement cage of the frame column, and then 
the concrete of the frame part was poured, and when 
the maintenance is completed, the frame-print wall inte-
gral specimen is constructed. The tie bars, which are 
the equivalent of horizontal ties, both guarantee that 
the wall does not stop functioning by shifting out of the 
wall frame plane, and also provide a certain degree of tie 
capacity. The hollow wall cross-sectional drawing and 
physical drawing are shown in Fig. 1.

The cast-in-place frame column has a cross-sec-
tional area of b1 × h1 = 240  mm × 240  mm (where b1 
is the width of the column section, h1 is the height of 
the column section), a total height of 1600  mm, and 
a distance of 1720  mm between the two columns. 
The cast-in-place frame beam has a cross-sectional 
area of b2 × h2 = 200  mm × 240  mm and a total length 
of 2160  mm (where b2 is the width of the beam sec-
tion, h2 is the height of the beam section). The cross-
sectional size of the bottom beam for test anchorage 
is b3 × h3 = 400  mm × 400  mm with an overall length 
of 2560  mm. Fig.  2 depicts the dimension of the wall 
frame with hollow print (where b3 is the width of the 
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bottom beam section, h3 is the height of the bottom 
beam section).

The hoop and longitudinal bars of the cast-in-place 
frame column are HRB400 grade, with a 12-mm longi-
tudinal bar diameter and an 8-mm hoop bar diameter. 
The longitudinal bars and hoop bars of the cast-in-place 
frame beam are HRB400 grade, with a 12-mm longitu-
dinal bar diameter and an 8-mm hoop bar diameter. The 
hoop and longitudinal bars of the bottom beam for test 
anchorage are HRB400 grade, with a 20-mm longitudinal 
bar diameter and an 8-mm hoop bar diameter. The con-
nection steel between the print wall and connection rein-
forcement between the print wall and the cast-in-place 
frame is HRB335 grade reinforcement with a 6 mm diam-
eter. The cast-in-place frame is made of C35 concrete 
with a 25-mm concrete covering. Fig. 3 depicts the frame 
reinforcement. (The strength grades of steel bar and con-
crete refer to “code for design of concrete structure (GB 
50010-2010)”.)

2.1.2  Solid Concrete Wall Specimen with Cast‑in‑Place Frame
The printed solid wall dimensions and reinforcement are 
the same as the hollow printed wall. The physical draw-
ing of the solid wall is shown in Fig. 4. The cast-in-place 
frame columns and beams are identical to those in Speci-
men 1 in terms of the dimensions and reinforcement. As 
the solid walls are formed by horizontal printing, tie bars 
are positioned when the walls are printed at a specific 
thickness. However, the solid walls were printed hori-
zontally in order to lessen the distortion caused by self-
weight, and the contact surface between the walls and the 
floor beams is trimmed once the printing is completed.

2.1.3  Specimen of Cast‑in‑Place Frame
Only the cast-in-place frame was kept, and the dimen-
sions and reinforcement of the cast-in-place side frame 
columns and beams matched those in Specimen 1. Fig. 5 
depicts the dimension of the frame, and Fig. 6 depicts the 
reinforcement of the cast-in-place frame.

Fig. 1 Hollow wall diagram. a Schematic diagram of cross-section of hollow wall (mm). b Hollow wall physical drawing (mm)

Fig. 2 Dimensions of wall frame with hollow printing (mm)
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2.2  Test Loading Method
2.2.1  Testing Device
The MTS electro-hydraulic servo actuator system for the 
horizontal low-cycle repetitive load device has a displace-
ment control capability of 1000  kN. A hydraulic jack is 
used to apply the axial pressure load while a steel com-
pression beam and mechanical jack are used to fix the 
bottom beam. The uniform vertical load on the wall is 
equivalent to a concentrated force loaded on both ends of 
the component and the axial pressure load is transferred 
to the top of the side frame column through the loading 
beam. The wall has a very poor lateral capacity to with-
stand horizontal forces. In order to analyze the capacity 
of the structure to resist horizontal forces (seismic), the 
horizontal forces are added to the side of the wall frame 
with reference to the analysis of the seismic performance 
of the shear wall structure. The TST3628F dynamic and 
static strain test and analysis system was used for collect-
ing data. Fig. 7 depicts the loading and measuring device.

2.2.2  Measurement Point Arrangement and Measurement 
Content

As indicated in Fig.  8a, displacement gauges were 
placed at the center of the bottom beam, 1/3 height 
and 2/3 height of the frame column. For the purpose 

of measuring the stress–strain data of the hoop and 
longitudinal reinforcement, the strain gauges were 
arranged as seen in Fig.  8b with a single-sided sym-
metric arrangement. For frame columns, strain gauges 
were placed at the bottom, 1/3 height, 2/3 height, and 
top of the column, respectively. For frame beams, 
strain gauges were installed close to the nodes.

In this test, the 3D-printed concrete wall frame mon-
olithic structural specimens were measured for the fol-
lowing elements:

(1) Displacement and horizontal load upon loading.
(2) Lateral displacement of the specimen.
(3) Stress and strain of longitudinal and hoop rein-

forcement of frame beam and frame column.
(4) Crack development and damage distribution.

The horizontal load at the loading point could be 
read in the operating system of the MTS actuator. The 
displacement at the loading point was the MTS actua-
tor data minus the displacement gauge reading at the 
center of the bottom beam. The TESTER collector gath-
ered the strain data from the strain gauges. The crack 
development was traced with a marker, and the loading 
amplitude was also indicated.

Fig. 3 Reinforcement of cast-in-place frame print concrete wall component (mm)
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2.2.3  Loading Plan
To evaluate the mechanical characteristics of the speci-
men under various displacement angles, the test was 
loaded by displacement control and constructed in 
accordance with the pertinent standard "Regulations for 
Seismic Test Methods for Buildings" (JGJ101-96), pre-
loading and formal loading were the two stages of the 
test:

(1) Pre-loading stage: Pre-loading adopts ± 0.5 mm dis-
placement amplitude to check the functionality of the 
strain gauges, wiring, equipment and other components. 
To apply load to the top of the frame column through the 
loading beam, two hydraulic jacks were used on either 
side of the frame column. The axial pressure ratio of 0.1 
was selected for the test.

(2) Formal loading stage: Take the load–displacement 
curve at the obvious inflection point as the yielding 
point, the displacement amplitude corresponding to each 
displacement angle is cycled once before the specimen 
is yielded. After the specimen yielded, the displacement 
amplitude associated with each displacement angle was 
cycled three times. The test was continued until the bear-
ing capacity of the specimen fell below 85% of the peak 
load, or the specimen was damaged and could no longer 
support the load. Each stage is cycled once when the 
displacement angles were 1/1000, 1/750, 1/600, 1/500, 
1/400, 1/350, 1/300, 1/275, 1/250, 1/225. Each stage is 
cycled three times when the displacement angles were 
1/200, 1/175, 1/150, 1/125, 1/110, 1/100, 1/90, 1/80, 1/70, 
1/60, 1/50, 1/40, 1/35, 1/30, 1/25, and 1/20. Fig. 9 depicts 
the loading system.

Fig. 4 Physical view of solid wall

Fig. 5 Dimension diagram of frame (mm)
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3  Material Properties
3.1  Concrete Materiality Test
The 3D-printed concrete strips created by stacking have 
weak adhesive layers between them (Ge et  al., 2017, 
04; Sanjayan et  al., 2018), which results in mechani-
cal anisotropy in the printed concrete components (Le 
et al., 2012, 3; Sanjayan et al., 2018; Zhang et al., 2021b, 
1). In order to explore the impact of bonding between 
3D-printed concrete strips on the mechanical proper-
ties of concrete, a concrete beam printed and molded 

with strips and three 150 mm × 150 mm × 150 mm cubic 
test blocks directly cast and molded with the printed 
concrete material in the mold were fabricated, respec-
tively. In addition, three blocks made of C35 concrete 
measuring 150 mm × 150 mm × 150 mm cubic C35 were 
also cast. The cured concrete beam was divided into 18 
150 mm × 150 mm × 150 mm cubic test blocks in groups 
of three, and the compressive strength test and splitting 
tensile strength test were performed on the concrete 
test blocks in X, Y and Z directions, respectively. (The 

Fig. 6 Reinforcement of cast-in-place frame (mm)

Fig. 7 Test setup diagram. a Loading device. b Measuring device
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standard specimen for testing the compressive strength 
of a concrete cube is a cube specimen with a side length 
of 150  mm (GB/T 50081-2019).) Fig.  10 displays the 
specimen printing directions and the matching loading 

surfaces. Table  1 displays the aggregate size and mor-
tar makeup of the printed concrete. Table 2 displays the 
outcomes of the three-way compressive strength tests 
of the printed concrete specimens. Table  3 displays the 
outcomes of the splitting tensile strength test performed 
on the printed concrete specimens. Table 4 displays the 
test findings and compares the average cubic compres-
sive strengths of three C35 concrete specimens and 
three 3D-printed concrete specimens that were cast and 
molded in molds.

3.2  Rebar Material Properties Test
The yield strength, ultimate strength, and modulus of 
elasticity of the steel bars were examined during the 
test, which was conducted in accordance with "Metallic 
materials-Tensile testing-Part 1: Method of test at room 
temperature" (GB/T 228.1-2010). Table  5 displays the 
mechanical characteristics of the reinforcing bars.

4  Test Procedure and Phenomenon
4.1  Specimen 1
The vertical force exerted at the top of the column is 
96.192 kN since the axial pressure ratio is 0.1.

When the displacement angle θ = 1/150 (Δ = 9.20 mm), 
the column body appeared with multiple bending cracks, 
bending shear diagonal cracks, in which the cracks at 1/3 
height and 1/2 height of the left column have extended 

Fig. 8 Measurement point layout. a Schematic diagram of displacement gauge arrangement. b Layout of strain gauges
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Fig. 9 Loading system

Fig. 10 Schematic diagram of the printing direction and the 
corresponding loading surface

Table 1 The aggregate size and mortar composition of the 
printed concrete

Material Sulphate 
cement

Medium 
sand

Water Polypropylene 
fiber

Polycarboxylate 
superplasticizer

Quality 
(kg/m3)

700 600 260 2 6
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to the wall–column junction. A crack appeared at the 
junction of the left wall column and extended obliquely 
to the wall after cyclic loading of the displacement ampli-
tude corresponding to this displacement angle. However, 
there was no audible crack sound. When the displace-
ment angle θ = 1/110(Δ = 12.55  mm), the specimen gave 
way and started to cycle three times per stage. The left 
and right corners are broken and joined to the base of the 
column. A loud noise and a sudden widening of the crack 
on the right wall occurred when the displacement angle 
reached θ = 1/60 (Δ = 23.00  mm), at which point it ulti-
mately pierced through the front and back. At this point, 
the original oblique cracks on both sides of the wall had 
extended to the bottom. The reinforcement was bro-
ken off and exposed at the bottom of the left and right 
columns where the concrete had spalled off. When the 
displacement angle θ = 1/40 (Δ = 34.50  mm), the origi-
nal crack widened quickly, adding new cracks obliquely 
to the left in the right corner and the central part of the 
wall, and the cracks on the right side of the specimen 
quickly spreading to the bottom of the node. The bearing 
capacity of the specimen was reduced to less than 85% of 
the peak load, and the test ended. Specimen 1 ultimately 
displayed shear damage, and Fig. 11 depicts the damage 

Table 2 Three-way compressive strength of 3D-printed concrete specimens

Number Peak pressure (kN) Pressure-bearing area 
 (mm2)

Compressive strength 
(MPa)

Average compressive 
strength (MPa)

Standard 
deviation

X-1 908 150 × 149 40.63 39.65 1.19

X-2 900 151 × 150 40.00

X-3 851 149 × 149 38.33

Y-1 636 151 × 149 28.27 28.16 1.07

Y-2 652 150 × 149 29.17

Y-3 596 148 × 149 27.03

Z-1 730 150 × 148 32.88 30.40 2.50

Z-2 685 151 × 149 30.45

Z-3 619 149 × 149 27.88

Table 3 Three-way splitting tensile strength of 3D-printed concrete specimens

Number Peak pressure (kN) Pressure-bearing area 
 (mm2)

Splitting tensile strength 
(MPa)

Average splitting tensile 
strength (MPa)

Standard 
deviation

X-1 64.51 150 × 150 1.83 1.77 0.074

X-2 60.12 151 × 150 1.69

X-3 62.98 150 × 149 1.80

Y-1 66.57 150 × 150 1.88 1.77 0.11

Y-2 58.96 150 × 151 1.66

Y-3 62.15 151 × 150 1.76

Z-1 112.31 149 × 150 3.20 3.22 0.11

Z-2 118.12 149 × 151 3.34

Z-3 110.53 150 × 150 3.13

Table 4 Average cubic compressive strength of poured test 
blocks  fcu

Specimen material C35 fine stone 
concrete

3D-printed 
concrete

Number 1(MPa) 38.27 46.27

Number 2(MPa) 35.42 42.49

Number 3(MPa) 36.50 45.42

Cube compressive strength 
average (MPa)

36.73 44.72

Standard deviation 1.44 1.98

Table 5 Mechanical properties of reinforcing steel materials 
index

Reinforcing 
steel grade

Straight 
reinforcement 
bars (mm)

Yield 
strength 
(MPa)

Ultimate 
strength 
(MPa)

Modulus 
(×  105Mpa)

HRB335 6 431 563 2.05

HRB400 6 466 627 2.02

8 481 630 2.03

12 485 641 1.95

20 452 595 1.88
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pattern diagram (Δ is the horizontal displacement of the 
component).

4.2  Specimen 2
The vertical force exerted at the top of the column is 
96.192 kN since the axial pressure ratio is 0.1.

At the 2/3 height of the right column and the 1/3 
height of the two columns, many bending fractures 
extending to the wall–column junction occurred 
when the displacement angle reached θ = 1/250 
(Δ = 5.64  mm). At the 1/2 height of the left column, 
numerous bending cracks that extended to the junc-
tion of the wall column were visible at the displacement 
angle θ = 1/150 (Δ = 9.40 mm). The wall’s left and right 
corners developed cracks. The specimen yielded when 
the displacement angle θ = 1/110 (Δ = 12.82  mm), and 
three cycles per stage were started. Accompanied by a 
cracking sound, the oblique crack of the wall continued 

to extend rapidly, and the original oblique crack of the 
right wall extended to the center of the wall. At the dis-
placement angle θ = 1/40 (Δ = 35.25 mm), the diagonal 
crack that was related to the wall column penetrated 
front to back, and a large piece of concrete spalled off at 
this crack, resulting in the exposure of reinforcement. 
The concrete at the bottom of the left and right column 
spalled off in large pieces, and the reinforcement at the 
bottom of both columns was sheared off and exposed. 
When the displacement angle θ = 1/35 (Δ = 40.29 mm), 
the specimen emitted a loud noise. The test ended 
when the bearing capacity of the specimen dropped to 
less than 85% of the peak load due to the vertical cracks 
along the wall–column junction, which caused out-of-
plane dislocation. Specimen 2 was eventually revealed 
to have shear damage, and Fig.  12 depicts the damage 
mode diagram.

Fig. 11 Detailed drawing of the final damage pattern of Specimen 1. a Overall crack development on the front side of the specimen. b Left column 
bottom damage phenomenon. c Right column bottom damage phenomenon

Fig. 12 Detailed drawing of the final damage pattern of Specimen 2. a Overall crack development at the back of the specimen. b Damage 
phenomenon at the bottom of the column
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4.3  Specimen 3
The vertical force exerted at the top of the column is 
96.192 kN since the axial pressure ratio is 0.1.

The inside of the beam–column joints split at the loca-
tion, and bending cracks occurred at the bottom of both 
columns after the displacement angle reached θ = 1/275 
(Δ = 5.02  mm). When the displacement angle θ = 1/110 
(Δ = 12.55  mm), the specimen yielded, starting three 
cycles per stage. The concrete at the foot of the column 
developed cracks, while the body of the column had little 
bending and extending fissures. When the displacement 
angle θ = 1/60(Δ = 23.00 mm), there were bending cracks 
and bending-shear diagonal cracks at 2/3 of the column. 
At the displacement angle θ = 1/50 (Δ = 27.60 mm), bend-
ing cracks appeared at both ends of the beam and the 
concrete at the bottom of the two columns began to fall. 
When the displacement angle θ = 1/25 (Δ = 55.20  mm), 
the cracks on the inner side of the node kept up extend-
ing upward diagonally and were accompanied by con-
crete mass spalling. The concrete at the bottom of the 
column was spalling off in large pieces, and the hoop 
reinforcement at the foot of the column was visible. At 
the displacement angle θ = 1/20 (Δ = 69.00  mm), the 
bearing capacity of the specimen fell to less than 85% of 
the peak load, and the test was terminated. Specimen 3 
eventually manifested as frame column bending damage, 
and Fig. 13 depicts the damage pattern diagram.

5  Results and Discussion
5.1  Column Longitudinal Reinforcement Strain
Fig.  14 depicts the relationship between the strain of 
column longitudinal bars at various heights and the 
inter-story displacement angle when each inter-story 
displacement angle is loaded to the positive (push) 
maximum displacement. The column’s base serves as 
the origin of elevation for the vertical axis, which shows 
the height of the strain gauges mounted at heights of 

50 mm, 400 mm, 850 mm, and 1200 mm above the col-
umn’s body. Table  6 displays the data table of a single 
longitudinal strain for the left column.

The following may be observed from the comparison 
graphs, which show how the aforementioned data were 
displayed against one another at various heights:

(1) The maximum strains of column longitudinal 
reinforcement in all specimens were located at the bot-
tom of the column, and the damage at the bottom of 
the column occurred relatively early. Since the bot-
tom of the column was subjected to the joint action 
of bending moment and shear force in the meanwhile, 
and the stiffness of the ground beam was greater com-
pared with that of the frame beam, the ground beam 
had a stronger restraining effect on the column, caus-
ing a greater strain on the column bottom longitudinal 
reinforcement.

(2) The strain of the top longitudinal reinforcement 
and the strain of the bottom longitudinal reinforcement 
were not significantly different during the elastic stage. 
But once the elastoplastic stage began, the strain of the 
bottom longitudinal reinforcement started to rise con-
siderably more quickly than the top longitudinal rein-
forcement, eventually reaching a level that is roughly 
twice that of the top of the column. Additionally, when 
the displacement angle increased, the anti-bending 
point gradually shifted upward, and a sizable force was 
applied to the column’s lower portion.

(3) The maximum strain of the bottom longitudi-
nal bars of Specimen 3 was much smaller compared to 
Specimens 1 and 2 because the 3D-printed concrete 
walls significantly increased the overall stiffness of the 
specimens. In addition, the inflection point of Speci-
men 3 was relatively close to the middle of the column 
as there was no wall to restrain it in this specimen. 
Compared with Specimen 2, Specimen 1 was less stiff, 
so the column had to support a bigger proportion of 

Fig. 13 Detail of the final damage pattern of Specimen 3. a Overall crack development on the front of Specimen 3. b Inner penetration joint of the 
node. c Damage phenomenon at the bottom of the column
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horizontal load, which led to much greater column lon-
gitudinal deformation in Specimen 1 than in Specimen 
2.

5.2  Hysteresis Curves
The displacement ductility, stiffness degradation, strength 
degradation, energy dissipation capacity, residual defor-
mation, and other indicators of the specimens are all 
reflected in the hysteresis curves during cyclic loading. 
Fig.  15 displays the hysteresis curves of each specimen, 
where n is the specimen axial pressure ratio.

The following conclusions can be drawn from the 
figures:

(1) The hysteresis curve of Specimen 3 has a shuttle-
like form. The residual deformation at the late loading 
stage is enormous with a full curve, and large ultimate 
displacement angle, possessing good ductility and energy 
dissipation capacity. The stiffness degradation is gradual 
and there is no visible dramatic change. Up to the second 
and third cycles in the last stage, the load capacity grows 
gradually before abruptly decreasing. The damage mode 
is consistent with the design concept of "strong column 
and weak beam".

(2) The slope of the cut line of the hysteresis curve at 
the beginning of loading of Specimens 1 and 2 was larger, 
and when the slope of the cut line started to fall with a 
slow falling rate and the stiffness of the specimen did 
not change significantly at this point, and the bearing 
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Fig. 14 Strain of column longitudinal reinforcement under different 
inter-story displacement angles: a Specimen 1, b Specimen 2, c 
Specimen 3

Table 6 Column longitudinal reinforcement strain data table ( µε)

H (mm) φ

1/1000 1/500 1/250 1/150

(a) Specimen 1 column longitudinal bar strain data ( µε)

1200 − 195.28 − 520.49 − 1030.52 − 1626.37

850 − 91.95 − 267.83 − 478.34 − 860.58

400 106.31 308.15 539.2 1038.73

50 203.58 704.32 1540.37 3244.72

(b) Specimen 2 column longitudinal bar strain data ( µε)

1200 − 105.07 − 370.27 − 722.16 − 1576.02

850 − 49.4 − 198.4 − 366.28 − 730.58

400 50.91 230.05 446.05 924.6

50 125.3 603.58 1492.18 2680.47

(c) Specimen 3 column longitudinal bar strain data ( µε)

1200 − 10.87 − 59.46 − 250.01 − 640.73

850 − 4.54 − 23.84 − 116.29 − 264.28

400 5.22 27.48 123.57 309.7

50 19.11 159.46 567.93 1278.45
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capacity also gradually increased. Although the two spec-
imens slipped to different degrees when the specimen 
yielded and the hysteresis curve depicted various degrees 
of pinching, all of these deformations are represented 
as shear damage, and the overall shear deformation was 
greater.

(3) The inclusion of the wall drastically altered the 
overall performance of the specimen compared to Speci-
men 3. Specimen 1 slipped more, and the wall rigidity of 
this specimen was decreased by the hollow section of the 
wall. At the late stage of loading, there were more cracks 
within the column as well as the rapid development of 
wall cracks, which lowered the shear capacity of the spec-
imen and increased the shear deformation. In the last 
stages of loading, Specimen 2 had a considerable reduc-
tion in shear capacity that extended from the corner of 
the wall to both sides of the column with a large slip.

5.3  Skeleton Curves
The envelope connected by the peak load points of the 
first cycle of each stage was referred to as the skeleton 
curve. Fig. 16 displays the skeleton curve of each speci-
men. The cracking load  Pcr was the load value corre-
sponding to the initial crack in the specimen. The energy 
equivalence approach was used to calculate the equiva-
lent yield point.  Pmax was the peak load of the specimen. 
The value at which the horizontal load was downloaded 
to 85% of the peak load, or the load value at which the 
specimen was damaged, was the ultimate load  Pu. When 
Specimen 3 was loaded forward to the last level, the load 
was still not downloaded to 85% of the peak load  Pmax, 
the maximum value of the load at the last level in the for-
ward direction is taken as the ultimate load  Pu.
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A comparative analysis of the specimen skeleton curves 
and characteristic points shows that:

(1) Specimen 1 exhibited a rapid growth of peak load 
when the displacement angle was small. However, when 
θ = 1/60 = 1.67% (Δ = 23.00 mm), the oblique main crack of 
the wall column had been penetrated before and after the 
wall section due to the small stiffness of the wall. Following 
that, the column carried the majority of the horizontal load, 
and the bearing capacity kept increasing quickly. When 
the displacement angle θ = 1/50 = 2% (Δ = 27.60  mm), 
more cracks appeared in the column body and the bearing 
capacity of the column gradually decreased. After reach-
ing the final level of displacement angle θ = 1/40 = 2.5% 
(Δ = 34.50 mm), the bearing capacity of the column rapidly 
declined to below 85% of the peak load after two cycles.

(2) The peak load curve of Specimen 2 followed the 
same general pattern as Specimen 1. When the displace-
ment angle reached θ = 1/60 = 1.67% (Δ = 23.50  mm), 
the main oblique crack of the wall column just cracked, 
indicating that the wall column functioned well together 
and the bearing capacity could still support a high rise. 
When the displacement angle was equal to θ = 1/50 = 2% 
(Δ = 28.20  mm), the main crack had penetrated before 
and after. At the displacement angle θ = 1/40 = 2.5% 
(Δ = 35.25  mm), the column bottom damage occurred, 
leading to the last level of bearing capacity declining rap-
idly to below 85% of the peak.

(3) The bearing capacity of Specimen 3 changed con-
sistently as it developed. However, the peak load of 
Specimen 3 under the same displacement angle was sig-
nificantly lower than that of Specimens 1 and 2, showing 
that the addition of the wall increases the peak load of the 
specimen.

5.4  Energy Dissipation Capacity
The energy dissipation capacity of a structure or compo-
nent under earthquake action was one of the crucial seis-
mic performance indicators. In this paper, the cumulative 
energy dissipation  Ea and the equivalent viscous damping 
coefficient  he were used to assess the energy dissipation 
capacity of the specimens. The cumulative energy dissi-
pation  Ea was the cumulative value of the seismic energy 
absorbed throughout the loading process, i.e., the sum of 
the enclosed area of the hysteresis loop (Tang, 1989). The 
capability for dissipating energy increases with the corre-
sponding viscous damping coefficient he. The calculation 
formula is as follows (Jacobsen, 1930):

where he, the equivalent viscous damping coefficient; 
SABC + SCDA , the uniperiodic hysteresis energy dissi-
pation; SOBE + SODF , the energy absorbed by the ideal 

he =
1

2π
·
SABC + SCDA

SOBE + SODF
,

elastic structure when the same displacement is reached 
(Zheng et al., 2017, 09) Figure 17 depicts the calculation 
of the viscous damping coefficient（Li, 2019).

Fig. 17 Schematic diagram of the calculation of the viscous 
damping coefficient (Li, 2019)
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Fig. 18 displays the cumulative energy dissipation curve 
and equivalent viscous damping coefficient curve of each 
specimen.

The following conclusions can be drawn from the anal-
ysis of Fig. 18:

(1) Each specimen’s cumulative energy dissipation 
curve developed in three stages. The first stage occurred 
before cracking, the specimen was in the elastic working 
stage, and the current stage saw very little residual defor-
mation. The cumulative energy dissipation was negligible. 
The second stage was after cracking and before destruc-
tion, the specimen entered the elastic–plastic working 
stage, cracks were continuously added and expanded, and 
the accumulated energy consumption grew steadily. In 
the third stage, the crack development of the specimen 
was accelerated, the damage noticeably increased, and 
the accumulated energy consumption grew rapidly as the 
specimen was on the verge of being destroyed.

(2) After cracking and yielding, each specimen’s corre-
sponding viscous damping coefficient developed in two 
decreasing stages. The equivalent viscous damping coef-
ficient fluctuated slightly depending on how each speci-
men’s crack developed in the first case, and it climbed 
continuously after that. The second time was the sharp 
decrease that occurred after the specimen yielded, and 
the subsequent acceleration of the rise in the equivalent 
viscous damping coefficient reflected the rapid increase 
of its energy dissipation capacity.

(3) The equivalent viscous damping coefficient curve 
of Specimen 2 was located at the bottom, but the final 
cumulative energy dissipation was the highest due to the 
relatively large damage displacement angle. Both curves 
of Specimen 1 were located above Specimen 2 after yield-
ing, indicating that its energy dissipation capacity was 
relatively better at the same displacement angle. Speci-
men 3 had a good energy dissipation capacity and a big 
damage displacement angle, but it dissipated less energy 
cumulatively than the other specimens under the same 
displacement angle.

6  Conclusion
According to the damage morphology of the above three 
specimens and the comparative analysis of the seismic 
performance, the 3D-printed concrete wall frame mono-
lithic structure specimens exhibited the following seismic 
performance:

(1) Due to the addition of printed walls, the cast-in-
place frame printed concrete wall structure (Specimens 1 
and 2) increased the stiffness and load-bearing capacity 
of the specimen. It also caused the bottom longitudinal 
reinforcement of the column to deform more, shifting 
the column’s reverse bending point upward. However, the 
increased stiffness reduced the ductility of the structure 

and made it susceptible to cracking at the wall–column 
nodes. Both Specimens 1 and 2 had extensive shear-type 
damage.

(2) The cumulative energy dissipation curves and 
equivalent viscous damping coefficient curves of the 
specimens revealed that the components with printed 
walls (Specimens 1 and 2) had greater cumulative energy 
dissipation than the frame members (Specimen 3), prov-
ing that the addition of the walls improved the seismic 
energy dissipation capacity of the frame.

(3) The equivalent viscous damping coefficient for the 
same displacement angle was higher for the hollow wall 
because its stiffness was lower than that of the solid wall. 
Hollow walls had slightly lower peak loads and cumu-
lative energy dissipation than solid walls. The seismic 
performance of the members, however, is generally not 
significantly impacted by the wall sections.

(4) The printed concrete walls in this test failed to fully 
participate in the seismic energy dissipation of the struc-
ture, and further coordination of the stiffness between 
the printed concrete walls and the cast-in-place frame is 
necessary to achieve higher ductility.
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