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Abstract

The common practice in understanding some puzzling geotechnical and geomechanical issues by large-scale three-dimen-
sional physical model tests is recently much improved by the introduction of 3D-printing technology which can realize the
reconstruction of complex geological structures. However, during 3D printing process, the regular rock-like material suffers
from some general problems such as short initial setting time, water segregation, decreasing fluidity induced by chemical
reaction, and some other unclear influencing factors. To promote further development of physical model via 3D printing
method and to fabricate large-scale high-precision 3D geological models, in this paper, the flow characteristics of rock-like
materials were first investigated using a new fluidity testing apparatus. Based on the test results, a novel 3D-printing technol-
ogy of geological material was formulated. Then, the technologies of fabricating the desired structural specimens, acquiring
samples with mechanical properties and cracking behaviors similar to natural rock, printing large-scale complex geological
models were formulated. The results show that the 3D-printing technology of geological materials had a principle: no losing
fluidity during printing time. The parameters of print head diameter, line width, line span, and line slump were the four key
factors affecting desired structural samples. From the enlightenment of printing small-scale sample, the printing methods of
complex large-scale geological models including decreasing printing time, acquiring heterogeneous geological model with
inner structures, desired density, and surrounding smooth surface were proposed.

Keywords Rock-like materials - 3D-printing technology - Desired structural specimens - Mechanical properties - Cracking
behaviors

1 Introduction

Geological model with complex structure test is an impor-
tant way to visualize certain engineering problems (Feng
et al. 2017). So far, there are mainly three methods used to
construct geological models: pouring, tamping, and small
block masonry (Liu et al. 2013; Zhang et al. 2015). How-
ever, several disadvantages arise when using these artificial
methods, including being unable to simulate detailed tec-
tonic discontinuities (Zhang et al. 2015; Chen et al. 2015;
Fumagalli 1966), difficulty in guaranteeing uniformity of the
density of different layers (Zhu et al. 2010, 2011; Li et al.
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2015), and bringing in additional contact surfaces (Liu et al.
2013; Ma et al. 2017).

3D-printing technology, also known as additive manu-
facturing, provides a novel way to solve afore mentioned
shortcomings by slicing and printing complex models layer-
by-layer. Ju et al. (2017a, b) use aggregated materials to print
transparent structural samples for acquiring stress field data.
They have also printed heterogeneous rock samples with
complex structures based on X-ray microfocus computed
tomography (Ju et al. 2014, 2017; Liu et al. 2016). Jiang
et al. (2016) and Xiong et al. (2015) utilize a 3D scanner
to get surface data from natural rock joints. The rock joint
model based on scanning data was then printed using a poly-
lactic acid (PLA) printer. At last, the same rock joint samples
are manufactured by pouring method. Wang et al. (2017)
print a fractured network using a PLA printer and put it with
similar materials into a mould to make a fractured rock sam-
ple. Jiang and Zhao (2015) demonstrate that the compressive
properties of PLA samples are plastic. Powder-based 3D
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printers are the most widely used apparatus in rock mod-
elling. Using this type of printer, Fereshtenejad and Song
(2016) find that the strength of printed samples is influenced
by printing direction, layer thickness, heating, and binder
saturation level. Jiang et al. (2016a, b, c) investigate the
tensile mechanical properties of printing samples with pre-
set cracks. They find that the crack failure mode of printed
samples is similar to that of Portland cement concrete sam-
ples. Tian and Han (2017) test the failure mode of printed
samples with different angles of pre-existing flaws under
uniaxial compressive conditions. The experiment shows
that the mechanical properties of printed specimens are
similar to rock-type materials. Shakor et al. (2017) develop
a water-based binder-printing method to instead the glue-
based binder-printing method. The results indicate that the
mechanical properties of 3D-printed samples are enhanced
using this method. Vogler et al. (2017) compare the tensile
strength of artificial sandstone specimens with 3D-printed
specimens and find that the indirect strength, surface rough-
ness, and crack propagation behavior of printed samples are
similar to those of a weak natural sandstone. Bauyrzhan
et al. (2017) investigate the temperature dependence and
find that the unconfined compressive strength of 3D-printed
samples decreases from 19 to 1.1 MPa when the temperature
increases from 25 °C to 80 °C. In addition, Zhou and Zhu
(2017, 2018) investigate the suitability of ceramics, gypsum,
PMMA, SR20, and resin to simulate brittle, hard rock. The
results indicate that the resin is the most suitable material,
but its brittleness remains to be improved.

In spite of having the ability to produce complex struc-
tures, there are still some disadvantages for 3D-printing
geological models using universal rock-like materials. The
printing method used in constructing rock-like samples
mainly have four categories: fused deposition modelling
(FDM), three-dimensional printing and gluing (3DP), ste-
reolithography apparatus (SLA), and selective laser sinter-
ing (SLS). FDM is a 3D-printing technology based on hot
extrusion. The printing materials require a lower melting
point and cold welding in subsequent layers (Huang et al.
2013; Kruth et al. 1998; Pham and Gault 1998). 3DP is a
kind of technology that utilizes a nozzle for selective gluing
of powdered material (Chia and Wu 2015; Otten et al. 2012;
Yan and Gu 1996). SLA adopts a UV laser to irradiate a pho-
tosensitive resin. The liquid resin will solidify when the laser
irradiate the resin surface (Melchels et al. 2010; Mondschein
et al. 2017; Skawinski et al. 1995; Weng et al. 2016). SLS
has some similarities to 3DP except the printer. The build
material is fused under high power laser (Launhardt et al.
2016; Fina et al. 2017). Unlike these novel 3D printing meth-
ods, geological materials are solidifying through its chemi-
cal reaction. Geological materials can be divided into two
categories: cementing materials and aggregates (Cao et al.
2018). The challenge of 3D-printing geological materials is
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that cementing materials and aggregates are always mixed
together with water and solidify over time.

In this paper, the 3D-printing disadvantages with geo-
logical materials were first investigated with a new fluidity
testing apparatus. After that, some measures were developed
to solve these problems. Then, the technologies of produc-
ing desired structural specimens, acquiring samples with
mechanical properties and cracking behaviors similar to
natural rock, and printing large-scale complex geological
models were analyzed.

2 Materials and Experiments’ Methods
2.1 Materials

The 3D-printing technology used for cementitious materi-
als needs to meet the following requirements: setting time,
extrudability, flowability, and desired strength (Ma et al.
2017). To ensure the geological materials with good worka-
bility and printable performance, the test materials including
silica sand, two types of cement, and two types of gypsum,
which are frequently used in geological models, were pre-
pared. Two types of cement and two types of gypsum were
selected to ensure that the test results were suitable for other
cementitious materials. Two types of set retarder and a kind
of water-retaining agent were used to increase initial set-
ting time and avoid segregation, respectively. Their detailed
information is shown in Table 1.

2.2 Experiment Methods
2.2.1 Initial Setting Time Measurement

Initial setting time was an important factor influencing the
fluidity of cementitious materials (Tan et al. 2018). It was
assessed with the Vicat apparatus (Fig. 1). The initial setting
time was measured under normal consistency conditions.
The steel needle diameter used to test initial setting time was
1.13 mm. The initial setting time was measured every 10 s
for high-strength gypsum with its initial setting time less
than 3 min. The initial setting time of the other cementing
materials was tested every 30 min, at first. When approach-
ing the initial setting time, it was tested every 1 min. When
the distance from the needle head to the lowest point was
less than 5 mm, the testing time was determined as the initial
setting time. All the tests were conducted at 20 °C.

2.2.2 Fluidity Measurement
Flowmeters can be divided into three categories based on its

measuring principles: volumetric flowmeters, velocity-type
flowmeters, and mass flowmeters (Jin et al. 2017). The flow
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Table 1 Source information of testing materials

Materials Company

Location

Caulking gypsum
High-strength gypsum

325 Slag Portland cement

525 Portland cement

Silica sand

Sodium polyphosphate

Sodium gluconate
Hydroxypropyl methyl cellulose

Shenyang 303 Decorative Ltd

Shenyang Li-shi-jia Ltd

Shenyang Shan-shui Cement Ltd

Tangshan Ji-dong Cement Ltd

Shenyang Xin-jiu-wang Trading Ltd

Shandong Le-gao Environmental and Technology Ltd
Tianjin Bei-chen-fang-zheng Chemical reagent factory
Hebei Qing-jun cellulose factory

Shenyang, China
Shenyang, China
Shenyang, China
Tangshan, China
Shenyang, China
Qingdao, China
Tianjin, China
Shijiazhuang, China

Fig. 1 Initial setting time test
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characteristics of geological materials were difficult to assess
by universal flowmeter, because there were some unique
characteristics on testing the fluidity of cementitious mate-
rials such as varied initial setting time and water segregation
(Bryan et al. 2015a, b; Khelifi et al. 2013). Based on flowme-
ter test principles and the flow characteristics of geological
materials, a novel fluidity testing apparatus that consisted

Fig.2 Fluidity test; a fluid-
ity test apparatus; b material
extrusion

Regular
valve

of frame, material extrusion, regular valve, electronic bal-
ance, and air pump was developed (Fig. 2a). The material
extrusion that consisted of pneumatic coupling, metal cap,
piston, material barrel, head adapter and printer head was
used to contain and squeeze out the test materials (Fig. 2b).

The general procedures for testing the fluidity of cementi-
tious materials were as follows. First, the needle adapter was
mounted on the material barrel. To eliminate air, the mixture
was vibrated on a shaking table. Subsequently, the piston,
metal cap, and needle were mounted by turn. Second, mate-
rial extrusion was positioned on frame. The material extru-
sion and regular valve were connected with high-pressure
plastic pipe. In the end, the testing began with the target air
pressure adjusted via the regular valve. The balance data
were recorded and stored per minute.

2.2.3 Influencing Parameter Measurement
The parameters of line width, line span, and line slump are

the main factors that affect printing precision (Lanaro et al.
2017; Lille et al. 2018; Yang et al. 2018). To investigate the

Material
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Material
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Fig.3 Line width test; a line width testing apparatus; b printed line
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Fig.4 Line span test method; a line span testing apparatus; b sketch map of printed line; A—line collapse, B—line fracture

influencing line width factors, a new kind of test appara-
tus was developed. The device consisted of extruder, car-
rier plane, regular valve, air pump, and moving axis. The
material extrusion moved along with the X- and Z-axes and
the carrier plane moved along with the Y-axis (Fig. 3). To
investigate the influencing line span factors, different inter-
val grids were printed using a PLA 3D printer. Their dis-
tance changed from 1 to 15 mm (Fig. 4a). The test principle
was that a printed line on the grid surface would collapse
or fracture due to gravity. The line span had the following
evaluation standards: (1) the line collapse by more than
1 mm and (2) the line fractured. To investigate factors influ-
encing line slump, a printing routine of rectangle frame,
50 mm X 50 mm, was designed to obtain the slump height
(Fig. 5a). The test principle was that the frame would break
down with increasing height (Fig. 5b).

The general procedures for investigating the factors influ-
encing line width included the following basic steps: (1)
charging materials. The test materials were poured into the
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Fig.5 Printing material slump test method; a rectangle line printing
process; b printing rectangle slumped shape

material extrusion with vibrating on the shaking table. (2)
Designing movement routine. The test began when the air
pressure reached the target pressure. The printer head would
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move under computer controlling. (3) Measuring the line
width. The printed lines were divided into three parts: left,
middle, and right. The line width value was taken as the
average width after measuring each area once.

The general procedures for investigating the factors
influencing line span included the following basic steps: (1)
charging materials; (2) putting the line slump onto the car-
rier plane. The long side of the line span testing apparatus
was paralleling to X-axis; (3) design movement routine; and
(4) measuring the line span. When the collapse height was
more than 1 mm or fractured, the line slump value was taken
as the previous grid width.

The general procedures for investigating the factors influ-
encing line slump included the following basic steps: (1)
charging materials; (2) designing movement routine; and (3)
testing the line slump. The line slump value was taken as the
rectangle height before it broken down.

2.2.4 Geological Material 3D Printer

Based on extrusion technology, a new small-scale geologi-
cal material 3D printer was developed (Khoshnevis and
Bekey 2002; Gosselin et al. 2016; Kazemian et al. 2017).
This device consisted of printing controller, printing frame,
extrusion controller, material container, regular valve, and
air pump (Fig. 6). The printing software named Repetier was
used to control the printing process. The print head moved
freely along the X- and Y-axes and the printing platform
moved along with Y-axis. The air pressure controlled by the
regular valve impelled geological materials into the extru-
sion controller.

The printing procedures of this printer were as follows.
(1) preparing printing model. A digital model constructed
by 3D model designing software and sliced by Slic3r (a kind
of open source software was used to slice the digital models

Material
/ container

Printing

Printing
controller

Extrusion
controller

Regular
valve

Fig.6 Geological material 3D printer

into routine data). (2) Cleaning extrusion controller. The
extrusion controller needs to be cleaned to decrease the ini-
tial flow resistance and avoid blocking print head. (3) Model
printing. Some basic printing parameters including fill den-
sity, print speed, layer height, and nozzle diameter should
be set before slicing the virtual model. In our experiment,
the fill density, print speed, layer height, and nozzle diam-
eter were 100%, 60 mm/s, 1 mm, and 1.4 mm, respectively.
(4) Post-treatment. The 3D-printed samples with Portland
cement were maintained 30 days under the temperature of
20 °C and relative humidity of 90%, and the gypsum sam-
ples were maintained 7 days at the temperature of 20 °C in
dry air.

3 Results

Geological materials utilized to manufacture different kinds
of geological models usually can be divided into three main
categories: cementing materials, aggregate, and additive
agent. Because the fluidity of aggregate remained stable dur-
ing printing process, the main challenges affecting normal
printing process are the properties of cementing materials.
Therefore, the printing disadvantages using cementing mate-
rials were investigated and some measures were proposed to
solve these problems. Then, the fluidity affected by water,
set retarder, water-retaining admixture, and air pressure was
investigated. Based on these results, the 3D-printing technol-
ogy of geological materials was established.

3.1 Flow Characteristics

The 3D-printing technology of cementing materials needs
to meet the following requirements: proper setting time,
extrudability, flowability, and desired strength (Ma et al.
2017). To obtain cementing material flow features, two types
of cement and two types of gypsum, which used frequently
as cementing materials in geological models, were tested.
When combined with water, the high-strength gypsum
solidified rapidly in 1 min and released lots of heat. Due to
such short initial setting time, the gypsum would solidify
during mixed with water and no enough time to be printed
(Fig. 7a). When the two types of cement were combined
with water, rapid solidifying phenomenon did not occurred
in 2 h. However, during testing cement flow features using
the fluidity testing apparatus (Fig. 2), the cement flow nor-
mally at first. When the cement approached cessation of
flow, the extrusion began to bleed water. After no fluidity,
when the testing materials were took out from the extrusion
container (Fig. 7b), the results indicated that only partial
inner materials were running out. With bleeding water and
inner materials running out, we got the conclusion that the
cement occurred water segregation. When combining with
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Fig.7 Geological disadvantages test; a rapid solidification; b water
segregation

set retarder, the high-strength gypsum also occurred water
segregation phenomenon. While testing caulking gypsum,
the phenomenon of rapid solidification and water segrega-
tion did not occurred.

3.2 Solutions for Rapid Solidification and Water
Segregation

During testing the flow features of caulking gypsum, the
phenomenon of rapid solidification and water segregation
did not occur. Referencing to correlative literatures, the
caulking gypsum was mixed with set retarder and water-
retaining admixture to solve rapid solidification and water
segregation. For other cementing materials, the advanta-
geous effect of set retarder and water-retaining admixture
was investigated in the following test. Sodium gluconate and
sodium polyphosphate were used as the setting retarder for

Table 2 Setting retarder adding order effect

gypsum and cement, respectively. Hydroxypropyl methyl
cellulose was used as a water-retaining admixture.

In this section, the standard water requirements for nor-
mal consistency were measured using initial setting appa-
ratus, and the value of high-strength gypsum, 325R slag
Portland cement, and 525R ordinary Portland cement was
178 g, 148 g, and 170 g, respectively. Subsequently, the
initial setting time was tested, and the values were 1 min,
343 min, and 235 min, respectively. At last, the order of
admixture effect was tested. The detailed effects are shown
in Table 2. For the setting retarder, the best order of the addi-
tion of high-strength, 325R slag Portland cement, and 525R
Portland cement was simultaneous mixing, later mixing and
later mixing, respectively. For the water-retaining agent, this
order was first mixing, later mixing, and later mixing. The
admixture used in following tests was mixed with the opti-
mal order of addition.

Figure 8 shows the influence of retarder addition on the
initial setting time. For two types of cement, the initial set-
ting time almost increased six times when the setting retarder
dose was increased from O to 0.75 g. For high-strength gyp-
sum, the initial setting time increased from 1 min to 680 min
when the setting retarder dose increased from 0.5 to 3 g.
These results indicated that setting retarder could increase
the initial setting time of cementitious materials. Compared
with high-strength gypsum, the cement was sensitive to set-
ting retarder on increasing initial setting time.

In the end, by adding suitable dose of setting retarder and
water-retaining mixture to cementing materials, the high-
strength gypsum, 325R slag Portland cement, and 525R
ordinary Portland cement did not appeared rapid solidifi-
cation, bleeding water, and running out inner materials, as
shown in Fig. 7. The results indicated that the rapid solidi-
fication and water segregation could be solved by adding

Materials Mixing method Standard water ~ Setting Initial setting ~ Water-retaining Initial setting
demand (g) retarder (g) time (min) agent (g) time (min)
High-strength gypsum No mixing 178 0 1 0 38
First mixing 0.5 4 1 68
Simultaneous mixing 0.5 16 1 44
Later mixing 0.5 3 1 49
325R Slag Portland cement No mixing 148 0 343 0 540
First mixing 0.15 410 1 433
Simultaneous mixing 0.15 360 1 523
Later mixing 0.15 428 1 545
525R Ordinary Portland cement No mixing 170 0 235 0 286
First mixing 0.15 309 1 204
Simultaneous mixing 0.15 10 1 381
Later mixing 0.15 386 1 388
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Fig. 8 Retarder addition influencing on initial setting time

suitable dose of set retarder and water-retaining admixture
with cementing materials.

3.3 Printing Method

Given that, set retarder and water-retaining admixture
could solve the rapid solidification and water segregation
of cementing materials. The influence of set retarder, water-
retaining admixture, and air pressure on the sustaining flow
characteristics of cementing materials was studied.

Figure 9 illustrates that the set retarder influence on sus-
taining stable fluidity of cementing material. The water
cement ratio of high-strength gypsum, 325R slag Port-
land cement, and 525R Portland cement was 0.43, 0.3, and
0.36, respectively. The air pressure kept invariant during
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whole test process and the respective initial pressure were
0.08 MPa, 0.05 MPa, and 0.05 MPa separately. As shown in
Fig. 9a, the results demonstrated that the cementing mate-
rial’s fluidity was in positive correlation with set retarder
addition. However, the fluidity of 525R ordinary Portland
cement was more sensitive to set retarder than the other two
types of cementing materials. As shown in Fig. 9b, the con-
tinual flow ability of cementing materials was tested with
the set retarder addition of 3 g, 0.5 g, and 0.5 g, respec-
tively. The fluidity of high-strength gypsum and 325R slag
Portland cement almost kept stable at first and decreased
sharply to zero in last 1 min. The fluidity of 525R Portland
cement decreased to zero at 8 min. These results indicated
that the set retarder had a positive affection on sustaining
stable fluidity of cementing materials. However, the cement-
ing materials occurred water segregation phenomenon in
this test process due to no adding water-retaining admixture.

Figure 10 shows that the influence of water-retaining
admixture on sustaining stable fluidity of cementing mate-
rial. The addition of water cement ratio and set retarder
was the same, as described in Fig. 9. The air pressure kept
invariant during whole test process and the initial pressure
was 0.1 MPa, 0.06 MPa, and 0.06 MPa, respectively. As
shown in Fig. 10a, the fluidity of high-strength gypsum
and 525R ordinary Portland cement reached maximum at
2 g and 1.6 g. However, the fluidity of 325R slag Port-
land cement decreased when water-retaining admixture
increased. As shown in Fig. 10b, the continual flow ability
of 325R slag Portland cement, high-strength gypsum, and
525R ordinary Portland cement detected with set retarder
addition 0.8 g, 2 g, and 1.6 g separately. Their fluidity all
decreased, but the water segregation did not occurred and
the continual flow time were much longer than only adding

—a— High-strength gypsum
—e— 325R slag Portland cement
—a— 525R ordinary Portland cement

T T T T T T T T T T
0 5 10 15 20 25 30
Time (min)

(b)

Fig.9 Flowing characteristics after adding retarder; a retarder addition influencing; b time influencing
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Fig. 10 Flowing characteristics after adding setting retarder and water-retaining agent; a water-retaining agent influencing; b time influencing

set retarder. These results proved that the water-retaining
admixture had a positive affection on sustaining stable
fluidity of cementing materials, and the method of adding
water-retaining admixture could solve water segregation
of cementing materials.

Figure 11 expresses that the influence of increasing air
pressure on sustaining stable fluidity of cementing mate-
rial. The addition of water cement ratio, set retarder, and
water-retaining admixture was the same, as described in
Fig. 10. The caulking gypsum only mixed with 165 g of
water. The flow-state evolution of caulking gypsum, high-
strength gypsum, 325R slag Portland cement, and 525R
ordinary Portland cement is shown in Fig. 11a—d, respec-
tively. With initial air pressure, the fluidity of all cement-
ing materials decreased with time. When increasing the
air pressure, the fluidity rapidly increased. After reaching
the peak fluidity, the fluidity began to decrease thereafter.
These results indicated that the fluidity decreased over
time and would maintain within a certain rang by increas-
ing air pressure. However, increasing the air pressure
had no obvious influence on fluidity when the flow time
approached the cementing material initial setting time.

Based on the above discussions, the 3D-printing tech-
nology of geological materials could be summarized
as follows. First, when selecting cement or gypsum as
cementing material, the initial setting time needs to be
increased by adding proper dose of set retarder. Sec-
ond, the water-retaining admixture should be added into
cementing materials for avoiding water segregation. At
last, the driving air pressure must keep continuous increas-
ing for compensating enhancive flow resistance caused by
chemical reaction of cementing materials over time.
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4 Discussion

The 3D-printing technology of geological materials is
summarized in Sect. 3. However, there were still three
key problems need to be solved. One was how to produce
the desired structural specimen. Another was how to use
3D-printing technology to prepare rock-like samples that
would have mechanical properties and cracking behaviors
similar to natural rock. The last was how to print large-
scale complex geological models.

4.1 Printing Method of Desired Structural Samples

The parameters of print head diameter, line width, line
span, and line slump were the four important factors affect-
ing desired structural samples. The print resolution that
decided the minimum size of printed structures affected
by the printer head diameter. The line interval was deter-
mined by line width. The line span decided the impending
length of model inner holes. The line slump was the maxi-
mal printed height with continuous printing ability. To
acquire desired structural samples, the factors influencing
the print head diameter were firstly investigated. Then, the
factors influencing line width, line span, and line slump
were investigated. At last, printing technology of desired
structural samples was formulated.
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Fig. 11 Flowing characteristics by increasing air pressure; a caulking gypsum; b high early strength gypsum; ¢ 325R slag Portland cement; d
525R ordinary Portland cement; A, B, C, and D point increase air pressure

4.1.1 Print Head Diameter

Print head diameter was an important parameter influenc-
ing printing resolution. The aggregates of geological mate-
rials, such as silica, did not undergo chemical reaction, but
influence the printing head diameter. Therefore, we just
chose silica from geological aggregates for test purpose. In
this section, 325R slag Portland cement and silica selected
as the testing materials. The mass of cement, silica, and
water was 500 g, 100 g, and 180 g, respectively. The added
dose of setting retarder and water-retaining agent were
0.5 g and 1 g, respectively. The maximum granular size

of silica was less than 0.28 mm. The different print head
diameters were 0.9 mm, 1 mm, 1.2 mm, and 1.5 mm.

To find out the influencing factors of print head diam-
eter, the flow characteristics were investigated using differ-
ent sizes of print head. Table 3 shows the cement fluidity
with different print head diameters and air pressures. With
a 0.9 mm diameter print head, the cement did not flow no
matter how much the air pressure increased. When the print
head diameter was 1 mm or 1.2 mm, the cement stopped
thrice and once during test, respectively. However, when
the print head diameter was 1.5 mm, the cement kept con-
tinuous flowing. The results indicated that the print head
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Table 3 Printer head diameter trials

Printer head diameter 1.2 mm Printer head diameter 1.5 mm

Printer head diameter 1 mm

Printer head diameter 0.9 mm

Pressure (MPa) Velocity (g/s) Process

Pressure (MPa) Velocity (g/s) Process descrip-

Pressure (MPa) Fluidity (g/s) Process descrip-

Process descrip-

tion

Pressure (MPa) Veloc-

descrip-
tion

tion

tion

ity

(g/s)

5.87
8.2
9.66

0.165
0.175
0.185
0.195
0.205

5.09
7.52

0.205

9.59

0.26

Non- fluidity
Non-fluidity

0.1

0.215

Suspend

10.24
12.49
13.56
13.64

0.275

0.2
0.3

0.225 8.46 Suspend

Suspend

0.285

Non-fluidity

10.08
12.34

10.82
11.43

0.235

Suspend

0.295

Non-fluidity

0.4
0.5

0.245

0.305

Non-fluidity

diameter should be five times bigger than the particle size
of aggregates.

4.1.2 Line Width, Line Span, and Line Slump

The parameters of line width, line span, and line slump were
the other factors influencing the printing consequences of
desired structural samples. In this section, the factors of
affecting line width, line span, and line slump were inves-
tigated. When no investigating the influencing factors, the
mass of cement, air pressure, printer head diameter, water
addition, printing speed, setting retarder, and water-retaining
agent was 500 g, 0.1 MPa, 1.4 mm, 180 g, 60 mm/s, 0.8 g,
and 1 g, respectively. In the benchmark experiment, the
detailed information of changing factors is shown in Table 4.

Figure 12 shows the factors influencing on line width.
The results indicated that air pressure, print head diameter,
water addition, and set retarder could increase the line width.
However, the line width would decrease when printing speed
and water-retaining admixture increased. Because the line
interval was decided by line width, the choosing principles
of proper parameter for line interval were as follows. Once
the print head diameter selected, the maximum printing pre-
cision was determined. To acquire best printing precision,
we should selected the other parameter values that corre-
spond to the print head diameter. Figure 13 shows the factors
influencing on line span. The air pressure promoted line span
in a certain range and the head diameter and water-retaining
admixture had a positive affection online span. However, the
line span would decrease with the increasing of water addi-
tion, printing speed, and set retarder. Because impending
length for manufacturing inner holes was decided by line
span, the longer line span was, the larger impending hole
was obtained. Therefore, the choosing principles of proper
parameters for line span were that how to increased line
span length. Figure 14 shows the factors influencing slump.
The influencing factors excepted printing speed had a posi-
tive affection on line slump. Because continuous printing
ability decided by line slump, the choosing principles of
proper parameters were increasing data value of positive
influencing parameters and decreasing data value of nega-
tive parameter.

4.1.3 Methods

The parameters of print head diameter, line width, line
span, and line slump were the four key factors affecting
desired structural samples. The printing method of desired
structural sample was summarized as follows. First, print-
ing resolution was determined by the size of aggregates.
In terms of this theory, the printing resolution could
increase limitlessly as long as the print head diameter was
five times bigger than aggregate size. Second, to further



The 3D-Printing Technology of Geological Models Using Rock-Like Materials

2271

Table 4 Changed scope of influencing factors for print parameter

Print parameter Air pressure (MPa) Print head diam- ~ Water addition (g) Printing speed  Setting Water-retain-
eter (mm) (mm/s) retarder (g) ing admixture
(€9
Line width 0.09-0.13 1-1.8 165-187 20-60 0-0.8 0.8-1.6
Line span 0.12-0.16 1-1.8 165-187 20-33 0-0.8 0.6-1.4
Line slump 0.175-0.215 1-1.8 165-187 20-60 0-0.8 0.6-14
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Fig. 12 Line span influence factor; a air pressure; b printer head diameter; ¢ water addition; d printing speed; e setting retarder; f water-retaining

agent

improve the print precision, the line width needs to be near
the print head diameter. The influencing parameters were
selected, as the values corresponded the print head diam-
eter. Third, the line span determined the impending length
of samples inner hole. If there no hole in printing sample,
the parameter did not need to be consideration. The last
was that the printing height must be lower than line slump
height. When approaching maximum line slump value, the
printing process should suspend until the printed parts had
solidified.

4.2 Potential Application

In this section, the potential application of printed samples
with rock-like materials was investigated. First, the printed
surface characteristics of caulking gypsum, high-strength
gypsum, 325R slag Portland cement, and 525R ordinary
Portland cement were analyzed. Then, the mechanical
properties and cracking behaviors of printed samples were
contrasted with natural rock.
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Fig. 13 Line slump influence factor; a air pressure; b printer head diameter; ¢ water addition; d printing speed; e setting retarder; f water retain-

ing agent

4.2.1 Surface Characteristics of Printed Samples

To investigate the surface characteristics of printed samples,
four kinds of samples were printed. For printing caulking
gypsum samples, the gypsum and water mass were 500 g
and 150 g, respectively. For printing high-strength gypsum
samples, the gypsum, water, setting retarder, and water-
retaining agent weighed 500 g, 210 g, 3 g, and 1 g, respec-
tively. For printing 325R ordinary slag Portland cement sam-
ples, the cement, water, setting retarder, and water-retaining
agent weighted 500 g, 180 g, 0.8 g, and 1 g, respectively. For
printing 525R ordinary Portland cement, the cement, water,
setting retarder, and water-retaining agent weighted 500 g,
200 g, 0.8 g, and 1 g, respectively. The printing speeds and
printer head diameters were all 60 mm/s and 1.4 mm, respec-
tively. The size of printed specimen was 105.00 mm X 55.00
mm X 55.00 mm, and the printing direction was perpendicu-
lar to loading direction.

Figure 15 shows the surface characteristics of 3D-printed
samples. Samples of A, B, C, and D were the caulking gyp-
sum sample, high-strength sample, 325R ordinary slag
Portland cement, and 525R ordinary Portland cement,
respectively. Figure 15a shows that the surrounding surface

@ Springer

of printed samples layered; however, the top and bottom
surfaces were smooth. When the printed sample surface was
wire-cut, we found that the layering was not significant in
the interior of printed samples (Fig. 15b). In the end, the
dimension of printing specimens was measured. The size of
caulking gypsum, high-strength gypsum, 325R slag Portland
cement, and 525R Portland cement was 104.23 mm X 53.14
mm X 53.53 mm, 102.51 mm X 52.37 mm X 52.52 mm, 102.
31 mmx51.45 mmXx51.23 mm, and 103.34 mm X 51.51 m
mXx51.72 mm. These indicated that all of printed samples
occurred shrinkage.

4.2.2 Application

The uniaxial compression test was performed with rock-
man207 hard rock triaxial testing system. During testing,
the loading mode was initiated through displacement control
with a ratio of 0.005 mm/s, and the axial strain was meas-
ured using a linear variable differential transformer (LVDT).
The loading direction was paralleling to layer direction. The
size of printed samples was rendered smooth with size of
100 mm X 50 mm X 50 mm. Figure 16a shows the uniaxial
stress—strain curve of printed samples with 525R ordinary
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Fig. 14 Line slump influence factor; a air pressure; b printer head diameter; ¢ water addition; d printing speed; e setting retarder; f water-retain-
ing agent

(b)

Fig. 15 Surface characteristics of 3D-printing samples; a 3D-printing sample; b post-processing surface characteristics; A—caulking gypsum,
B—high-strength gypsum, C—325R ordinary Portland cement, D—525R Portland cement

Portland cement. The axial stress increased approximately  (Khanlari et al. 2015), and slate (Li et al. 2015, 2017). Fig-
linearly with axial strain before peaking and then sharply =~ ure 16b shows the failure mode of printed samples with
decreased. The curve feature was similar to some layer rock, =~ 525R Portland cement. The failure plane was parallel to
such as black shale (Chen et al. 2014), laminated sandstones layer direction and it was similar to above-mentioned layer
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Fig. 16 Mechanical characteristics of printed samples with 525R ordinary Portland cement; a uniaxial compressive strength; b failure mode con-

trast (Chen et al. 2014)

rock. In summary, the printed samples with 525R Portland
cement could be used to simulate some types of bedding
rock.

4.3 The Enlightenment for Printing Large-Scale
Complex Geological Model

In upper investigation, the 3D-printing technology of geo-
logical materials, obtaining samples with desired structural
and mechanical properties, was analyzed. Based on these
achievements, the large-scale geological models could be
printed. However, there were still some questions need to
be solved: the strength of set retarder influencing, costing
much printing time, complex inner structures, heterogeneity,
desired density, and smooth surface. In the following sec-
tion, some methods were proposed to solve these problems.

4.3.1 Set Retarder Influencing and Print Time

At first, the 3D-printing technology of geological models
with universal geological materials was investigated. For
the 3D-printing technology, the setting retarder and water-
retaining admixture were introduced to avoid rapid solidifi-
cation and water segregation. To avoid blocking the pumping
pipe, a longer initial setting time was required; however,
when increasing setting retarder addition more than a peak
value, the strength of samples would decrease (Khudhair
et al. 2018; Caillahua and Moura 2018). Therefore, the set-
ting retarder dose should be optimized properly so as to no
blocking pipe and maintain a higher strength.

The costing printing time for printing samples
55 mm X 55 mm X 105 mm was almost 4 h using a 1.4 mm
printer head. When the printer head diameter was 1 mm,
the printing time approached 9 h. For large-scale geological
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models, their dimensions often exceed 1 m. If using high-
precision printing, the printing time could exceed 1 year.
Therefore, some measures must be introduced to overcome
this problem. One solution was that we chose a small print
head for printing complex structures. When printing with no
structures, we chose a bigger print head for rapid printing of
geological models.

4.3.2 Printing Models with Complex Structures,
Heterogeneity, Desired Density, and Smooth Surface

As is known to all, most of engineering rock mass was het-
erogeneous and included complex structures. To get the
large-scale heterogeneous geological models with complex
inner structures, desired density, and smooth surface, some
methods were proposed. To get large-scale heterogeneous
geological models with complex inner structures, multi-
ple print head technology that included a serial of mate-
rial heads and different sizes of print head diameter were
introduced. The different sizes of print head diameters were
used to manufacture structures and decreasing print time.
For example, the small size print head was used to print
structures. When printing with no structures, the bigger print
head for rapid printing of geological models was selected to
accelerate printing speed. A serial of material print heads
was used to fabricate heterogeneous models. For example,
the fault, joints, and rock mass could be printed with its
similar materials by different material print heads. The mod-
els with smooth surface and density could be realized with
coaming and tighter roller. Once printed one layer, the coam-
ing increased a certain height. Then, the tight roller moved
one side to another. Because upper and down of printing
models were smooth, the other face was smooth controlled
by surrounding coaming. If the increased coaming height
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lower than layer height, the density would increase under
the tight roller pressing.

5 Conclusion

This paper investigates the 3D printing method and its use in
fabrication of geological models using rock-like materials.
Based on the flow characteristics of geological materials, a
new kind of 3D printing geological material technology was
formulated. Then, the technology of producing the desired
structural specimens, acquiring samples with mechanical
properties and cracking behaviors similar to natural rock,
and printing large-scale geological models were analyzed.
From these results, the main conclusions are as follows:

1. 3D-printing technology of geological materials had a
principle: no losing fluidity in the printing time. Rapid
solidification and water segregation were the main dis-
advantages of 3D printing with geological material.
The use of a setting retarder and water-retaining agent
could avoid the geological cementing materials suf-
fering rapid solidification and water segregation. The
mixing order of admixtures affected the initial setting
time. The best mixing order for setting retarder for high-
strength gypsum, 325R ordinary slag Portland cement,
and 525R ordinary Portland cement was simultaneous
mixing, first mixing, and later mixing. The optimal mix-
ing order of water-retaining agent for high-strength gyp-
sum, 325R ordinary slag Portland cement, and 525R
ordinary Portland cement was first mixing, later mixing,
and later mixing. The fluidity of geological materials
was decreasing over time due to its continuous chemi-
cal reaction and the air pressure should be increased for
compensating the decreasing fluidity.

2. The parameters of print head diameter, line width, line
span, and line slump were the four key factors affecting
desired structural samples. Printing resolution deter-
mined by the size of aggregates and could improve
limitlessly as long as the head print diameter was five
times bigger than the size of aggregate. The influencing
parameters of line width were selected the values cor-
responded the print head diameter. The line span deter-
mined the impending length of sample inner hole. If
there no hole in printing sample, the parameter did not
need to be consideration. The once continuous printing
height should be lower than line slump height. When
approaching max line slump, the printing process should
suspend until the printed parts solidified.

3. From the enlightenment of printing small-scale sample,
the printing methods of complex large-scale geological
models including decreasing printing time, acquiring
heterogeneous geological model with inner structures,

desired density, and surrounding smooth surface were
proposed. To decrease the printing time, the technology
of multiple print head was adopt. When printing with
no structures, the bigger printer head was selected for
rapid printing. The multiple print head technology also
could help to acquire homogeneous geological model
and complex structures with its similar materials. The
geological models with desired density and smooth sur-
face were solved using coaming and tight roller, respec-
tively.
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