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ARTICLE INFO ABSTRACT

Keywords: As numerous impressive large-scale 3D printed concrete structures have been built with 3D concrete printing
3D concrete printed wall (3DCP) technology, more attention has been given to the automation, accuracy and reliability of this technology.
BEH loop

The concept of Brain-Eyes-Hands Loop (BEH Loop) is defined for use in automatic construction, describing the
relationships among design, evaluation, and construction. In this paper, an innovative continuous reinforcement
method with fiber reinforced polymer (FRP) flexible textile and Engineered Cementitious Composite (ECC) is
presented, that offers an effective solution for the lack of tensile reinforcement and corrosion of steel bars in 3D
printed concrete structures. The reinforced 3D printed concrete walls were constructed, evaluated, and tested
under quasi-static cyclic loading. By digital rebuilding and geometric evaluation, the printing quality of wall
specimens was accessed and ensured. Based on the mechanical tests, the seismic performances of the wall
specimens were obtained and found to be mainly bending failure. The proposed reinforcement method was
demonstrated for delaying crushing and improving mechanical behaviors. The end column and smaller height-
width ratio also showed much improvement in mechanical performance. Compared with the conventional cast
concrete wall, the 3DCP wall specimens reinforced by the proposed reinforcement method showed better ma-
terial utilization efficiency and mechanical properties. Therefore, the 3DCP structures reinforced with flexible
FRP textile show great potential for the future use in fully automatic construction of large-scale complex ar-
chitectures according to the frame of the BEH Loop.

Flexible FRP textile
Digital rebuilding
Seismic performance

1. Introduction the lack of proper reinforcement methods, which arouses much interest
from researchers. As a compromised method, 3D concrete printed
formworks for conventional casting have been widely implemented,

especially in large-scale structures, by Wang Li [27], China Construction

With the development of automatic construction technology and
additive manufacturing technology in recent decades, a considerable

number of creative architecture projects have been completed [1-6]. 3D
concrete printing (3DCP) technology, one of the most promising tech-
nologies, provides many new possibilities for making complex curved
structures because of its excellent efficiency [7-11] and precision
[12-17], low cost [18-22] and potential low environmental impacts
[23-26]. With plans for more demonstration projects, 3DCP technology
must still address many key challenges, such as reinforcement methods,
geometric evaluations and mechanical performances. A systemic
methodology of automatic construction for the 3DCP building must be
discussed in detail.

Considering the weak tensile, shear, and flexural capabilities of
concrete, 3DCP technology is limited in engineering applications due to
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Second Engineering Bureau LTD [28], Winsun [29], ETH [12], Apis Cor
[30], and so on. Post-tension in 3D concrete printed structures based on
traditional construction technologies is another feasible method
[20,31-34]. Flexible cables embedded in the concrete filament have also
been verified as an efficient method [35-37]. Some researchers pro-
posed and tested an interlayer reinforcement method by inserting steel
nails, steel bars, or barbed wires during the printing process [38-42].
However, almost all the reinforcement mentioned above use the steel
material, which is vulnerable to corrosion in service due to the interfa-
cial gaps between 3D printed concrete filaments and insufficient con-
crete cover. Moreover, these reinforcement methods are more suitable
for regular rather than complex structures because complex shapes may
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necessitate extra construction procedures. It is difficult to use some of
these methods in fully digitalized automatic construction by robotic
arms because of their needs for operator decisions and manual opera-
tions. Therefore, more novel automatic reinforcement methods with
advanced materials for 3DCP structures need to be explored.

Another challenge of 3DCP structures is irregular surfaces commonly
caused by the periodic layers and the deformation under self-weight.
Hence, the monitoring, evaluation, and digitalization of printing quali-
ties and geometric models for 3D concrete printed structures have
recently attracted more attention from researchers. Ketel et al. [43] used
laser triangulation-based 3D scanning to assess the external geometrics
of 3D printed components. A printability index defined from the scanned
point cloud was presented and used for the assessment and quality
control of 3D printed components. Wolfs et al. [44] used a non-
contacting optic measurement system to compute the failure-
deformation mode of 3DCP cylinders during printing. The 3D co-
ordinates of the surface points were accessed by high-resolution pho-
tographs in real time. Anton et al. [12] scanned twelve 3DCP columns
and generated 3D deviation maps from the acquired point clouds based
on CAD models. Some cross sections at selected regions indicated that
curved parts may have induced larger deviations. Buswell et al. [16]
proposed a systematic method to evaluate and assure the geometric
quality of parts in 3DCP systems. Three categories of digital measure-
ments, linear dimensions, surface flatness, and feature replication, were
used in a 3D printed benchmark, and then the milled application was
subtracted. The measurements and analysis focused on the macroscopic
dimensions and geometric characteristics, such as the length, width, and
height of the walls. Xu et al. [45] proposed a thorough approach based
on a geometric dimensioning and tolerancing framework for quantifying
3DCP process capability. Two geometric characteristics, namely the
flatness and the profile, were selected for evaluating nine 3DCP parts.
Nair et al. [46] proposed a printability accuracy index based on cen-
troidal distances as a global quantifier of print quality. A cylindrical
printed concrete specimen was used for scaled-up scanning validation.
However, most studies focused on accessing and evaluating macroscopic
3D geometric deviations between scanned models and design models. It
is necessary to further rebuild and utilize scanned models of large-scale
3DCP structures, especially during the design stage of automatic
construction.

Furthermore, the safety and reliability of service stages are always
concerns for large-scale 3DCP structures, which mostly depend on their
mechanical performances [47]. However, thus far, most researchers
have focused on tests of concrete materials, and only a few mechanical
experiments with large-scale 3DCP structures have been conducted
[48]. As the main vertical structural component, walls deserve to be
studied thoroughly in terms of their mechanical performance since they
easily can be automatically constructed on site. Some researchers have
recently performed simple loading tests of 3DCP walls, as shown in
Table 1. Only simple axial compressive or eccentric compression loading
was conducted for full-size 3DCP walls, and the failure modes and me-
chanical performance were determined. To the best of our knowledge,

Table 1
Overview of 3DCP walls under mechanical loading conditions in the literature.
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there are no references about complicated loading conditions of large-
scale 3DCP walls in the literature. Similar to the traditional reinforce-
ment method, steel bars were mostly used in these printing processes,
which means that it is necessary to stop the printing process, and the
corrosion problem is still present. Unfortunately, most of those studies
found that the reinforcing method had a weakening effect on the
integrity of wall specimens. In summary, considering that practical
large-scale 3DCP walls must face multiloading conditions, for example,
seismic conditions, their mechanical performance under those complex
loading conditions should be further studied along with new reinforce-
ment methods.

Thus, in this study, the concept of Brain-Eyes-Hands Loop (BEH
Loop) was defined and applied to automatic construction. Correspond-
ingly, an innovative automatic continuous reinforcement method with a
fiber-reinforced polymer flexible textile and ECC for 3DCP structures
was developed. Furthermore, complicated quasi-static cyclic loading
conditions of three large-scale 3D printed concrete walls and a cast
concrete wall were conducted to determine the seismic performance.
Before reinforcing and testing, the printed walls were fully scanned, and
then the accurate models were rebuilt, contributing to the locations of
the automation construction stage serving as eyes. Through mechanical
tests of the walls, the effects of edge columns, height-width ratio, and
construction method on the failure mode, load capacity, energy dissi-
pation, and stiffness of walls were investigated and analyzed. Moreover,
mass normalized characteristics were discussed in the context of the
demand for enhancing material efficiency and reducing carbon
emissions.

2. Automatic construction

With the increasingly urgent demand for construction industriali-
zation, intelligent construction and extreme environment construction,
the rapid and unmanned automatic construction technology has become
the development trend of civil engineering. Thus, an innovative BEH
Loop is proposed and illustrated for future automatic construction in
Fig. 1. In the BEH Loop, three key symbolization elements, namely the
brain, eyes and hands, are introduced, which refer separately to the
design, measurement and construction stages. The brain is responsible
for structural design based on architectural aesthetics, mechanical
analysis, and topology optimization. The eyes can access geometric in-
formation of structures by automatic scanning robots and then digitally
rebuild an accurate real model. The hands will realize the automatic
printing and reinforcement of structures by the robot arms. The brain,
eyes, and hands are connected and influenced by each other, thus
composing the BEH loop. Specifically, the brain needs the hands to
complete the designed structures based on the information that the eyes
access. Following the location by the eyes, the hands can print and
reinforce structures more precisely. Meanwhile, the eyes can verify the
design through digital rebuilding and geometric evaluation. In brief, the
proposed BEH Loop clearly illustrates the concept, the procedure, and
the relationships of automatically constructing 3DCP structures in the

References Year Object Scale (H: height, W: width T: Reinforcement Loading condition
thickness)

Han et al.[49] 2022  Eight walls with different height to H (720-2400) mm * W 710 mm  Six walls with horizontal steel Axial compression

thickness * T 240 mm reinforcement, two walls without

Zhang et al.[50] 2022  Twelve core-column walls H 1200 mm * W 1040 mm * T The core columns with stirrup and Axial compression
240 mm transverse steel reinforcement

Daungwilailuk et al. 2021 Two patterns of walls H 970 mm * W 1320 mm * T Without extra reinforcement Axial compression

[51] 120 mm
Zhang et al.[52] 2021  Eight walls with different section forms H800mm *W800mm *T160  Vertical steel bars and transverse steel Axial compression

and material strengths mm
Ten walls with different section forms
and eccentricity

Cai et al.[53] 2021

H 800 mm * W (800-1000) mm
*T 160 mm

frames
Vertical steel bars and transverse steel Eccentric
frames compression
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Fig. 1. The proposed BEH Loop is composed of the brain, eyes, and hands.

future. With the BEH Loop, rapid, unmanned and low-cost construction
can be achieved with robots. Moreover, buildings and infrastructures
can be created in remote and challenging regions of the Earth and the
space, such as deep ground, deep sea, polar region and the moon.
However, as a necessary key to the hands of the BEH Loop, an automatic
and effective reinforcement method is urgently needed.

Therefore, a 3DCP structure reinforced with flexible FRP textile and
ECC is proposed, as shown in Fig. 2. With the advantages of automatic
construction, light weight and high strength, corrosion resistance and
flexibility, the reinforcement method can support the automatic con-
struction of the BEH Loop for remarkable and reliable buildings.

The automatic reinforcement process is as follows. After the concrete
structures are first designed and printed by 3D concrete printing robots,
they are scanned and evaluated carefully. With the help of location and
identification of digitalized scanned models already rebuilt, the outsides
of the aim structures are sprayed with an ECC layer (approximately 5
mm thick) by the automatic shotcrete robot, and then several layers of
flexible FRP textile are automatically stuck upon the ECC layer by the
FRP textile fixing robot. Finally, another ECC layer (approximately 0.5
mm thickness) is automatically resprayed. Overall, automatic

Compressive force

(a) Tensile force

ECC

Tensi : ECC

concrete

AV . vae"”

Compressive force

FRP textile

3D printed

construction combining 3D printing technology and the automatic
reinforcement method with flexible FRP textile can realize the full
automation of large-scale 3DCP structures with the help of robotic arms.

In the proposed reinforcement method, FRP has great advantages in
improving and reinforcing the mechanical properties of structures due
to its high strength, low weight, convenient construction and freeform
characteristics [54-56]. Moreover, flexible FRP textile-reinforced ECC
material is widely adopted to strengthen traditional structural elements
such as reinforced concrete (RC) slabs [57,58], beams [59-61] and
columns [62,63] for the capacities of reinforcing the confinement stiff-
ness, distributing local stress and controlling material cracks [64-68].
Specifically, the designable flexible FRP textile and ECC material mainly
provide tensile and bending capacity, and the inner 3D printed concrete
can provide compressive capacity, as shown in Fig. 2a. The irregular
surfaces of 3DCP structures are especially helpful for the integration and
connectivity between the lightweight outer reinforcing layers and the
inner 3DP concrete. Different components can be further integrated by
the reinforcement method after assembly owing to its light weight and
convenience.

Furthermore, there is no longer electrochemical corrosion problem

(b)

ECC
Flexible FRP textile
- ECC
| = 3D printed concrete
= FRP bar

Fig. 2. The proposed reinforcement method. (a), Schematic illustration of the structure. (b), Schematic illustration of the tested wall specimen.
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because steel material is not utilized in this reinforcement method. Due
to the good durability of FRP and ECC materials, the 3DCP structures
reinforced with the proposed method can meet the durability require-
ment of building structures.

Moreover, the proposed reinforcement method is perfectly compat-
ible with complex curved surfaces, which can realize more designability
and possibility for large-scale 3D printed nonlinear buildings. Compared
with existing reinforcement methods, the proposed reinforcement
method will not destroy the continuity of the printing process for 3D

Engineering Structures 291 (2023) 116488

printed nonlinear buildings. With no extra process introduced during
printing, the flexibility and feasibility of flexible FRP textiles are fully
utilized. Additionally, the irregular surfaces of 3D printed structures
have already been smoothed simultaneously.

In brief, with the automatic construction process, light weight, no
corrosion, and more flexible freedom, the proposed reinforcement
method can play an important role in the automatic construction of the
BEH Loop.

Edge Edge
(a) ¢ 1600 ' (b) colu%nn Hole Truss column (c)
f T LTI 1 S PW1 TAV@MV&le _—CastRCtopbeam
[TTTTTITTTT L
qL 1500 'J[' 3DP concrete wall
H/ole Truss
P Y N7 AaA ) 15 ECC
@l 3 | FRP textile
b 4 ECC
Edge , 150 Edge
colu%nnHOle Truss colu%nn
T PW3 N/, AN :IE Cast concrete
B < 3DP concrete wall
100080 lid Cast concrete
A o FRP bar
450 1500 450 w3 | g | :I:f Cast RC bottom beam
2400 ﬂL 1500 wL 3DP mould of bottom beam

Fig. 3. Details of the wall specimens. (a), Elevation drawing of specimen PW1. (b), Cross sections of the wall specimens. (c), Schematic structure of the wall
specimen. (d), Schematic illustration of the construction process. (e), The printing process of the walls by the robotic arm system. (f), Tested walls after

reinforcement.
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3. Experimental program
3.1. Printing and reinforcement

To demonstrate the BEH Loop with the reinforcement method, three
3D printed concrete walls and one cast concrete wall were designed,
optimized, and manufactured based on masonry wall concept. They
were conducted to seek for the possibility of replacing traditional ma-
sonry walls. The three concrete printed walls were printed by a robotic
arm system in the laboratory and then reinforced on site following the
proposed reinforcement method with flexible carbon fiber reinforced
polymer (CFRP) textile and ECC material. The reinforcing process was
conducted manually limited by the robot machines. All four specimens
had a height of 1500 mm and a height-width ratio of 1.0 or 1.5 (Fig. 3a).
From the cross sections of the specimens shown in Fig. 3b, specimens
PW1, PW2 and PW3 were printed with trusses and holes, while specimen
CW4 was ordinary cast solidly in the main part. Masonry walls were not
chosen as the control specimens for the potential influence and complex
interface of different brick and mortar materials. Therefore, the spec-
imen CW4 without reinforcement was cast with concrete to simulate
traditional masonry walls without reinforcement. Among the specimens,
only specimens PW1 and PW3 had edge columns as boundary elements.
The width of the outline in the 3D printed wall specimens was controlled
to 30 mm, which was only one concrete filament. All the main bodies of
the specimens shared the same concrete materials. To keep the wall
fixed and apply the lateral load, a top beam with a cross-section of 250
mm x 300 mm and a foundation beam with a cross-section of 400 mm x
500 mm were cast together with the main body of the wall. Additionally,
short glass fiber reinforced polymer (GFRP) bars (250 mm and 570 mm
in length) were embedded to ensure a good connection with the top
beam and bottom beam separately in all the wall specimens, resulting in
the solid parts of the 3D printed walls being 270 mm above the bottom
beam. Fig. 3cillustrates the schematic structure of the tested walls. Each
hole of the 3D printed walls was inserted with one GFRP bar manually,
and there were no GFRP bars in the edge column part so that the
disturbance of the 3D printing process was avoided. Moreover, the
detailed schematic construction process is shown in Fig. 3d. First, the
mold of the bottom beams and then the solid parts of the walls were
printed. Corresponding inner hole spaces were cast with concrete after
inserting bars. After the main parts of the walls had been printed, the top
beams were cast. Finally, the construction processes of reinforcement
were finished. The thickness of each reinforcement layer including the
ECC layers and the CFRP textile layer were approximately 5 mm totally.
The designed section of the 3D printed concrete filament was 30 mm
(width) x 15 mm (height). The printing process and final tested walls
can be observed in Fig. 3e and Fig. 3f.

Table 2 shows the details of all the specimens. For the loading tests,
the constant axial force applied to the wall specimens was determined
according to Eq. (1).

Table 2
Specimen details.
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N
A

where N is the design axial force, which was 1.2 times the test values
of the axial force applied on the wall specimen [6,69,70]; f is the design
compressive strength of the concrete; and A represents the average
sectional area of the wall specimens. The design axial force ratios y for
all specimens were 0.15 in the tests. Considering 3D printing building
are all low-rise buildings for now, the low axial force ratios were
selected.

u (€]

3.2. Material properties

The compositions of the 3D printing concrete and ECC material are
shown separately in Table 3 and Table 4. The concrete materials
developed in this study can meet the requirements of printability and
constructability. Polypropylene (PP) fibers were added to sulfoalumi-
nate cement-based 3D printing concrete to enhance the printing and
mechanical properties. The concrete strength of the 3D printing concrete
was grade C40, while the tested average compressive strength (150 mm
cast cubes) was 45.0 MPa at 28 days. The strengths of the 150 mm 3D
printed cubes in different directions were similar to those of the cast
cubes (44.96 MPa in the X-direction and 45.59 MPa in the Z-direction).
More detailed mechanical properties can be found in Table 5. The fail-
ures of tested wall specimens were ensured in the interfaces of layers
during the splitting tensile test, the flexural test, and the tensile test. For
the Portland cement-based ECC, polyvinyl alcohol (PVA) fibers with 2%
fiber volume fraction were added. The measured cubic strength (150
mm cast cubes) of ECC in compressive loading tests was 59.2 MPa at 28
days. Table 6 and Table 7 show the information and properties of the
flexible CFRP textile and GFRP bar applied in the specimens, respec-
tively. The elastic modulus, tensile strength, and ultimate strain of a
single yarn for the CFRP textile are 211 GPa, 2300 MPa, and 1.09%,
respectively.

4. Digital rebuilding
4.1. Scan methodology

To obtain the real scanned model and evaluate the geometric accu-
racy of 3D printed wall specimens before reinforcement, 3D laser
scanning technology was adopted. Considering the scale of the walls, a
time-of-flight handheld scanner was introduced, as shown in Fig. 4a. The
detailed product specifications can be obtained in [71]. The scanner was
only 0.8 kg and approximately 130 x 80 x 300 mm, convenient for
operation by hands or robot arms. In addition, the scanner had a mea-
surement range up to 6 m and range accuracy of 0.3 mm, which met the
requirement for geometric evaluation. Moreover, the scanner has
already been implemented and verified for successfully evaluating the

Specimen  Manufacture Height x Width x Edge Height-width Average section Mass Axial Design axial force Real axial force
Thickness (mm) column ratio area (kg) force ratio ratio
(mm) (mm?) (kN) (%)
PW1 3D printed 1500 x 150 x 150 1.0 154,798 549.5 354.8 0.15 0.07
1500 x
150
PW2 3D printed 1500 x / 1.0 140,757 517.7  322.6 0.15 0.07
1000 x
150
PW3 3D printed 1500 x 150 x 150 1.5 109,354 446.5  250.6 0.15 0.07
1500 x
150
Cw4 Cast with 1500 x / 1.0 225,000 708.8 515.6 0.15 0.07
mold 1500 x

150
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Table 3
Composition of 3D printing concrete.
Composition Sulphoaluminate cement Sand Water Superplasticizer Admixtures Polypropylene fiber
(9 mm)
Mass(%) 42.02 46.22 10.50 0.42 0.42 0.42
Additionally, the obtained point clouds were wrapped into triangles,
Table 4 . . .
. thus forming the surfaces of the wall specimens. The rough outside
Composition of ECC. - . . .
surfaces of 3D printed concrete filaments in wall specimens had already

Composition  Portland cement ~ flyash ~ Sand Water  Superplasticizer been thoroughly captured, as shown in Fig. 4c.

Mass(%) 27.98 33.58 2210 16.00 0.34 (2) Extraction of key sections. 3D printed concrete structures, espe-
cially those with complex surfaces and irregular characteristics, usually
share complex spatial printing paths, sometimes even with changeable

Table 5 heights of printing filaments in the Z direction. Therefore, the regular 2D
Mechanical properties of 3D printing concrete. model data were extracted from the key structural sections that were
- — - - - sliced from 3D scanning models. These 2D model data contributed to

Compressive Splitting tensile Flexural Tensile Elastic I o

strength strength strength strength modulus rebuilding accurate models based on the layer-by-layer printing mech-

(MPa) (MPa) (MPa) (MPa) (GPa) anism. Because of the constant printing filament size of each wall

45.0 25 34 15 18.9 specimen, ten sliced key sections were conducted, as illustrated in

geometric imperfections of building components [71].

Considering the size of the wall specimens and the accuracy of the
scan, the scan plan of multiple scanning stages was conducted. The scan
of each wall specimen was divided into four or five stages. Then, all the
point clouds obtained in each stage were assembled via the commercial
software Geomagic Control according to the overlapped regions. The on-
site scanning process is shown in Fig. 4b. Reflective markers were first
sprayed and well distributed on the surface of the wall specimens to
locate the spatial coordinates of the characteristic surface. Before each
scan stage, the scanner was calibrated through a calibration board to
ensure scanning accuracy. A laptop was used to show the real-time
display figure of point clouds during scanning. Furthermore, an auto-
scanning robot was designed to achieve fully automatic scanning, as
illustrated in Fig. 1. Robotic arms carrying scanners with mobile bases
were used to achieve the full-auto scanning process and replace hand-
held scanning for now.

4.2. Digital procedure

Based on the point cloud data of wall specimens, complete scanning
models were established to reflect the true surfaces of walls. To better
evaluate and compare the geometric deviations between 3D printed
specimens and designed specimens, a digital procedure of scanning
models was developed that was suitable for 3D printed structures.
Correspondingly, digital accurate models were rebuilt to fulfill the de-
mand for simulating accurate geometric characteristics for designers.
With the scanning models and accurate models digitally rebuilt, robots
could realize automatic construction, while the real-time construction
situation and deviations were remotely available and accessible to
designers.

Taking the wall specimens as an example, the digital procedure was
composed of five stages, as follows.

(1) Generation of scanning models. The cloud point pieces of each
wall were assembled via Geomagic Control according to the automatic
minimum variance method and then manually adjusted by key shape
characteristics. Furthermore, over 10 million points for each wall
specimen were left after carefully removing the noise points.

Table 6
Properties of flexible CFRP textile.

Fig. 4d.

(3) Digitalization of key sections. The geometric key sections were
converted into digital models for further analysis and evaluations. The
digitalization of filament shapes from key sections was realized by the
3D drawing software Rhino and Grasshopper. The battery module is
shown in Fig. 4e. The refined coordinates and key parameters of the wall
surfaces were measured and collected.

(4) Simulation of filament shape. Based on the unique filament
characteristics of 3D printed structures, the periodic curves were picked
and optimized to fit and simulate the surface topography. Thus, the
average surface shapes of printing filaments in 3D printed structures
were determined.

(5) Rebuilding of accurate models. Based on the obtained average
filament shapes and printing path, the assembly and reconstruction of
accurate fitting models with complex surfaces were generated and
rebuilt to replace the traditional design model with a smooth surface.
The accurate models of the wall specimens were rebuilt and are shown in
Fig. 4f.

Through the digital procedure, accurate models of wall specimens
were rebuilt. Compared with the design models, the accurate wall
models could illustrate the unique surfaces of 3DCP walls and were more
similar to the real wall specimens. The details of the wall specimens
remained to some extent, and unnecessary random data were simplified.
Based on the digitally rebuilt accurate models, further geometric eval-
uations could be studied by designers.

4.3. Geometric evaluation

Fig. 5 illustrates the results of geometric deviations and printing
evaluations of the wall specimens based on digital rebuilding. As shown
in Fig. 5a, the deviations at the bottom of the wall specimens were larger

Table 7
Mechanical properties of the GFRP bar.

Diameter  Section Ultimate tensile Elastic Ultimate tensile
(mm) area strength modulus strain
(mm?) (MPa) (GPa) (%)
12.2 101 1029 43 2.39

Textile Producer Type of yarn Grid space Mass Cross section of each yarn Width of mesh Width of single rib
(mm) (g/cm®) (mm®) (mm) (mm)
Carbon CARBON 12KT700 x 2 20 x 20 160 0.85 20+5 3+1
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Fig. 4. Digital procedure of scan methodology. (a), The laser scanner. (b), On-site scanning process. (c), The generated scanning models. (d), The extracted key
sections. (e), The battery module for digitalizing key sections in Grasshopper. (f), Digital rebuilt accurate models of wall specimens.

than others. This resulted from the construction processes. Owing to the
solid connection requirement between the walls and base beams, the
inner holes of the 3D printed walls were cast with concrete several hours
after printing, which caused obvious deformation of the concrete mold
and inflation of the walls in the gravity effect of the inner concrete.
Although the irregularity at the bottom of walls existed, the absolute
deviations were still significantly smaller than the thickness of walls, as
shown in Fig. 5d. Thus, the potential effect of the irregularity on the
walls’ seismic performance can be neglected. For the convenience, the
wall parts at heights between 300 mm and 1200 mm were extracted for
further analysis.

Wall specimens PW1 and PW2 were analyzed in detail and evaluated
as an illustration. Ten evenly distributed sliced key sections of each wall
were extracted. The typical section results are available in Fig. 5a. The
periodic outside surface could be observed here. Based on the key sec-
tions, the multi-index evaluation system with six normalized deviations
was calculated in Fig. 6b. More detailed data on the inclination angle of
surfaces, the thickness of a single concrete filament, the wall thickness,
and the cross-sectional area could be found in Fig. 5c.

The inclination angle of the surfaces was defined as the angle be-
tween the fitted line of the contour and the horizontal X-axis. From
Fig. 5c, the surface inclination angles of PW1 and PW2 were

approximately 90°. The variances were within 1°, which indicated that
the wall surfaces were basically vertical. The actual printing surfaces
were consistent with the original design, which indicated the good
quality of 3D printing.

The thickness of every single concrete filament was calculated ac-
cording to the vertical distance between neighboring locations of the
narrowest width of walls. Fig. 5c also shows the calculated thickness of
the single concrete layer at sections PW1 and PW2, which was consistent
with the design value of 15 mm. This was because the vertical distance
between the printing heads and the concrete layer already printed was
fixed at the design value of 15 mm, indicating that the printing concrete
had good buildability and would not slump. However, there was obvious
fluctuation in the thickness of the single layer with a variance of nearly
2 mm. This illustrated that the extrusion rate of the concrete material
was still unstable, which resulted in slight irregularities in the 3D
printed concrete filaments. The geometric appearance of the printed
concrete structures may have been affected.

The wall thickness was calculated from the horizontal distance be-
tween the front and back sides of the wall specimens, and the averages
and standard deviations of key sections were also displayed. Fig. 5c
shows the statistical value of the wall thickness at ten key sections of the
wall specimens. The thicknesses of PW1 and PW2 were both larger than



D. Zhang et al.

(@)

Engineering Structures 291 (2023) 116488

(b)

Height (mm) Height (mm) Normalized

1300+ 13007 filament sectional area (%)

12004 12004

11004 1100

10004 1000 S

900 900 >

800 800 &5

700 700 & sg

E 600 6009 é’

5004 500
=
F Design 4007 Design Design 400 Design 2
{  boundary 3004  boundary boundary 3004  boundary %p 2

i %,
200 / 200 Y
100 100 %% Normalized
2‘,} L4 surface inclination angle (%)
T T T T T T T T T T T T T T T T T T T T
J100 80 -60 -40 -20 0 20 40 60 80 100 <100 -80 -60 -40 -20 20 40 60 80 100 e
Thickness (mm) [

Thickness (mm)

200

(c) V) Front

Back

A

Averagd

7 NN\

Surface angle ()
Layer thickness (mm)

\\\\W
///////////////A

A\

" Design PWI

A\

PW2 based on the design

180 Average

180000 [ Cross-sectional area 1

Design Average

160

E 1404

Wall thickness (m
s 9 ®» 3 B
53 3 8388
Cross-sectional arca (mm”)
g
8
:
A

204

PWI PW2 Design PWI PW2

PW1 based on the accuracy model PW2 based on the accu

Fig. 5. Geometric analysis and evaluation of 3D concrete printed walls. (a), The 6th key sections of specimens PW1 and PW2. (b), The multi-index evaluation system
with six normalized deviation results. (c), Detailed data of inclination angle of surfaces, thickness of single concrete filament, wall thickness, and cross-sectional area.
(d), The color maps showing the 3D geometric deviations of PW1 and PW2 based on the design models and accurate models separately.

the designed wall thickness. This behavior resulted from a conservative
design width (30 mm) of the printing path. The practical value was
larger than 30 mm. It should be found that the concrete materials on the
ends of walls were squeezed, thus leading to a larger wall thickness on
the ends than the centers due to the existence of the end columns in the
PW1 specimen. After all, the wall thickness of the PW2 specimen was
relatively consistent, and the surface quality was better than that of the
PW1 specimen. It will be necessary to consider the influence of the
different internal printing paths on the quality of 3D printed structures
during the design process in the future.

The area enclosed by the outline of the section is the cross-sectional
area of the wall specimens. Fig. 5¢ shows the average and standard
deviation of the cross-sectional area based on ten key sections. The cross-
sectional area was basically close to the design value, indicating that the
overall practice size met the design requirements, and the fluctuation of
the cross-sectional areas at different locations was quite small.

Macroscopic geometric evaluations were also performed based on
the digital models. The geometric evaluations were conducted by the
software Geomagic Control. Positive deviations indicated that the
practical model was located inside the structures, while negative de-
viations were located outside the structures. The 3D geometric evalua-
tions of PW1 and PW2 with the design models are shown in Fig. 5d. The
deviations between the design models and practical models as well as
the distributions were calculated. For PW1, the average positive and
negative deviations were +4.32 mm and —5.57 mm, respectively. For
PW2, the positive and negative deviations were slightly smaller than
those for PW1. The average positive and negative deviations were only
+3.21 mm and —4.48 mm, respectively. Moreover, the deviation was
significantly larger close to the bottom of the wall than at the top, which

indicated that the internal filling of concrete after printing had a large
impact on the printing quality, and the printing concrete had slight
accumulation of deformation under the gravitational load. Additionally,
there was an obvious negative deviation in the position of the printed
concrete bracing trusses. The tight connections between the bracing
trusses and the contours could be concluded. The presence of end col-
umns also caused geometric deviations in the related wall surfaces.

Furthermore, geometric evaluations with accurate models were
conducted to verify the effect of simulating practical 3D printed struc-
tures. The color maps based on accurate models are shown in Fig. 5d.
The average positive and negative deviations were reduced to +3.19
mm and —4.61 mm for PW1 and +2.22 mm and —1.66 mm for PW2.

In conclusion, the deviations of the concrete filaments did not further
accumulate to the overall structural level owing to the presence of holes
inside the walls. This revealed that the multihole and truss structures in
3D concrete printed structures could not only reduce the material cost
and corresponding carbon emissions but also dilute the small-scale de-
viations and maintain good printing accuracy, especially at the structure
level. After all, the specimens scanned were verified to have excellent
geometric accuracy and reliable printing quality. An experimental study
of 3D printed concrete walls was further conducted, and the test results
and discussion follow.

5. Mechanical performance
5.1. Seismic loading program

The test setup of seismic experiments is shown in Fig. 6. The test wall
specimen was fixed to the reaction floor, while a rigid steel beam was
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and strain gauges.

placed on the top of the wall to uniformly distribute the vertical
compressive force. The top beam was clamped to a vertical hydraulic
jack and a horizontal hydraulic jack. The constant axial force was
applied through the vertical jack, which moved freely in the horizontal
direction during tests. Then, the test wall specimen was subjected to
formal quasi-static cyclic loading in the lateral direction to simulate the
seismic condition. The practical loading setup is shown in Fig. 6b.
Considering the lateral loading history shown in Fig. 6¢, the speci-
mens were first loaded to the force-controlled cycle mode with an
increment of 40 kN and then underwent displacement-controlled cycles
after yielding. Each cycle was repeated twice for all wall specimens. Pull
loading was conducted after push loading, defined as positive loading
and negative loading, respectively. Preloads of 20 kN for all specimens
were applied, ensuring the stability of the loading setup. For better
understanding and comparison, the displacement-controlled loading
was described by the lateral drift ratio 6, 6 = A/H, where A is the lateral
displacement at the loading point and H is the distance between the
horizontal loading point and the wall base. In addition, the specific
distributions of linear variable differential transformers (LVDTs) and
strain gauges of CFRP textile are illustrated in Fig. 6d. The lateral dis-
placements at different heights and shear displacements were measured.
Horizontal and vertical displacements of the bottom beam were also
monitored. Moreover, as shown in Fig. 6d, the vertical strain de-
velopments of the CFRP textile at 350 mm above the foundation beam

were recorded by strain gauges for all 3D printed wall specimens.

5.2. Seismic performance and failure mode

The mechanical behaviors of the 3DCP wall specimens under quasi-
static cyclic loading tests were discussed. Similar to some failure modes
of FRP reinforced masonry walls [72-76], specimen PW1 and PW2
showed shear-sliding failure mode characterized by horizontal cracks
along the interfaces between layers while specimen PW3 and CW4
showed rocking failure ultimately. Fig. 7 illustrates the failure modes
and the crack distributions of all the specimens. The specimen PW1 and
PW2 shared a similar failure process. First, the lateral load increased
linearly with the applied drift ratio until concrete cracking occurred
along with the interfaces between layers at the bottom of the walls.
Then, cracks developed as the number of cracks and the crack width
increased gradually with continued loading. After the horizontally
cracks were bridged, the specimens turn to sliding failure. As for spec-
imen PW3 and CW4, nearly rigid body rotations were observed,
centering on the edge toes of walls. Notably, some cracks propagated at
an angle of nearly 45°in all specimens, which was a sign of diagonal
cracking.

The concrete cracks in 3D printed specimens PW1, PW2 and PW3
were much smaller and denser than those in cast specimen CW4, as
shown in Fig. 7. And the reliable bond between 3D printed concrete,
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Fig. 7. Ultimate failure modes of the walls. (a), Failure patterns of PW1. (b), Failure patterns of PW2. (c), Failure patterns of PW3. (d), Failure patterns of CW4. (e)
The crushed concrete at the wall foot. (f) Failures of CFRP textile.
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CFRP textile and ECC layers were verified since no debond, pull-out and
fracture were observed before the peak loads of walls, representing that
the 3D printed concrete and the reinforcement layers were able to resist
the external loading together. After the peak loads, the flexible CFRP
textile gradually debonded and ruptured around the concrete cracks
(Fig. 7f). In conclusion, the proposed reinforcement method was proven
effective in controlling concrete cracks and improving failure modes.

5.3. Hysteretic response

The tested lateral load-lateral displacement hysteresis curves of the
wall specimens are illustrated in Fig. 8. The load-displacement curves
were characterized by hysteresis loops, which indicated progressive
damage of the walls. Compared with the control specimen CW4, the 3D
printed concrete wall specimens PW1 and PW2 showed better seismic
resistance and behaviors. However, the 3D printed concrete wall spec-
imens showed no better deformation ability. The areas enclosed by the
hysteresis hoops of PW1 and PW2 were apparently larger than those of
PW3, and the details of the areas enclosed by the hysteretic curves have
been discussed in section 5.6.
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5.4. Strain development

To determine the effect of the proposed reinforcement method, the
vertical strain developments of the CFRP textile are shown in Fig. 9a.
The location of strain gauges can be seen in Fig. 6d. Some peak points
were not plotted for exceeding the maximum strains of the figures.
Owing to the reliable bond between the CFRP textile, ECC layer and 3D
printed concrete, the strain of the CFRP textile developed as the loading
gradually increased. The strain developments were in the shape of an
“L”, with a larger tensile strain and a smaller compressive strain, which
illustrated that the CFRP textile played an important role in the tensile
strain of structures but was less involved in the compressive strain.
Notably, all the strains of the CFRP textile began to obviously increase at
the yield loads and then increased rapidly after the peak loads. Then, the
CFRP textile reached the ultimate strain before the final failures. This
behavior indicated that the CFRP textile took effect mainly after the
yield stages with concrete cracking and failed rapidly after the peak
points, similar to the reinforcing effect of steel bars in traditional rein-
forced concrete structures. For specimen PW1, the strain of the CFRP
textile at peak loads was 0.54, almost half of the ultimate strain, which
indicated the high-efficiency utilization of CFRP. The flexible CFRP
textile proved to be efficient in reinforcing and toughening the 3DCP
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structures.

5.5. Envelope curve

The envelope curves for the hysteretic response of the walls are
presented in Fig. 9b. The skeleton curves of PW1 and PW2 were similar
to that of cast specimen CW4. More specifically, the detailed charac-
teristic loads and displacements of the envelope curves were calculated
as shown in Table 8. Notably, the ultimate displacement corresponded to
the post-peak lateral load, which was 80% of the peak lateral load.
Table 8 lists the lateral loads, the lateral displacements, and the
displacement ductility at the characteristic points. The displacement
ductility coefficient u, is defined as the ratio of the ultimate lateral
displacement to the yield lateral displacement.

The yield loads of specimens PW1, PW2, and PW3 were 112.3%,
94.4%, and 49.6% of the yield load of specimen CW4, while the peak
loads were 95.0%, 85.4%, and 56.0%, respectively. Because of solid
cross-section, the section area of CW4 was far bigger than other 3D
printed walls, as shown in Table 2. Without vertical rebars inside, the
yield and peak loads of specimen PW1, PW2 and CW4 were controlled
mainly by the section area based on the shear-friction theory. Thus
specimen CW4 showed higher yield and peak loads than some 3D
printed walls. It is noteworthy that specimen PW1 still showed similar
mechanical capability with less concrete material compared with spec-
imen CW4 thanks to the FRP reinforcement method and edge columns.
Comparing specimen PW1 with other 3D printed specimens PW2 and
PW3, further revealed that the increase in the height-width ratio could
result in degraded peak load and displacement, and the presence of the
edge columns significantly improved the load-displacement response.
After all, among the wall specimens, PW1 showed better seismic per-
formances with higher yield load, displacement and peak displacement
than PW2, PW3 and CW4.

5.6. Energy dissipation capacity

The dissipated energy is defined by the areas enclosed by the hys-
teretic curves during the loading cycles. Larger dissipated energy is more
beneficial for the seismic resistance of walls. Fig. 9c shows the energy
dissipation per loading cycle for the tested wall specimens. And Fig. 9d
illustrates the cumulative sum of the dissipated energy of each cycle. The
accumulated energy dissipations of PW1 and PW2 were 12.2% and 8.2%
greater than that of CW4, respectively, at a displacement of 25 mm,
which indicated that the manufacture of 3D concrete printing with a
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5.7. Stiffness degradation

The stiffness degradation of the wall specimens was also discussed.
The secant stiffness was calculated according to the Chinese standard for
seismic tests of buildings [69]. Fig. 9e shows the variation in secant
stiffness with lateral drift. There was no observed difference between the
PW1, PW2, and CW4 specimens concerning the degraded secant stiff-
ness. The PW3 specimen presented a smaller secant stiffness because of
the smaller height-width ratio. For all the specimens, the secant stiffness
decreased significantly in the initial stages; then, degradation continued
at a slower rate until the secant stiffness was close to 0.

5.8. Normalized capability

Considering the mass of the wall specimens, the normalized me-
chanical capabilities were also evaluated. Fig. 9f and 9 g illustrate the
normalized envelope curves and normalized accumulated energy dissi-
pation of the hysteretic responses. As shown in Table 9, characteristic
normalized loads and displacements were specifically calculated. The
3D printed concrete walls reinforced by the proposed reinforcement
method showed much higher normalized lateral peak load and
normalized accumulated dissipated energy compared with the tradi-
tional specimen CW4. The results reveal that higher material efficiency
and better mechanical properties can be achieved by 3D printing tech-
nology with the novel reinforcement method. With proper design and
fabrication, 3D printing technology has a promising future in improving
material efficiency, reducing carbon emissions, and further replacing
traditional construction methods.

6. Conclusions

In this paper, an innovative BEH Loop and corresponding continuous
reinforcement method were proposed to automatically construct 3D
printed concrete structures. 3D laser scanning technology was imple-
mented in large-scale 3D concrete printed walls, and accurate models
were digitally rebuilt. Furthermore, quasi-static cyclic loading tests of
the walls were conducted to determine the seismic performance. Based
on the results and discussions, the following conclusions can be drawn:

1) The concept of the Brain-Eyes-Hands Loop was defined and pre-
sented for automatic construction by describing the relationships of
design, measurement, and construction processes. As one of the key
parts, flexible FRP textile reinforcement offers an effective rein-
forcing solution for 3D printed concrete structures without electro-
chemical corrosion problem.

novel reinforcement method could compete with ordinary casting 2) Through 3D laser scanning technology, the digital rebuilding and
manufacturing. Moreover, the energy dissipation capacity of 3D printed geometric evaluation of large-scale 3DCP structures were realized.
walls was improved by the edge columns and lower height-width ratio. The accurate models showed great similarity to the real structures,
As shown in Fig. 9¢, the energy dissipation per loading cycle of specimen which illustrated the effective eye-to-brain feedback process for the
PW1 increased over 50% than specimen PW2 after 1% lateral drift. And design stage. The specimens tested were verified to have good geo-
specimen PW3 have the smallest energy dissipation per loading cycle metric accuracy and reliable printing quality based on a multi-index
among wall specimens. evaluation system.
Table 8
Tested characteristic loads and displacements.
Specimen Loading direction Yield point Peak point Ultimate point Ha
Py (kN) Ay (mm) Pum Am Py (kN) Ay Ou
(kN) (mm) (mm)
PW1 Push 230 2.46 274 9.18 176 13.44 0.90% 4.98
Pull 309 2.93 369 8.27 284 13.41 0.89%
PW2 Push 174 1.68 234 7.40 192 11.67 0.78% 6.21
Pull 279 1.93 344 7.31 289 10.75 0.72%
PW3 Push 110 1.30 135 3.37 114 14.60 0.97% 16.87
Pull 159 0.80 201 12.79 161 20.83 1.39%
CW4 Push 247 1.81 337 6.47 272 15.15 1.01% 9.49
Pull 233 1.36 340 7.37 273 14.94 1.00%
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Table 9
Tested characteristic normalized loads and displacements.

Engineering Structures 291 (2023) 116488

Specimen Loading direction Yield point Peak point Ultimate point
pN Ay (mm) PN Am PN (kN/kg) Ay 04
(kN/kg) (kN/kg) (mm) (mm)
PW1 Push 0.42 2.46 0.50 9.18 0.32 13.44 0.90%
Pull 0.56 2.93 0.67 8.27 0.52 13.41 0.89%
Pw2 Push 0.34 1.68 0.45 7.40 0.37 11.67 0.78%
Pull 0.54 1.93 0.66 7.31 0.56 10.75 0.72%
PW3 Push 0.25 1.30 0.30 3.37 0.26 14.60 0.97%
Pull 0.36 0.80 0.45 12.79 0.36 20.83 1.39%
Cw4 Push 0.35 1.81 0.48 6.47 0.38 15.15 1.01%
Pull 0.33 1.36 0.48 7.37 0.39 14.94 1.00%

3) For the seismic performance of all the 3D printed concrete walls, the
failure modes were shear-sliding failure for specimen PW1 and PW2,
rocking failure for specimen PW3. The initial cracks occurred pref-
erentially in the interfaces between layers before the flexible CFRP
textile gradually debonded and ruptured. The interface capability of
3DCP structures was still one of the main control factors of structural
failure in complex loading conditions.

Based on the experimental results of specimen PW1, PW2 and PW3,
smaller height-width ratio and presence of solid edge columns of
walls could significantly improve the seismic performance of rein-
forced 3D printed walls. Comparing with PW2, the peak load and
peak deformation of PW1 with solid edge columns increased 11.2%
and 18.6%, the energy dissipation per loading cycle increased more
than 50% after 1% lateral drift. While the peak load and peak
deformation of PW3 are only 52.3% and 92.6% of PW1 with smaller
height-width ratio. This may inspire further search for design and
optimization of 3DCP buildings.

4

—

Although these experiments successfully validated the proposed BEH
Loop, they were only the first step for automatically constructing large-
scale 3D concrete printed buildings in the future. Tighter connections
and more thorough relationships among the brain, eyes, and hands will
be explored in future research. More advanced technologies and inno-
vative methods are being explored and introduced to enrich the BEH
Loop. In particular, more complex mechanical performances of large-
scale curved structures will be further studied.
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