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Abstract: This paper provides recent research on 3D concrete printing technology and pilot construction
projects in Thailand. The process of construction using 3D-printing technology to construct non-structural
and structural members causes the behavior of 3D-printed members different from that of conventionally
cast concrete members. To finally utilize 3D-printed members for structural purposes, a series of
comprehensive tests starting from the material scale level, small-size members to large-scale structural
members are required. The basic material properties of 3D-printed mortar, such as compressive strength,
tensile strength, and interface strength (both normal and shear directions) between each printed layer were
tested. Two small-scale printed beams and one large-scale printed wall with an opening were investigated
experimentally. From the experimental studies, the tested specimens showed varieties of failure modes, i.e.,
bending failure with interface bond failure, diagonal shear failure, and spalling of the printed mortar. With
the mentioned current research, a few 3D printing construction projects have been introduced in Thailand.
The pilot projects constructed in Thailand are two printed coffee shops and one printed health center. Since
this is an initial phase of the study, non-load bearing printed walls were employed together with a beam-
column frame system for the printed two coffee shops. While the health center employs a combination
system between non-load and load-bearing printed wall systems.
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1. Introduction

Nowadays, there are several printed buildings around the world [1]. In Thailand, applying this technology in
construction is in the initial phase. Many projects are run by Siam Cement Public Company Limited (SCG),
which is one of the largest cement manufacturing companies in South East Asia. In 2020, The SCG’s sub-
organization, Cement and Green Solution Business (CGS), developed the extrusion cement-based material
and the innovation of 3D printing technology for construction. A co-working space 102-square-meter building
was printed onsite by using a gantry printer with a printing area of 6x9 meters. The building was printed as
an aesthetic texture wall surface which uses parametric modeling for the design. The printed structure of
this building took around 7 days to print. Currently, construction in Thailand utilizes 3D-printing technology
for non-load-bearing structures. These structures, such as walls or partitions, support only their own self-
weight.

During recent decades, the construction industry has been developing many technologies used for
construction. 3D-printing is one of them. Using this technology can achieve complex architectural designs.
The process of creating the object in 3D printing is to extrude the materials from the nozzle, and the materials
are printed layer upon layer [2]. The process of printing mortar makes 3D-printed (3DP) mortar different from
conventional cast concrete. During the printing process, the inevitable result is weak interfaces along the
contact layers of printed structures. This leads to orthotropic mechanical properties of 3DP structures and
affects the overall load-bearing capacity of the structure.

The interface strength between the layers, which consists of interface normal strength and interface shear
strength, can lead to separation or slip between the interfaces. The normal interface strength is the normal
tensile stress that causes a separation between two printed layers, while the interface shear strength is the
shear stress that causes a slip between the two printed layers [3]. Apart from the mortar strength, the
interface strength is also affected by the interval time between the deposition of subsequent layers.
Increasing interval time reduces interface strength [4, 5] due to surface moisture loss from evaporation [6].



It is necessary to implement reinforcing bars to use 3D-printing mortar as a load-bearing structure. Most
structural applications require reinforcement to meet load-carrying capacity, ductility, and toughness
requirements. There are several ways to apply rebars to 3D-printing concrete. The 3D-printing cement-
based material allows the insertion of reinforcement while the printed mortar is still not hardened. The
method for reinforcement installation can be done by printing around and/or on reinforcing bars [7], mesh
mould [8], overlapping mesh reinforcement [9], and penetrating reinforcement [10]. The bond strength
between printed mortar and steel rebar depends on the extrusion direction [11]. The rebars placed in the
parallel direction the printing path have higher bond strength than those of the perpendicular-placed rebars
because voids around the rebar are eliminated from the extrusion pressure when the mortar is printed
parallel to the rebars. In other concepts, when the printed mortar is hardened, the vertical rebars are placed
in hollow cores of the printed wall after the mortar is hardened, and then grout is infilled [12]. The high-
strength grout was poured to provide bonding between steel rebars and 3DP mortar, and in some cases, it
can also prevent tensile crack propagation [13].

2. Experimental program

2.1 Basic material properties of 3D-printing mortar
211 Compressive strength and splitting tensile strength

The compressive strength and splitting tensile strength were tested at 3, 7, and 28 days
following to the ASTM C109 [14] and ASTM C496 [15], respectively. Instead of curing in water,
the specimens were left in air-dry condition which resembles the curing condition of most of
the printed structures in Thailand. This study was conducted to assess the mechanical
properties of the studied mortar in two temperature conditions which are normal and high
temperatures. The test conditions are shown in Table 1.

Table 1. Conditions for compressive strength and splitting tensile strength tests
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(a) Compressive strength of mortar. (b) Splitting tensile strength of mortar.

Figure 1. Test results of compressive and splitting tensile strength of mortar

The results of compressive and splitting tensile strengths at 3 ages of the studied mortar are
presented in Fig. 1. The specimens kept at high temperatures showed higher compressive
strength as shown in Fig. 1a. The temperature has less effects on splitting tensile strength of
the studied mortar as shown in Fig. 1b.



21.2 Interface strength

The specimens for interface normal strength were tested using three-point bending as shown
in Fig. 2a. Interface shear strength tests were conducted by applying the load parallel to the
interface between printed layers as shown in Fig. 2b. Once the printed specimens were
hardened, convex surfaces of the specimens were trimmed to make flat surfaces on all sides
of the specimens. The temperature conditions during air-dry curing for the specimens were
28°— 30°C (normal temperature) and 38°- 40°C (high temperature).

(a) Interface normal strength (b) Interface shear strength

Figure 2. Setup for interface strength tests

2.1.2.1 Interface normal strength

The specimens for the interface normal strength tests were printed in ten layers. The samples
were cut into 160 x 40 x 40 mm prisms. The loading rate was 0.5 mm/min. The interface normal
strength can be calculated by Eq. 1. In this study, F represents the maximum test load. L, b,
and d are length, width, and depth of the tested specimen, respectively.
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Figure 3. Test results of interface normal strength

The results are presented in Fig. 3. The interface normal strength of the specimens kept at
high temperature is higher than those of normal temperature.

2.1.2.2 Interface shear strength

The specimens were printed in three layers. The samples were cut into 50x50%30 mm of
dimensions. For the test setup, the specimens were clamped with steel plates at the 1st and
the 3 layers while the load was applied at the 2" layer. The interface shear strength can be
calculated by Eqg. 2 where F represents the maximum test load, b and d represent width and
depth of the tested specimen, respectively.
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Figure 4. Test results of interface shear strength

The test results of interface shear strength are presented in Fig. 4. It shows that the interface
shear strengths of the specimens kept in high temperature are higher than those kept in normal
temperature.

2.2 Test of 3D-printed structure members

The cross-section of the first tested 3DP beam is shown in Fig. 5a. The beam dimensions were
150%400%1700 mm. The beam was reinforced by 6-DB12mm steels. The experiment was conducted using
four-point bending with the span length of 1500 mm, as shown in Fig. 5b. The specimen failed in shear
failure mode at a load of 260 kN.

(a) Cross section (b) Shear failure mode of the 3DP beam

Figure 5. Details and failure of the 1t 3DP beam

The cross-section of the second 3DP beam is shown in Fig. 6a. The beam dimensions were 30%x150%1700
mm. It is noted that this beam was a non-reinforced printed beam. The beam was tested using four-point
bending with the span length of 1500 mm. Flexural crack was observed on the bottom face of the beam
near the location of the loading point. It propagated vertically to the upper printed layer and then the printed
layer slipped horizontally along the interface of the printed mortars as shown in Fig. 5b. The specimen failed
at a load of 1.7 kN.



(a) Cross section (b) Flexural cracks and slip along the printed layers

Figure 6. Details and failure of the 2" 3DP beam

The design concept of the 3DP wall in this study demonstrated the building component as a wall with
opening. The overall dimensions of the 3D opening wall were 2000%x1310x120 mm with an opening size of
1200%1000 mm as shown in Fig. 7a. The thickness and width of each printed layer were 12 mm and 32 mm,
respectively. The wall was printed at a speed of 5000 mm/min. The compressive strength of the mortar used
to print this wall was 85 MPa at 7 days. It is noted that the tested wall is a non-reinforced wall.
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Figure 7. Dimensions and test set up of 3DP opening wall

From the test observation, the first crack (shear crack) on the printed wall appeared at a load of 342 kN. It
can be seen from Figs. 8a and 8b that most cracks propagated near the legs of the wall at the load around
600 kN. When the applied load reached 1,415 kN, mortar spalled out at the shaded area shown in Fig. 8b.
indicating localized failure and then the wall collapsed. Prepare reinforcement detailing is required to avoid
this brittle failure manner.
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Figure 8. Damage patterns of the tested opening wall



3. Construction projects of 3D-printed structures in Thailand

Recently, as an early stage of 3DP construction (pilot) projects in Thailand, two printed coffee shops were
constructed using a non-load printed bearing wall system. The coffee shop in BangSon, as depicted in Fig.
9, was built as a one-story building. Another 3DP construction, based in Phuttmamonthon Sai 3, was a two-
story building as shown in Fig. 10. The non-load bearing wall system was used with steel frame (beam-
column) system in both printed coffee shops. The height of the printed wall of the coffee shop in Bangson
(see Fig. 9) ranges from 4.40 to 5.40 meters. The printed walls were split into two sections, top and bottom,
due to the capability of the printer. The total areas of the 3D-printed walls at BangSon and Phuttamonthon
Sai 3 are 131.7 and 170.0 square meters, respectively.

Figure 9. 3D-printed coffee shop at BangSon, Figure 10. 3D-printed coffee shop at
Thailand Phutthamonthon Sai 3, Thailand

The wall panels were printed at the factory and transported to the construction site as shown in Fig. 11. The
installation of 3DP panels is shown in Fig. 12. Fig. 13a. shows the connecting process between the printed
wall and the foundation. Rebars as shear keys were used to connect the printed wall with the steel column
as shown in Fig. 13b. The spaces between the wall and steel column were filled with concrete. To connect
the lower part to the upper part of the 3D-printed wall, a steel rebar was placed in each hollow area between
those two parts of the wall and later filled with non-shrink grout as shown in Fig. 13c. The sanitary and
electrical piping systems were embedded in the 3DP walls.
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Figure 13. Construction processes of 3D-printed coffee shops.



Another 3D-printing pilot project is a 3DP two-story building used as a health center. The concept design of
this 3DP printed health center is presented in Fig. 14. This structure employs both non-load and load-bearing
wall systems. The usable area of this building is 345 m?2, and the total 3DP wall area is 250 m2. The non-
load bearing walls were used in the two-story part of the building while load-bearing walls were used in one-
story part of the building (highlighted by the dashed box shown in Fig.14). The non-load bearing walls were
printed on-site with the prefabricated reinforced concrete beams and columns as structural members. For
the load bearing walls, rebars were inserted into the hollow sections at every 60 cm, and then filled with
non-shrink grout. These rebars were anchored to the precast slab as shown in Fig. 15. Then, the structure
was homogenized by casting of concrete topping over the precast slab.
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Figure 14. Concept design of the 3D-printed Figure 15. Connecting 3DP load-bearing wall
health center with precast slab.

4. Conclusions

This paper presents an initial stage of research and construction industry of 3DP in Thailand. Basic material
properties of 3D printed mortar, tests of 3D-printed structural members and construction of 3D-printed
structures in Thailand are presented in this paper. The following conclusions can be drawn from this study:

e Compressive strength, tensile strength, and interface strength of specimens kept at high
temperatures are higher than those of the specimens kept at normal temperature.

e From the test results of the 3DP beams, the 3DP reinforced beam with a cross-section of
150x400 mm showed a traditional shear failure. On the other hand, the 3DP non-reinforced
beam with a cross-section of 30x150 mm showed a combined failure mode caused by flexural
crack and slippage of the printed mortar along the interfaces. This shows that in some cases
the interface strength affects overall load capacity and failure mode of the 3DP members.

e The tested 3DP wall with an opening under compressive load demonstrated the brittle failure
mode by spalling of mortar near the corner of wall opening.

e Some pilot projects of 3D-printed buildings in Thailand demonstrate the development of 3D
printing technology in construction industry, which can be used as non-load bearing wall and
load-bearing wall systems. Depending on the purpose, 3DP structures can be printed in the
factory (off-site) or on-site.
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