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Abstract –  

Three-Dimensional Printing (3DP) is widely used 

and continues to be rapidly developed and adopted, 

in several industries, including construction industry. 

Inkjet 3DP is the approach which offers the most 

promising and immediate opportunities for 

integrating the benefits of additive manufacturing 

technic into the construction field. The ability to 

readily modify the orientation angle that the printed 

material is deposited is one of the most advantageous 

features in a 3DP scaffold compared with 

conventional methods. The orientation angle has a 

significant effect on the mechanical behaviours of the 

printed specimens. Therefore, this paper focuses on 

printing in different orientations somehow to 

compare various mechanical properties and to 

characterise a selection of common construction 

materials including gypsum (ZP 151) and cement 

mortar (CP). The optimum strength for the gypsum 

specimens in compression and flexural strength was 

observed in the (0° and 90°) and (0°) in the X-Z 

plane, respectively. According to the experimental 

results, the compression and flexural strength for ZP 

151 are recorded at (11.59±1.18 and 11.78±1.19) 

MPa and 15.57±0.71 MPa, respectively. Conversely, 

the highest strength in compression and flexural 

strength are observed in the (90°) and (0°) degrees in 

the X-Z plane for the cement mortar, respectively. 

Moreover, it has been discovered that the 

compression and flexural strengths for CP are 

recorded as 19.44±0.11 MPa and 4.06±0.08 MPa, 

respectively. In addition, the dimensional effect for 

various w/c ratio has been monitored and examined.  
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1 Introduction 

Generally, the most common method in civil 

engineering is to cast in place or use precast procedures 

to construct structural members. These structural 

members are cast using different materials such as 

concrete, and masonry [10], [12] and [16]. Given the 

ever-increasing need for speed, quality and tailored 

design in the construction industry and due to the 

advances in rapid prototyping, the procedures for 

constructing structural members need to be rethought 

and upgraded [18].   

Owing to the earlier studies,  three main techniques 

for the 3DP powder-bed process have been recognized  

[14], i) selective binder (cement) activation, ii) binder 

jetting and iii) selective paste intrusion, respectively [22] 

[17]. These process could be monitored via the online 

vision sensor to control the slurry printing process [26]. 

The selective binder activation is the process that is 

used in this paper, which is usually known as powder-

bed printing (binder/inkjet printing) [19] [23].  

Inkjet printing is a layer-by-layer procedure to 

complete the entire scaffold using the powder-based 

materials and an activator such as water, Figure (1).  

In inkjet 3DP, there are many limitations while 

printing the objects. For example, [28] discussed a few 

limitations in the 3DP such as binder selection, powder 

reactions, post-processing bed manipulations and de-

powdering. One of the major limitations in 3DP is the 

orientation angle which has been discussed in earlier 

studies for the plastic and poly-jet materials [25].  
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In the following subsections, the mechanical 

strength of the recommended powder (ZP 151) and the 

modified powder (CP) have been monitored and 

compared. Moreover, the printed element has been 

examined within the different inclined rates for different 

angles. Nevertheless, the maximum compressive 

strength has been obtained for (CP) and (ZP 151). For 

the flexural strength, the highest results that have been 

observed for both (CP) and (ZP 151) are reported. 

Finally, the conclusions about the experimental study 

are presented and the future works are discussed.   

 

Figure 1. Schematic depiction of the powder-bed 

printing technique in inkjet 3D printing. 

2 Materials and Specimens Preparation 

2.1 Materials Composition  

According to 3DSystems manual [2], the ZP151 

contains (80-90%) of calcium sulphate hemihydrate 

(CaSO4·1/2H2O). Moreover, Zb 63 is an aqueous 

solution and known as a binder, which has a high water 

content and humectant with the density of 1g/cm
3
 [1].   

In the previous study, [23] it has been found that the 

water/cement ratio (w/c) or (binder/powder) ratio can be 

determined by using Equation (1). The volume of a drop 

of binder will be measured according to the enveloped 

volume of powder in the build chamber of the printer.   

 

𝑆𝑎𝑡𝑙𝑒𝑣𝑒𝑙 =
𝑉𝑏

𝑉𝐸𝑛𝑣𝑃𝑜𝑤𝑑𝑒𝑟
  (1) 

 

Where Satlevel is saturation level (w/c), Vb is the 

volume of the binder, and Venvpowder the volume of the 

enveloped powder on the build chamber (build bin).  

The alternative mix that has been used for printing 

contains as a percentage of total weight are 67.8% of 

Calcium Aluminate Cement (CAC) ranging sieve (75- 

150µm), 32.2% of Ordinary Portland Cement (OPC) 

and 5% of fine sand. Figure (2) shows the histogram 

and curve of the density distribution of the custom-made 

and recommended materials versus particle size.   

Figure (3) shows the modified mixing powder 

(cement mortar CP), which replaces the ZP 151. It is 

noted that the mixing process has been completed using 

a Hobart mixer at a speed of 1450 RPM. 

Moreover, the homogeneity and consistency of the 

powder materials are crucial factors that must be 

controlled when in pursuit of superior resolutions and 

results. Therefore, the speed of the mixer and the time 

of mixing are considered as a major contributor to the 

homogeneity of the powder and production of better 

quality 3DP objects. 

 

Figure 2. Histogram and curve of particle size 

distributions of ZP 151 and CP (custom-made) 

powder. *q3 is the unit standing for the density 

distribution of the total particles. 

 

Figure 3. Schematic illustration of the process for 

preparing cementitious powder. 
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In addition, the optimum saturation level (w/c) of the 

binder for 3DP specimens has been reported [7]. 

According to the report, the highest saturation level is 

(S170C340) (Shell=170, Core=340), determined by 

Equation (1), which produces the highest result for the 

mechanical strength in 3DP specimens. The saturation 

level of the modified powder (S170C340) is equivalent 

to (w/c=0.52) in the manual mixing process for the 

cement mortar (CP) and (w/c=0.46) for the gypsum (ZP 

151). The materials’ chemical composition have been 

presented in Table (1). 

 

Table 1. Chemical constituent percentages of the main 

materials in CP  

Chemical Constituent % of Calcium Aluminate 

Cement  

Al2O3 CaO SiO2 Fe2O3 

 ≥ 37.0 ≤ 39.8 ≤ 6.0 ≤ 18.5 

 
Chemical Constituent % of Ordinary Portland 

Cement (General Purpose) 

Cement 

Clinker 

CaCO3 

 

CaSO4.2H2O  

 

Clinker 

Kiln dust  

>92% 0-7.5% 3-8% 0-2.5% 

2.2 Specimen Preparation 

The (ZP 151) has been directly placed into the 3DP 

(ProJet 360). However, the modified mix was prepared 

by a 20L Hobart mixer. The mixing procedure has been 

conducted in a dry mix state. Then, the prepared mix 

powder is placed into the inkjet 3D printer to print the 

mortar specimens. A Shimadzu load cell (AGS-X 50kN, 

Japan) testing machine was used to perform the 

mechanical tests at room temperature of (22±2°C) with 

a humidity level in the range of (60±10) %. 

Different orientation angles have been used to print 

the specimens (0, 30, 37.5, 45, 90)°. These angles have 

been selected because the halfway point of (0° and 90°), 

are the angle 45°. Commonly most of the shear rupture 

happens in concrete were between 0° and 45° [11]. 

Therefore, this paper focused on these angles between 0° 

to 45°. Figure (4) schematically shows the specimens 

with different orientation angles of print. Table (2) 

presents the name of the tests, numbers of samples, and 

CAD dimensions for both materials specimens  

 

Figure 4. (a) Real-world images of the 3DP 

cubes in (0°,30°,37.7°,45°,90°) orientation (b) 

Drawing of 3DP cubes in (0°,30°,37.7°,45°,90°). 

3 Experimental Program 

To determine the mechanical properties of the 3DP 

specimens, all the samples were designed in SolidWorks 

software as an STL file. Figure (5) shows the cubic 

samples in different orientation angles, which are 

printed at (0°, 30°, 37.5°, 45°, 90°). It also shows the 

orientation angle of prepared specimens with regard to 

the X, Y, Z plane in the 3DSystems software.   A mould 

(20×20×20), (167×17×7) mm used for casting the 

comparison, samples. All of the samples for 

compressive, and flexural strength tests have been 

prepared in a similar process.   

The orientation angles in 3DP can be used in inkjet 

printing to create different geometries, optimize the 

mechanical strength of structure parts and optimize the 

number of layers to print an object.  

 

Figure 5. An illustration of the cube to be printed 

in different orientation angles according to X-Z 

plane. 

Table (2) shows the type of tests, number of samples, 

and CAD drawing dimensions of the printing 

parameters. 

Table 2. Tests with respect to the numbers and 

dimensions 

Tests No. of 

Samples 

CAD 

Dimensions 

(mm) 

Compression 

test 

36 20×20×20 

Three-point 

bending test 

36 167×17×7 

 

Dimensional 

accuracy 

10 20×20×20 
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3.1 Testing and loading procedures 

All the specimens have been tested using the 

universal testing machine (50 kN) with different rates of 

speed.  

3.1.1 Effect of Dimensional Accuracy 

The most vital features that distinguish the powder-

based (inkjet) 3DP from the conventional casting 

method are the accuracy and dimensional precision of 

3DP. Figure (6) shows the printed samples (cube and 

prism), which have been printed by inkjet 3DP: (a) left 

is mortar (CP) and (a) right is gypsum (ZP 151). 

Dimensions of the specimens have been measured by 

digital callipers with an accuracy of 0.01 mm and for 

the height, it has been used MeasumaX with an 

accuracy of ±0.04mm. Ten samples were used for the 

effects of dimensional accuracy test.  

 

Figure 6. (a) 3DP cubic samples for CP and ZP 

151, (b) 3DP cubic and prism CP sample, (c) 

3DP prism gypsum while testing for three-point 

bending test.  

3.1.2 Compressive Strength Test  

One of the common factors that can be used to 

assess the durability of the concrete and mortar is its 

compressive strength [6]. Thus, the compression 

strength test has been performed for the 3DP  samples 

according to the ASTM standard [6]. A total of 36 

samples have been tested including 3 samples for each 

of orientation angles. The speed rate of the loading in 

the test was 0.833 kN/sec. 

3.1.3 Flexural Strength Test 

The specimens for the flexural strength test were 

prepared according to the ASTM standard [7]. A total of 

36 samples have been printed using the manual mix, 

including 3 samples prepared for each orientation angle. 

The speed rate of the loading in the test was 426 N/min.   

3.1.4 Post-Processing Procedure 

The curing and post-processing procedures are 

crucial to produce robust 3DP elements. After the 

element is printed, it should be kept for a minimum of 2 

hours inside the build chamber of the printer so it can 

dry. According to the study of Feng et al. [8], specimens 

should be left for a further three hours to dry in an oven 

at 60°C after drying inside the build chamber. This leads 

to accelerating the solidifications and incremental 

stiffness of the gypsum scaffold (ZP 151). For that 

reason, the three hours curing in the oven has been 

implemented for ZP 151.  

 Curing of CP has been monitored using different 

trials and tests at the vitro. Accordingly, before and after 

curing in the water, CP has been drying at 60°C, results 

in higher compression strength in the CP specimens.         

4 Results and Discussion 

4.1.1 Effect of Dimensional Accuracy 

The major advantage of the inkjet 3DP technique is 

a fabrication of structural components with complicated 

geometries without implementing costly formwork. The 

most vital aspect that distinguishes the inkjet (powder-

based) 3DP from conventional casting method is the 

precision of printing. Figure (7) shows the results of the 

dimensional accuracy for the green cubic sample (green 

part) for the CP materials. Note that “green part” means 

a specimen that has been removed from the build 

chamber (build bin) prior to any post-processing.  

 

Figure 7. The relationship between dimensional 

accuracy and saturation level (w/c) for printed 

green cube CP specimens (CAD 20×20×20mm), 
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printed by ProJet CJP (304 nozzles). (Note: the 

box is the mean ±standard deviation, and the 

whisker is ±minimum and maximum). 

The dimensional error can be found using Equation 

(2): 

𝐷𝑒𝑟𝑟𝑜𝑟 = 𝐷𝑝𝑟𝑖𝑛𝑡𝑒𝑑−𝐷𝐶𝐴𝐷  (2) 

Where 𝐷𝑒𝑟𝑟𝑜𝑟  is a dimensional error, 𝐷𝑝𝑟𝑖𝑛𝑡𝑒𝑑  is an 

actual printed dimension, and 𝐷𝐶𝐴𝐷  is a CAD dimension.  

Figure (7) also shows that in general the dimensional 

accuracy increases as the w/c is reduced for all planes. 

However, in the X-Y plane, a significant amount of 

undesirable deviation in the dimensional precision can 

be observed. These are lower than the nominal (CAD 

dimensions) that due to the inaccuracy of the printhead 

nozzle and closeness of the nozzles. This inaccuracy 

could lead overlapping and collision of the binder when 

it drops on the powder. Another reason is the chemical 

and physical characterization of the powder-to-binder 

and the ability of the powder for drop penetration. In 

addition, the printhead located on the fast axis rails 

which have a high rate movement. This can be counted 

as another important factor in the contribution of the 

accuracy of dimensions. The gantry holds all binder 

supply system, which is located on the fast axis rails in 

the printer. 

4.1.2 Compressive Strength Test  

In the previous study conducted by Shakor et al. [19], 

the porosity and voids in the cubic samples were 

investigated. The findings and optimum saturation level 

have been used in this paper to print and prepare all the 

scaffolds at the same saturation levels.  

Figure (8) shows the porosity of the specimens 

versus the w/c ratio, where the highest saturation level 

(w/c) resulted in a reduction of the porosity percentage 

for both powders (CP) and (ZP 151). According to the 

study of Popovics et al. [15], the relationship between 

w/c ratio and porosity can be described by Equation (3);  

𝑝 = 0.001𝑎 +
𝑤/𝑐

𝑤/𝑐+1/𝐺
   (3) 

Where 𝑝 is the total porosity for the fresh cement, a 

is the air content by volume, G is specific gravity of 

cement and w/c is a water/cement ratio by mass. 

Consequently, an increase in w/c ratio means an 

increase in porosity of the sample, and resulted in a 

reduction in strength of the sample. However, this 

equation cannot be applied to the 3DP cementitious 

powder (CP) or gypsum (ZP 151). The printing of (CP) 

and (ZP 151) is completed in a layer-by-layer process. 

This technique is totally different from the manual mix 

process, which involves mixing the powder with water 

within one batch and vibrating it in the casting mould. 

The process of printing and post-processing applications 

has various effects on the mechanical properties and 

durability of the printed object. For example, the 

hygroscopic of the powder and electrostatic charge on 

the surface of the powder has a significant influence on 

the capability of powder to absorb moisture from the air. 

This leads to an increase in the cohesion and a reduction 

in the flowability of the powder. Additionally, this 

property in the powder would affect the size of the 

specimen and change the mechanical properties of the 

specimen as well. 

 

Figure (8) Relationship between porosity and w/c 

ratio for the mortar and gypsum printed scaffold.   

Figure (9) illustrates the compressive strength of the 

specimen for the saturation level of S170C340.  This 

saturation level is equal to a w/c of 0.52 in CP and 0.46 

in ZP 151 using for all orientation angle. Accordingly, it 

shows the orientation angle of (90°) gives the highest 

value (19.44±0.11 MPa) for CP after curing in an oven 

for 3 hours before and after wet curing, and a 7-day 

curing in water. This value is enough to build a 

structural member, which is cured only for 7-day. 

According to ACI code, a 7-day cure is counted as a 65% 

of the strength of mortar or concrete [3], while the 

compressive strength of mortar or concrete increases to 

about 99% strength in 28-day. 

On the other hand, ZP 151 has recorded the highest 

result with an orientation angle of (0°) and (90°), i.e. 

when the printhead is parallel to the x-axis the highest 

result was recorded. This result matches with results 

reported by Asadi-Eydivand et al. [5]. However, this 

investigation needs further study to assess specimens in 

all three planes and axes. In addition, the rotating and 

changing scale of the specimens also needs further 

examination.  
It is clear from the experimental results that the 

printing orientation angle has a major impact on the 
mechanical strength of the specimens, particularly in 
the cement mortar specimens. As shown in Figure (9) 
the printing orientation of (90°) has recorded the 
highest value of compressive strength which means 
the perpendicular directions has the optimum 
strength in the X-Z plane for cement mortar. 
However, the results for gypsum are slightly 
different since both angles (0° and 90°) could obtain 
maximum compressive strength. The results of the 
two angles are very similar to each other with 
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differences in the decimals range. Thus, it is highly 
recommended to print in the orientation angle of 90° 

for CP to achieve the highest compressive strength with 

concern to the flexural strength, which explaining in the 

following subsection. 

 

Figure (9) Compressive strength results for the 

ZP 151 cubes and CP cubes (average ±standard 

deviation).   

The halfway point between 0° and 45° is the 
angle 22.5° on the plane and is the most critical place 
for a crack in the concrete sample to begin. In this 
study, the angle 30° is the closest angle to 22.5° and 
is the reason for the emergence of a lower 
mechanical strength specifically in the cement 
mortar specimens. Further investigations are needed 
to check the results in different angles, e.g., 22.5° and 
67.5°. The procedure used in this study is similar to a 
study conducted by [27], where tests were 
performed at a 22.5° angle for concrete blocks with 
dimensions (454×371)mm. However, the test results 
are quite different since the samples prepared in 
[27], were blocks joined by mortar, and not one 
continuous layer. Another reason is that the size, 
dimensions and properties of the materials are 
different which each have a significant impact on the 
outcomes of “orientational angle” results.  Hence, the 
whole printed specimens are made from mortar and 
have a continuous longitudinal layer without the 
interruption of block joints. Therefore, the results 
would be different from conventional blocks. 

4.1.3 Flexural Strength Test 

Three-point bending tests have been conducted 
to evaluate the flexural strength of the printed 
gypsum and cement mortar specimens. Figure (10) 

shows that in general, the flexural strength in 
gypsum is higher than the cement mortar specimens. 
According to the ACI code [4], the flexural strength of 
concrete is about 10% to 20% of the compressive 
strength result. Likewise, the result of CP in flexural 
strength after 7-day shows that the measured 
flexural strength is about 14% of compressive 
strength. Moreover, this could be due to the medium 
of the specimens, type, sizes, the volume of the 
particle size and duration of the curing. 

Figure (10) shows flexural strength results quite 

opposite to the compressive strength result of both 

materials. As shown in Figure (9) the highest result is in 

CP specimens. However, in Figure (10) the results of 

the ZP 151 show higher values than the CP specimens. 

Previous studies have proved that using gypsum leads to 

an increase in bending and tensile strength [9]. The high 

percentage of lime content in fly ash with a high ratio of 

gypsum (1%), leads to a dramatic increase in the tensile 

strength [9].  Therefore, gypsum is acting as a flexible 

material and has great flexibility compared to the 

cement materials. In an earlier study by Lewry et al. 

[13], it has been proven that the reaction of water to 

plaster (gypsum), which is similar to the material ZP 

151, with a 0.6 w/c ratio could gain about 12.2 MPa. 

This result is quite close to the manual mix of ZP 151 

with w/c ratio of 0.46 in this study, which is 14.23 MPa. 

However, post-processing and purity of the materials 

have a significant effect on the result of the bending 

strength of gypsum materials.   

 

Figure (10) Flexural strength results for the ZP 

151 cubes and CP cubes (average ±standard 

deviation). 

Furthermore, the result for the printed ZP 151 and 

CP samples are important due to the highest bending 
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strength recorded at the orientation angle of 0°. 

Meanwhile, the manual mix of CP in bending strength is 

slightly higher than the printed angle 0°. Therefore, the 

present study, the printing for the CP in the 0° and 90° 

are optimum angles to print for construction members 

because of the highest results achieved for compressive 

strength at angle 90° and highest results achieved for 

bending strength at angle 0°.  This could be improved 

by adding reinforcement and later used for façade and 

cladding of the building [21] [24] [20]. 

5 Conclusion 

3DP cubic and prism specimens have been printed 

with ZP 151 and CP materials. These specimens have 

been printed in different orientation angles to obtain 

better mechanical properties. In this paper, the 

dimensional accuracy for the CP printed specimens in 

the various w/c ratio (saturation levels) has been 

scrutinized and discussed. The results show that the x-y 

plane always has smaller dimensions than the other 

planes, this is due to the printhead direction, which is 

parallel to the x-axis and perpendicular to the y-axis. 

The printhead nozzles are too close and adjacent to each 

other and most probably the liquid binder overlapping 

and collide when dropping the droplet at high speeds. 

The other reasons could be due to the high capability of 

penetration of the water (binder) into the powder. 

Moreover, the dimensional accuracy is mostly 

decreased and highly variable while the w/c increases as 

a result of spreading high volumes of the water through 

the printhead. Particularly, spreading water in the y-axis 

is less than in the x-axis, which is perpendicular to the 

printhead, and vice-versa in the parallel direction (X-

axis).  

Furthermore, this study has investigated the effect of 

orientation angle on the printed structural members 

using CP (mortar) and ZP 151 (gypsum). The results 

show that this is an important factor that needs to be 

taken into consideration in the future studies of 3DP. 

The most appropriate orientations are 90° and 0° 

degrees for the strongest bending and compression 

strengths, respectively. In addition, this study is 

conducted to check the height of the printhead, number 

of the nozzles and spreading of the water (binder) while 

the printhead is moving on the powder bed and dripping 

water droplets at a fast speed. However, the effects of 

temperature and medium curing needs to be studied in 

detail for different powder types.        
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