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Abstract 

As an emerging automated construction technology, 3D concrete printing opens the 

opportunity for the construction of hard rock tunnel linings. However, very limited studies 

were carried out in this regard, especially the adhesion between freshly printed 

cementitious materials and the excavated rock wall deserves further attention. In this study, 

the adhesive performance of the fresh cementitious material at two representative surface 

inclinations, including the overhead position (inclination of 180°) and the side position 

(inclination of 90°), was explored by a tack test and a shear test. This was further studied 

by two series of 3D concrete printing tests including horizontal printing at the underside 

of a supported slab and vertical printing against an upright slab. Results demonstrated the 

adhesion at the overhead position was limited by both the shear resistance of the fresh 

cementitious material and the property of the material-to-substrate interface, while the 

adhesion at the side position was mainly constrained by the shear resistance of the fresh 

cementitious material. Moreover, the stress state analysis of the printed layers at the 

overhead position and the side position indicated that the tack test and shear test gave a 

good prediction about the printing capacity of the fresh cementitious material for hard rock 

tunnel linings. 

Keywords: 3D concrete printing; hard rock tunnel lining; adhesion; excavated rock wall; 

surface inclination; tack test. 
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1 Introduction 

Shotcrete has achieved significant improvements in the construction of hard rock tunnel 

linings with the advantages of versatility and cost-saving [1, 2]. However, this technology 

also introduces some adverse aspects such as a high amount of rebound during the spraying 

process [3]. Rebound is defined as a part of the sprayed material that ricochets and does 

not stick to the excavated rock wall [4]. Several factors have been proposed to influence 

the amount of rebound such as the surface hardness, the presence of steel mesh 

reinforcement, and the inclination of the surface. Specifically, the amount of rebound 

would reduce with less ricochet as the hardness of the projected surface decreased. 

Installing steel mesh reinforcement can also be used to diminish the rebound. It was also 

reported that the amount of rebound would vary between 2-5% on floors, 5-10% on vertical 

sidewalls, and up to 10-15% on overhead surfaces [5, 6]. Apart from the issues mentioned 

above, the key point is adopting proper operations such as the nozzle angle to the substrate, 

the nozzle distance to the substrate, and the thickness of one sprayed layer, which is 

strongly determined by the technical proficiency of the operator [5]. However, the 

shotcrete quality and the amount of rebound is hard to control and is highly dependent on 

the skills of the operator. 

Based on the shotcrete technology, a shotcrete-based 3D concrete printing technique has 

been developed [7-9], which belongs to the category of automated robotic additive 

manufacturing technologies. By using the shotcrete-based 3D concrete printing technique 

for the construction of hard rock tunnel linings, the degree of automation and precision can 

be optimized. Unfortunately, the rebound cannot be avoided due to the presence of a high-

speed spraying process. Compared to the shotcrete or shotcrete-based 3D concrete printing 

with unavoidable rebound, extrusion-based 3D concrete printing has the potential to clear 

off the waste of rebound using a relatively low extrusion speed [10-12]. However, very 

limited studies focused on this topic, especially on the adhesion of the freshly printed 

cementitious materials onto the rock. The influence of surface inclinations, which is an 

important aspect for controlling the amount of rebound in the context of shotcrete [5], on 

the adhesive performance of freshly printed materials was not studied previously. 

In the actual situation, the fresh cementitious material should be printed against the whole 

excavated surface. However, only two representative conditions are considered in this 

study including the inclination angles of 180° and 90°, which represent the overhead 

position (the crown of the tunnel wall) and the side position, respectively, as schematically 

illustrated in Fig. 1. First, the adhesion of the fresh cementitious material at these two 

surface inclinations was measured by a tack test and a shear test. Further, two series of 
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large-scale 3D concrete printing tests were performed with a horizontally supported slab 

and a vertical slab. Finally, the stress state of these two cases was analyzed. 

 

Fig. 1 Schematic view of 3D concrete printing for hard rock tunnel linings including the 

inclination from 90° (side position) to 180° (overhead position). 

2 Experimental program 

2.1 Materials and mixing procedure 

Mixture compositions consisted of silica sand provided by Vandevelde NV (specific 

gravity 2650 kg/m3, maximum particle size 2 mm, fineness modulus 2.05), CEM I 52.5 N 

Portland cement provided by Holcim (specific gravity 3160 kg/m3, Blaine specific area 

408 m2/kg), superplasticizer provided by BASF (liquid polycarboxylate ether, 

MasterGlenium 51, concentration 35%), cellulose ether provided by SE Tylose (MB 60000 

P2, main component hydroxyethyl methylcellulose, viscosity of 1.9% solution 30,000 

mPa∙s at 20 ℃), and water. To take the shear resistance of the fresh cementitious material 

into consideration in this study, three mixtures were prepared including M1, M2, and M3 

with the same sand to binder ratio of 1 and the same water to binder ratio of 0.35. The 

dosages of the superplasticizer were 0.1%, 0.3%, and 0.5% by the mass of binder for 

mixture M1, M2, and M3, respectively. Different from other 3D concrete printings (from 

bottom up), the tunnel linings are printed against the rock wall for different surface 

inclinations. Besides the basic requirements of 3D printable concrete, e.g. pumpability, 

extrudability, and buildability, the mixture used for tunnel linings should meet the 

requirement of adhering to the excavated rock walls. Thus, hydroxyethyl methylcellulose 
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was added with a dosage of 0.2% by the mass of cement for all mixtures. The mix 

proportions of the three mixtures used in this study are shown in Table 1. 

Table 1 Mixture design of the material (kg/m3). 

Mixture Sand Cement Water Hydroxyethyl methylcellulose Superplasticizer  

M1 958.0 958.0 335.3 1.916 0.958  

M2 958.0 958.0 335.3 1.916 2.874  

M3 958.0 958.0 335.3 1.916 4.790  

 

Small mixture batches (around 1.5 liters) were prepared in a planetary mixer with the 

following mixing protocol: (1) manually mixing superplasticizer with water for 10 s; (2) 

adding water (and superplasticizer) to cement and rotating the paddle at 140 rpm for 30 s; 

(3) adding silica sand and rotating the paddle at 140 rpm for 30 s; (4) rotating the paddle 

at 285 rpm for 30 s; (5) scraping and resting for 90 s; (6) rotating the paddle at 285 rpm 

for 60 s; (7) adding viscosity modifying admixture and mixing at 285 rpm for 30 s. Small 

mixture batches were used for the stress growth test, the tack test, and the shear test, which 

will be introduced in Section 2.3. In addition, big mixture batches (around 20 liters) were 

prepared in a pan mixer for 3D concrete printing tests with the following mixing protocol: 

(1) manually mixing superplasticizer with water for 10 s; (2) mixing silica sand and cement 

for 30 s; (3) adding water (and superplasticizer) to the dry materials (silica sand and 

cement) and mixing for 180 s; (4) adding viscosity modifying admixture and mixing for 

60 s. The total mixing period for both batches was 280 s. 

2.2 Substrate preparation 

For an actual tunnel wall, the surface roughness might be the most important characteristic 

considering the adhesion performance [13]. The surface roughness of the excavated rock 

wall is influenced by several factors such as the excavation methods and the rock 

properties. For example, by using the tunnel boring machine (TBM) method, the excavated 

surface is smooth. However, the excavated tunnel wall would have an undulating surface 

by using the drill-and-blast method. In addition, the blasted rock wall is more smooth when 

excavating a homogeneous rock mass, rather than a jointed area [14]. In this study, a wide 

range of roughness levels is studied by using several typical removal technologies 

including polishing, sandblasting, hammering, and water-jetting [15]. Two concrete 

mixtures of micro-concrete and crushed stone concrete were used to make the substrates. 

The concrete substrate mix design and characteristics can be found in [15]. In this study, 
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only the fresh properties of 3D printable concrete were investigated and all experiments 

were performed in a very short period (within several minutes). Based on this, it is expected 

that the physical effect plays a key role, while the chemical interaction between the fresh 

overlay and the hardened substrate can be ignored. Therefore, calcium-rich concrete 

substrates were used to replace silica-rich rock walls without further considering the type 

of rock mineral. 

To determine the compressive strength of the substrate, 3 cubes (150×150×150 mm) for 

each mixture were tested according to NEN-EN 12390-3 (2009) [16]. The values were 

35.3 MPa and 37.0 MPa at the age of 28 days for the micro-concrete and crushed stone 

concrete respectively. Two types of micro concrete slabs treated by polishing (Flex, LE 12-

3 100 Wet, polishing for 24 minutes, R1-A and R1-B) and sandblasting (pressure 0.7 MPa, 

R2-A and R2-B) were prepared. Another two types of crushed stone concrete slabs treated 

by hammering (Air Hammer model 29062, 3000 strokes per min, R3-A and R3-B) and 

water jetting (high pressure of 130 MPa, R4-A and R4-B) were prepared. Two cylindrical 

samples (diameter 50 mm) were drilled from each type of slab and in total eight cylindrical 

samples were prepared, as shown in Fig. 2. The treated surface of each concrete cylindrical 

sample was scanned by using automated laser measurements (ALM) with a high precision 

laser sensor (ILD 1800-50, resolution 5 μm) [15, 17]. The treated surface profile of each 

concrete cylindrical sample was scanned four times along different diametric scanning 

paths and the profile height along with the evaluation position was recorded. The 

roughness levels of the lower surfaces were characterized by the root mean square 

deviation 𝑅𝑞 (mm), which was in accordance with BS 1134 (2010) [18], as follows: 

𝑅𝑞 = √
1

𝑛
∑𝑍𝑖

2

𝑛

𝑖=1

 (1) 

where n is the number of measurements and 𝑍𝑖 is the amplitude of each test (mm). 
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Fig. 2 Concrete cylindrical samples with different roughness levels: R1-A and R1-B: 

polished surface; R2-A and R2-B: sandblasted surface; R3-A and R3-B: hammered 

surface; R4-A and R4-B: water-jetted surface. 

The 𝑅𝑞 values of the treated surfaces of the eight concrete cylindrical samples are shown 

in Fig. 3. It was shown that the 𝑅𝑞 values of the cylindrical samples varied from an average 

value of almost 0 (polished samples) to around 2.5 mm (water-jetted samples). 
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Fig. 3 Root mean square deviation (𝑅𝑞) of the lower surface of the cylindrical samples 

(error bars represent the standard error, n=4). 

The sandblasted substrate was chosen for 3D concrete printing tests. In this study, six 

sandblasted slabs (1000×120×50 mm3) were prepared to replace the excavated rock wall 

in 3D concrete printing tests. 

R1-A R1-B R2-A R2-B

R3-A R3-B R4-A R4-B
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Before performing tests (i.e. the tack test, shear test, and 3D concrete printing test), 

concrete substrates including cylindrical samples and strokes were submerged in water for 

24 h and swept by soft tissue to obtain a saturated-surface-dry surface moisture content. 

After each measurement, the slab was cleaned by a water gun and followed the same 

moistening procedure for controlling the moisture content for each series. 

2.3 Testing procedures 

2.3.1 Stress growth test 

A stress-controlled rotary rheometer (Anton Paar MCR 52) was employed to perform the 

stress growth test. The building material cell and the 6-blade vane rotor were used. 24 

vertical ribs (1 mm width) are uniformly placed at the inner surface of the building material 

cell to prevent wall slippage. The fresh cementitious material was placed inside the cell to 

make sure that the blades were covered. After that, the blades were sheared at a constant 

rotational speed of 0.1 rpm with a total period of 200 s and rotational torque values were 

recorded. The test was repeated two times for each series. The setup for the stress growth 

test and its dimensions are shown in Fig. 4. 

The maximum shear stress 𝜏𝑦 (Pa) was calculated as follows: 

𝜏𝑦 =
𝑇𝑚𝑎𝑥

2𝜋𝑅2ℎ
 (2) 

where 𝑇𝑚𝑎𝑥 is the maximum torque (N∙m), R is the radius of the blade geometry (0.011 

m), h is the height of the blades (0.016 m). 
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(a) (b) 

Fig. 4 (a) Setup for the stress growth test, and (b) dimensions (mm). 

2.3.2 Tack test 

A rheometer (Anton Paar MCR 102) with a parallel-plate geometry (diameter 50 mm) was 

used for the tack test. Then, the concrete cylindrical samples described in Section 2.2 were 

glued to the top plate. Circular sandpaper with the same diameter as the plates (root mean 

square deviation 𝑅𝑞 0.18 mm) was glued onto the bottom plate of the rheometer. The tack 

test was performed using the following steps: (1) placing a plastic circular mould (inner 

diameter 50 mm, height 20 mm) on the bottom plate and fixing by hand, (2) putting the 

fresh cementitious material in the plastic circular mould and flatting the sample surface, 

(3) Removing the circular plastic mould, (4) moving the concrete cylindrical sample 

downwards until the gap between the lower surface of the concrete sample and the bottom 

plate reached 10 mm, which is equal to the thickness of one printed layer, (5) pulling off 

the concrete cylindrical sample at a constant speed of 50 μm/s for a maximum period of 

500 s and recording the normal force and displacement. Then, a new moulding procedure 

was performed and the experiment was repeated twice for each mixture (M1-M3) and each 

roughness level (R1-R4). The setup for the tack test and its dimensions are shown in Fig. 

5. 

The tensile stress 𝜎𝑡 (Pa) and strain 𝜀𝑡 (-) were derived from the recorded normal force and 

displacement, as follows: 
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𝜎𝑡 =
4𝐹

𝜋𝑑2
 (3) 

𝜀𝑡 =
∆𝐿

𝐿
 (4) 

where F is the normal force (N), d is the diameter of the concrete cylindrical sample (m), 

∆𝐿 is the displacement of the concrete cylindrical sample (m), and 𝐿 is the initial distance 

between the lower surface of the concrete sample and the bottom plate (m). 

  

(a) (b) 

Fig. 5 (a) Setup for the tack test and a squeezed sample, and (b) dimensions (mm). 

2.3.3 Shear test 

The shear test was performed with the rheometer used for the stress growth test (Anton 

Paar MCR 52). The shear test was performed using the following steps: (1) fixing a plastic 

circular container (inner diameter 100 mm, height 25 mm) on the bottom module of the 

rheometer, (2) putting the fresh cementitious material in the plastic circular container and 

flatting the sample surface, (3) moving down the concrete cylindrical sample until the 

lower surface was submerged inside the fresh cementitious material to a depth of 10 mm, 

(4) rotating the shaft with a constant rotational speed of 0.1 rpm for a total time period of 

100 s and recording the torque values. Then, a new moulding procedure was performed 

and the experiment was repeated twice for each mixture (M1-M3) and each roughness 

level (R1-R4). The setup for the shear test and its dimensions are shown in Fig. 6. 
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Under the assumption that the fresh cementitious material reaches the yield point in the 

whole circular plane, the shear stress 𝜏𝑠 (Pa) is given as: 

𝜏𝑠 =
12𝑇

𝜋𝑑3
 (5) 

where T is the torque value (N∙m) and d is the diameter of the concrete cylindrical sample 

(m). 

  

(a) (b) 

Fig. 6 (a) Setup for the shear test and (b) dimensions (mm). 

2.3.4 3D concrete printing test 

Two groups of 3D concrete printing tests were performed at two representative surface 

inclinations including the inclination of 180° (overhead position) and the inclination of 90° 

(side position), as shown in Fig. 7. The 3D printing system was composed of a 6-axis 

robotic arm (ABB IBR 6650), a worm pump (MMB STROBOT 407), a 3D printed plastic 

nozzle (printer: Ultimaker 2+, material: standard PLA), and a pumping pipe (length 3 m, 

diameter 25.4 mm). A schematic view and dimensions of the 3D printed plastic nozzle are 

shown in Fig. 8. The width of extruded layers was 60 mm and the thickness was 10 mm 

for both series. The layers were printed with a continuous path (length 600 mm). In the 

series of printing at the overhead position, the slab was supported horizontally at two lateral 

sides with the sandblasted surface facing downwards. The layers were printed against the 

lower surface of the sandblasted slab, while in another series, the sandblasted slab was 
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placed vertically, as well as the printed layers. A digital camera was used to record the 

whole printing process. For each mixture (M1-M3), the test was repeated three times. 

  

(a) (b) 

Fig. 7 3D concrete printing setup: (a) printing at the overhead position and (b) printing at 

the side position. 

  

(a) (b) 

Fig. 8 Schematic view and dimensions (mm) of the 3D printed plastic nozzle. 

3 Results and discussion 

3.1 Adhesion in the tension state 

Tensile stress versus strain curves obtained from the tack test are shown in Fig. 9. At the 

early beginning of the test, the fresh cementitious material deformed elastically and the 

tensile stress presented a semi-linear increase along with the increase of the displacement. 

After the tensile strain of the fresh cementitious material exceeded a critical value, the 

tensile stress decreased gradually to zero, indicating that the fresh cementitious material 

underwent a failure process [19, 20]. 
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Fig. 9 Tensile stress versus strain curves obtained in the tack test (solid and dashed lines 

indicate two repetitions of each series). 

The peak values of the tensile stress were used to quantify the adhesive strength of the 

fresh cementitious material [19], as shown in Fig. 10. It was found that the peak tensile 

stress reduced as the substrate roughness increased. Specifically, the average value of the 

peak tensile stress of mixture M1 decreased from 1960.79 Pa to 468.55 Pa as the root mean 
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square deviation value (𝑅𝑞) increased from 0.03 to 2.68, while the average value of the 

tensile stress of mixture M3 decreased from 769.04 Pa to 331.04 Pa as the 𝑅𝑞  value 

increased. Additionally, in the case of substrate R1-A, a difference of 60.8% was observed 

when comparing the peak tensile stress of mixture M1 and mixture M3 (1960.79 Pa and 

769.04 Pa), while such a difference between the peak tensile stress of mixture M1 and 

mixture M3 was only 29.4% in the case of substrate R4-B. A two-way ANOVA test was 

conducted to examine the effect of the mixture type and the roughness level on the peak 

tensile stress obtained in the tack test. A p-value less than 0.05 (p < 0.05) was considered 

statistically significant. According to the results, there was a statistically significant 

interaction between the effects of the mixture type and the roughness level on the peak 

tensile stress (p = 0.000). For the order of roughness levels, the groups were pair-wise 

compared with a Bonferroni test. A significant difference was observed when we pair-wise 

compared all three mixture types. 
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Fig. 10 Effect of roughness levels and mixture types on peak tensile stress (error bars 

represent the standard error, n=2). 

Another interesting point relates to the critical strain corresponding to the peak tensile 

stress and the total strain at the moment of failure. As can be observed in Fig. 10, both the 

critical strain and the total strain increased when more superplasticizer was added to the 

matrix (from M1 to M3). For example, in the case of using the substrate R2-A (sandblasted), 

the average values of critical strain were 0.07, 0.10, and 0.25 for the mixtures M1, M2, and 

M3, respectively. In addition, as compared to mixtures M1 and M2, mixture M3 obtained 

the highest energy absorption, which was calculated from the area formed by the tensile 

stress curve and the horizontal axis. The difference in the strain values and the energy 

absorption can be further correlated to the failure patterns during the tack test. 
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Taking the concrete cylindrical sample R2-A as an example, the failure patterns of the three 

mixtures M1, M2, and M3 are shown in Fig. 11. Distinguished from the adhesion of the 

cementitious materials in hardened state that is mainly attributed to mechanical 

interlocking [21-23], the adhesion of the cementitious materials in fresh state is related to 

some other aspects. It was pointed out by Mohamed et al. [24] that the effort required to 

lift the top plate was determined by the inward flow of the fresh sample. At the early stage 

of the pull-off process, a short movement of the top plate would induce a significant inward 

flow at the air-to-sample interface. The inward flow of the fresh sample is determined by 

both viscous dissipation (dynamic performance) and cohesive strength (static 

performance). In this study, a relatively low pulling velocity (v = 50 µm/s) was used and 

the whole testing process can be treated as a quasi-static process. Therefore, the viscous 

dissipation, which is related to the dynamic performance of the material, was not 

considered [20]. Further, such an inward flow is constrained by the friction provided by 

the top and bottom plates. As a result, the peak tensile stress depended on the shear 

resistance of the fresh sample and the sample-to-plate interface. It was assumed that the 

contact area at the interface was limited when using a more solid-like material such as 

mixture M1. As such, less friction confining the inward flow of the fresh cementitious 

material was provided at the interface and the adhesion was compromised accordingly. 

This can also be reflected by the lower strain values and energy absorption for the solid-

like mixtures. Reversely, for mixture M3 with a more liquid-like behavior, more contact 

between the lower surface of the concrete cylindrical sample and the fresh cementitious 

material was expected (see Fig. 11 (c)). As a result, the liquid-like mixture allowed larger 

strain values. However, the fracture occurred in the bulk of the fresh cementitious material 

and the lower shear resistance of the mixture limited the adhesive strength. 

   

(a) M1 (b) M2 (c) M3 
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Fig. 11 Failure patterns of the mixtures M1, M2, and M3 when using the concrete 

cylindrical sample R2-A, yellow arrows indicate the inward flow of fresh cementitious 

material. 

3.2 Adhesion in the shear state 

The shear stresses were recorded in the shear test, as shown in Fig. 12. The shear stress 

evolution curves obtained in the shear test followed two different patterns. For the 

cylindrical samples with a low roughness level such as R1-A and R1-B, an obvious peak 

was observed, while for the rest of the cylindrical samples with higher roughness levels, it 

was observed that a plateau followed an increasing stage. 
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Fig. 12 The shear stress evolution along with time obtained in the shear test (solid and 

dashed lines indicate two repetitions of each series). 

Maximum values of shear stress derived from the shear stress evolution curves are shown 

in Fig. 13. Generally, mixture M1 presented the highest shear stress while mixture M3 had 

the lowest shear stress value. For example, the maximum shear stress of mixture M1 

reached an average value of 2944.99 Pa while the maximum shear stress of mixture M3 

was merely 785.93 Pa in the context of using substrate R1-A. In addition, a two-way 

ANOVA test was conducted to examine the effect of the mixture type and the roughness 

level on the maximum shear stress obtained in the shear test. The statistical analysis 

followed the same procedure introduced in Section 3.1. Results indicated that no 

interaction existed between the two factors in the discrimination performance analysis, but 

respective differences were noted in the two dependent variables. For the mixture type, 

significant differences were observed when we compared different mixture types while no 

significant difference appeared between different substrates. 

0 1 2 3
0

1000

2000

3000

4000

5000

 

 

 M1

 M2

 M3

S
h

e
a

r 
s
tr

e
s
s
 (

P
a

)

Roughness R
q
 (mm)  

Fig. 13 Maximum shear stress measured for different concrete substrates (error bars 

represent the standard error, n=2). 
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Further, the maximum shear stress (i.e. yield stress) was measured in the stress growth test. 

The average values were 3460.59, 2297.14, and 545.05 Pa for mixture M1, M2, and M3, 

respectively. Since no significant difference existed when comparing different substrates 

in the shear test, the maximum shear stress measured with the sandblasted substrate R2-A 

was chosen. The average values were 3761.97, 1834.17, and 783.87 Pa for mixture M1, 

M2, and M3, respectively. Afterward, the maximum shear stress measured in the shear test 

(𝜏𝑠) and the maximum shear stress measured in the stress growth test (𝜏𝑦) were linearly 

fit, as shown in Fig. 14. A good linear relationship (R2 = 0.8885) was obtained. Such a 

result proved that the shear resistance of the bulk of the fresh cementitious material played 

a decisive role in the adhesion in the shear state. 
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Fig. 14 Maximum shear stress measured in the shear test and stress growth test (error 

bars represent the standard error, n=2). 

3.3 3D printing test results 

The results of the 3D concrete printing tests at the overhead position are shown in Fig. 15. 

For each mixture, one of the three representative repetitions is shown including the 

moment when the maximum number layers were printed (left), when the failure occurred 

(middle), and the moment after failure (right). As presented in Fig. 15 (a), the maximum 

number of printed layers of mixture M1 amounted to 7, which was followed by a 

debonding at the interface between the lower surface of the slab and the fresh cementitious 

material. For mixture M2, 6 layers were printed before failure occurred, which was slightly 

less than that of mixture M1. An adhesive failure pattern similar as that of mixture M1 was 

observed, see Fig. 15 (b). Different from mixture M1 and M2, the number of printed layers 

for mixture M3 was quite lower, with a maximum value of 3. During the printing of the 

fourth layer, the plastic nozzle invaded into the fresh cementitious material for around 10 
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mm, indicating a large deformation of printed layers due to the relatively low shear 

resistance of the fresh cementitious material. In addition, the fracture initiated and 

propagated inside the bulk of the first printed layer, indicating a cohesive failure of the 

fresh cementitious material. 

   

(a) M1 

   

(b) M2 

   

(c) M3 

Fig. 15 3D concrete printing at the overhead position. 

The results of 3D concrete printing tests at the side position are shown in Fig. 16. For each 

mixture, one of the three representative repetitions is presented including the maximum 

number of 3D printed layers (left), the occurrence of failure (middle), and the moment after 

failure (right). The number of the printed layers reached 23, 9, and 4 for mixture M1, M2, 

and M3, respectively, demonstrating a higher adhesion towards the substrate when 

compared with that at the overhead position, especially for mixture M1. Upon visual 

observation, the results showed a different failure pattern of sliding under gravity. From 

mixture M1 to mixture M3, the deformation of printed layers became more pronounced, 
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which can be attributed to the difference in the shear resistance of the fresh cementitious 

material. Moreover, in the case of mixture M1, a large eccentricity of the gravity center of 

printed elements led to a tensile stress perpendicular to the vertical substrate, resulting in 

a detaching from the vertical substrate. This is captured in the images of the failure moment 

at 178 s for mixture M1 and the failure moment at 105 s for mixture M2. As for mixture 

M3, due to a limited number of printed layers, the layers didn’t undergo such a detaching 

process. 

   

(a) M1 

   

(b) M2 

   

(c) M3 
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Fig. 16 3D concrete printing at the side position. 

The maximum number of 3D printed layers of each of the three mixtures (i.e. M1, M2, and 

M3) at the overhead position and the side position are shown in Fig. 17. In both cases, with 

a decrease of the shear resistance of the fresh cementitious material from mixture M1 to 

mixture M3, the maximum number of printed layers tended to decrease. Specifically, for 

the side position, the maximum number of printed layers decreased from an average value 

of 22 to 3, while a change from 8 layers to 4 layers was observed at the overhead position. 

It was clearly illustrated that the fresh cementitious material printed at the side position 

achieved more printed layers, particularly for mixture M1 and M2, indicating a stronger 

capacity for a thicker lining structure when compared to the overhead position. However, 

the resistance to failure at the side position faced a sharp decrease from mixture M1 to 

mixture M3, indicating the weak adhesion at the material-to-substrate interface. 
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Fig. 17 Maximum number of 3D printed layers (error bars represent the standard error, 

n=3). 

When comparing the detaching behavior of the fresh cementitious material, the mechanism 

behind the failure was different in each case. For the overhead position, more macro 

textures and gaps can be filled with the fresh cementitious material with lower shear 

resistance when applying the same pressure, which was proved in the aspect of interlayer 

bond in 3D printable concrete [8, 25]. As a result, more contact can be achieved with 

mixture M3, while mixture M1 experienced a lower contact area. The difference in the 

contact area and the shear resistance of the fresh cementitious material further led to 

different failure modes. The failure occurred at the interface for mixture M1 and M2, which 

can be attributed to the weak adhesion at the interface and a more solid-like behavior of 

the fresh cementitious material. Distinctively, the fracture propagated inside the bulk of 
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the freshly printed layers of mixture M3 due to the full contact at the interface and a more 

liquid-like behavior of the fresh cementitious material. On the other hand, the printing 

capacity at the side position was more related to the shear resistance of the fresh 

cementitious material rather than the contact at the interface. Based on the results of the 

shear test and the observation of the 3D printing test against the vertical slab, it can be 

concluded that the contact area made no difference at the side position and the shear plane 

initiated for each mixture in the bulk of the fresh cementitious material. Recall that the 

mixture type had a more significant influence on the printing capacity at the side position 

when compared to that at the overhead position. This indicates that the printing capacity 

of the fresh cementitious material at the overhead position was controlled by both the shear 

resistance of the fresh cementitious material and the contact at the interface, while the 

printing capacity at the side position was mainly determined by the shear resistance of the 

fresh cementitious material. As a result, only 8 layers of mixture M1 were printed at the 

overhead position while the side position was hardly affected by the contact at the interface 

(22 layers). 

3.4 Stress state analysis 

The stress state of the first printed layer is analyzed in this section, as schematically 

illustrated in Fig. 18. Several characteristic positions of the hard rock tunnel linings are 

depicted including the crown, shoulder, axis, knee, and invert, among which, the overhead 

position (i.e. crown) and the side position (i.e. axis) were specifically analyzed in this study. 

For the first printed layer at the overhead position, only the vertical stress 𝜎𝑧 (Pa) was 

applied perpendicular to the printed layer due to the self-weight of the subsequent layers, 

which can be calculated as follows: 

𝜎𝑧 = 𝑛𝜌𝑔ℎ (6) 

where 𝑛 is the number of printed layers at the overhead position (-), 𝜌 is the density of the 

fresh cementitious material (kg/m3), taken as 2000 𝑘𝑔 𝑚3⁄ , 𝑔  is the gravitational 

acceleration (m/s2), taken as 9.8 𝑚 𝑠2⁄ , and ℎ is the thickness of each printed layer (m). 

Further, the stress along the longitudinal direction 𝜎𝑦 (Pa) can be calculated as follows: 

𝜎𝑦 = 𝑣 ∙ 𝜎𝑧 (7) 

where 𝑣  is the Poisson’s ratio of the freshly printed material (-), which is commonly 

assumed to be 0.3 for the 3D printed cementitious materials in the fresh state [26, 27]. 

Nevertheless, this value would vary when modifying the mixture composition of fresh 

cementitious materials. 



22 

On the other hand, the stress state of the printed layer at the side position experiences a 

different situation, as compared to that at the overhead position. The shear stress 𝜏𝑦𝑧 was 

applied by the presence of the subsequent layers and was assumed to be uniformly 

distributed along the longitudinal direction (i.e. the vertical direction), which is calculated 

as follows: 

𝜏𝑦𝑧 = 𝑚𝜌𝑔ℎ (8) 

where 𝑚 is the number of printed layers at the side position (-). 

In addition, the normal stress 𝜎𝑧 (Pa) in the vertical direction was induced by the self-

weight of the first printed layer. In practice, the value of the normal stress 𝜎𝑧 was very 

limited as the first printed layer was also supported by the substrate with friction. Further, 

due to the eccentricity of the self-weight of the printed layers, a moment was induced, 

which further led to a tensile force or a compressive force in the horizontal direction against 

the vertical substrate. Accordingly, the normal stress 𝜎𝑦 (Pa) perpendicular to the printing 

direction might appear. The effect of the normal stress 𝜎𝑦 was more critical when more 

layers were printed and detaching on the upper part of the printed layers was observed, as 

shown in Fig. 16 (a) and (b), while for printed layers with a limited number of layers, the 

stress 𝜎𝑦  can be ignored. For example, sliding of printed layers was only observed for 

mixture M3, as shown in Fig. 16 (c). 

 

Fig. 18 Stress condition analysis of the first printed layer at the overhead position (i.e. 

crown) and the side position (i.e. axis). 

crown

invert

knee

axis

shoulder

y

z yz

y y

yz

（a）

（b）

y

z

z

y

（a）

（a）

（b）

zy

z

z

zy

yz

yz

zy

（b）

y

zy

y

yz

yz

zy

z

z

x

yy

z

z



23 

For comparison, the tensile stress obtained in the tack test and the 3D concrete printing test 

(overhead position) is shown in Fig. 19 (a). In addition, the shear stress obtained in the 

shear test and 3D concrete printing test (side position) is shown in Fig. 19 (b). Results 

indicate that the stresses predicted from the tack test and the shear test fit very well with 

the stresses derived from the 3D concrete printing test. Therefore, it can be concluded that 

the tack test and the shear test are suitable to predict the capacity of 3D printed layers in 

both the overhead position and the side position. However, it should be noted that the 

prediction of other positions (e.g. the shoulder position and knee position shown in Fig. 

18) is still lacking. The failure criterion of freshly printed cementitious materials will be 

elaborated in further studies. 
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Fig. 19 (a) Tensile stress derived from the tack test (𝜎𝑡) and 3D concrete printing test 

(𝜎𝑧), (b) Shear stress derived from the shear test (𝜏𝑠) and 3D concrete printing test (𝜏𝑦𝑧). 

4 Summary and conclusions 

In this research, an innovative application of 3D concrete printing for the construction of 

hard rock tunnel linings was developed. The adhesion of the fresh, 3D printable material, 

for two typical surface inclinations including the overhead position and the side position, 

were studied. Based on the experimental results and theoretical analysis, the following 

conclusions can be drawn: 

(1) The adhesion at the overhead position was limited by both the shear resistance of 

the fresh cementitious material and the property of the material-to-substrate 

interface. For a more solid-like material, less contact at the interface was obtained, 

leading to less friction at the interface confining the inward flow. Consequently, the 

adhesion at the overhead position was compromised. For a more liquid-like 
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material, relatively complete contact between the substrate and the fresh 

cementitious material was achieved. 

(2) The adhesion at the side position was mainly defined by the shear resistance of the 

fresh cementitious material, rather than the substrate properties. More layers were 

printed at the side position when compared to that at the overhead position, 

indicating a stronger capacity for a thicker lining structure, particularly for the 

mixture with a solid-like behavior. 

(3) The difference in the contact area and the shear resistance of the fresh material 

resulted in different failure patterns. For a more solid-like material, fracture 

occurred at the material-to-substrate interface which can be attributed to the weak 

adhesion at the interface. Adversely, for a more liquid-like material, the fracture 

propagated inside the bulk of the fresh cementitious material. 

(4) The stress states of the printed layers at the overhead position and the side position 

were analyzed. The stresses measured by the tack test and the shear test fit well 

with the stresses derived from the maximum number of printed layers in the 3D 

concrete printing test. Results indicated that the tack test and the shear test can be 

used to predict the capacity of 3D printed layers for the overhead position and the 

side position respectively. 

(5) The analysis of the stress field of the fresh cementitious materials at the interface 

remains an interesting point for further investigation. In addition, the development 

of the failure criterion for the fresh cementitious materials in a tension-shear state 

is worthy of studying. 
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