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A B S T R A C T   

Existing approaches from design to concrete 3D-printing fabrication can customize the shapes of compression- 
dominated concrete arches and vaults but has limited applications due to high facility requirements such as a 
robotic arm and a reconfigurable print bed for fabricating overhanging geometries. Therefore, there is a need to 
develop an alternative design-to-fabrication approach for 3D printers without such facility requirements. In this 
paper, concrete blocks were designed as prismatic shapes which could be customized by a most basic, gantry- 
based 3D printer with a flat print bed and could be assembled to a larger 3D arch structure designed based 
on stability and strength analyses. The feasibility of such approach was demonstrated by lab prototyping. 
Reduced facility requirements in this approach allow 3D-printing to be more widely applied for customizing 
compression-dominated structures. With further design method innovation in the future, this design-to- 
fabrication approach can be extended for compression-dominated structures with more complex geometries.   

1. Introduction 

Concrete was one of the most widely used construction materials and 
it was well known to have much higher compressive than tensile 
strength (roughly by a factor of 10) [1]. Most types of contemporary 
concrete structures needed steel reinforcement to bear the tensile 
stresses experienced by the structures [2–4]. On the other hand, 
compressive load-dominated structure was a category of structure (such 
as arch and vault) with internal load transfer dominated by compres
sion, leading to minimal internal tensile stress. Therefore, designing 
concrete structure as a compressive load-dominated structure allowed 
one to alleviate the requirement for incorporating steel reinforcement. 
In fact, medieval builders had been constructing unreinforced, 
compression-dominated arch and vault structures by assembling ma
sonry blocks piece by piece [5,6]. Such structural form had attracted 
builders' and researchers' attention because it became a self-supported 
structure after assembling [5,7] and needed less or no steel 

reinforcement [5,7–10]. Reduction or elimination of steel reinforcement 
could lower the cost during construction and maintenance phase 
because steel reinforcement led to increased material and installation 
cost and was subjected to corrosion and fire-induced deterioration in 
concrete [9]. 

Arches and vault had traditionally been constructed from elemental 
blocks, such as bricks or tapered stones [11]. This approach was simple 
and allowed straightforward transportation of building materials to a 
construction site. However, customizing the curvature and dimension of 
these structures required manual adjustment during assembling of 
bricks and tapered stones [12]. Contemporary concrete arch and vault 
structures were commonly incorporated with modular design, where 
concrete modules were designed as custom shapes that could be 
assembled into the arch/vault shape [13]. Modular design led to faster 
and simpler construction process and improved member quality control 
[13]. By casting concrete modules directly into custom shapes, massive 
manual adjustment works for reaching the designed curvature of the 
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structure were avoided. However, this required an additional step to 
build and set up customized formwork at the construction site or in a 
concrete precast factory. Except for a perfectly round arch and vault, the 
curvature of the concrete segments varied along the span of the structure 
[11,14], thus limiting the use of the same piece of mold for casting 
multiple segments. 

To incorporate arches and vaults in different sites and buildings with 
different dimensions, there was a need for adjusting and customizing the 
dimensions of non-circular arch and vault structures [12,15,16]. 
Therefore, researchers sought to explore new approaches with integra
tion of design tool and more variety of fabrication/construction tech
nologies for building customized, compression-dominated structures. By 
using Grasshopper, a parametric design software, Borhani and Kalantar 
designed geofoam-based modules that could be fabricated by hot wire 
cutting and assembled into an arch [17]. A good modular design typi
cally produced optimum sizes and dimensions of modules that could be 
stacked and efficiently occupy available space [18]; the study by Bor
gani and Kalantar achieved a modular design where the arch modules 
had customized shapes and they could be stacked into prismatic shapes 
that efficiently occupy the space on top of truck bed during trans
portation [17]. However, the components developed in this study were 
nonstructural geofoam arches; there was a need to explore an integrated 
design and fabrication scheme for customizing the components made by 
structural materials, such as concrete. Sousa and Martins developed an 
arch component which consisted of crok and glass-fiber reinforced 
concrete (GRC) modules respectively providing insulation properties 
and structural efficiency [19]. Since there was a need to cut expanded 
polystyrene foam into customized molds for making the complicated 
GRC modules, Grasshopper was used for 3D-modeling and designing the 
path of the hot-wire cutter. Mayencourt et al. made a more heavy-duty 
arch by casting UHPFRCC (Ultra-High Performance Fiber Reinforced 
Cement-based Composite) into a timber mold with a complicated shape 
[20]. Such mold consisted of timber panels interlocked together in non- 
orthogonal dihedral angles. An algorithm incorporated with Rhino3D 
was used to control the CNC milling process for fabricating these 
customized panels. 

Thrust-line analysis was a tool that could be applied to design overall 
layouts of compression-only arch structures in 2D cases and validate 
their structural integrity. Such an analysis could find out the compres
sive force transfer pathway and thrust-line, thus ensuring compressive 
forces were transferred within the boundary in each arch segment 
[21–23]. To expand the application for designing contemporary 3D 
structures, such an analytical tool was applied to thrust network analysis 
(TNA) for 3D cases of compression-dominated structures [6]. Rippmann 
and Block utilized TNA to design freeform masonry-like vaults [24]. The 
feasibility of such approach was demonstrated by fabricating custom
ized styrofoam blocks with 4-axes CNC wire cutter and assembling the 
blocks into a vault prototype. Bertetto and Riberi incorporated TNA into 
the design scheme for customized, lightweight vault structures with 
various amount and pattern of holes on top [25]. The mortar blocks in 
the small scale vault prototypes were casted in polylactide molds 
customized by fused filament fabrication. The usage of polymer-based 
molds generated plastic wastes and hence, induced relatively large 
environmental impact. Liew et al. integrated the processes of TNA and 
CNC-milling of customized molds for fabricating a compression- 
dominated, ribbed concrete floor system with arched supports [9]. 
CNC milling process for fabricating the customized formwork led to 
extra cost and time, thus rendering the fabrication process not ideal for 
making components with unrepeated geometries [10]. However, con
struction 3D-printing was especially suitable for fabricating this type of 
component [10,12,26,27]. Because 3D-printing was a formwork-free 
process for automatic material deposition [28,29], using such technol
ogy could avoid the high cost for fabricating customized formwork and 
eliminate the waste generated by formwork usage [30]. The geometry of 
3D-printed building components was directly determined by the mate
rial deposition path controlled by the computer, and this could reduce 

the cost of generating complex shapes significantly [28,29]. This 
geometrical freedom not only opened more opportunities for creative 
shapes, but also enabled construction of structures in more efficient 
ways [27]. 

Rippmann et al. [10] sought to utilize particle-bed 3D printing of 
sand for prefabricating ribbed floor system, which was designed as five 
to seven modules assembled together through male-female interlocking 
features between them. Such a modular design was essential for pre
fabricated construction because the design divided a large component 
into smaller modules, which were not only lighter for easy trans
portation but also small enough for being fabricated monolithically in a 
3D-printer with limited size [10]. This study demonstrated the capa
bility of particle-bed 3D-printing technologies for achieving customized 
and modular design for compression-dominated structure. However, 
compared to particle-bed 3D printing [31], extrusion-based 3D-printing 
for cement/sand-based materials currently have not only higher tech
nology readiness but also higher economic viability for rapid fabrication 
for building component [32]. Therefore, the extrusion-based technology 
is currently a more popular technology for construction 3D-printing 
[32,33] and was selected by many researchers as the technologies for 
fabricating shell and spatial concrete structures that were compression- 
dominated [8,12]. 

In the most prevalent form of extrusion-based 3D printing, concrete 
was extruded from a nozzle that was attached either to a 3 or 4-axis 
Cartesian robots [26] or to a 6 axis robotic arm [12,27]. The nozzle 
extruded concrete filaments along defined paths. When forming a 
building element, the paste-like filaments were stacked on top of a flat 
print bed layer-by-layer making it more challenging to print over
hanging parts [12] existing in the vault and shell structures. Carneau 
et al. [12] developed a design framework to identify concrete filament 
extrusion path for complex structures and accordingly, 3D-printed 
concrete into partially self-supported, overhanging shapes forming 
dome and vault structures after the printings were completed. However, 
this approach required specific types of mortar with sufficiently good 
plastic viscosity to prevent plastic collapse of the freshly printed over
hanging component, and a 6-axis robotic arm to move the mortar 
extrusion nozzle outside the horizontal plane [12]. In this study, the 
robotic arm continuously conducted 3D-printing to monolithically 
fabricate the sub-meter-scale structures. To deploy such an approach for 
3D-printing of dome and vault structures with dimensions enlarged to 
about 5 m in size, the span of robotic arm needed to be scaled up 
accordingly. Instead of using 6-axis robot, Borg Constanzi et al. [8] 
sought to use a 4-axis Cartesian robots to 3D-print an unreinforced 
pavilion structure. In a typical 3D-printing process where concrete 
extrusion nozzle was moved by a 3 or 4-axis robot in horizontal plan for 
depositing each layer of concrete on top of a flat print bed, the 3D- 
printer stacked many consecutive concrete layers covered either same 
or progressively reduced areas, resulting a geometry without material 
overhanging. Lack of overhanging shape made such so-called “2.5D 
geometry” [12] (an example for forming such geometry is illustrated in 
Fig. 1) difficult to be directly deployed to build a shell structure. 
Therefore, Borg Constanzi et al. instead utilized a printing bed with 
reconfigurable curvature supporting the concrete filament printed along 
directions out of horizontal plane for 3D-printing of pavilion segments. 
However, usage of such reconfigurable printing bed increased the 
requirement for 3D-printing equipment. Besides, each segment for the 
pavilion structure was fabricated by 3D-printing the concrete segment 
contour but casting concrete in its core area; hence, the pavilion could 
only be considered as partially 3D-printed. To enable customized, 
compression-dominated structures to be more widely deployed in the 
construction industry, the next step is to incorporate its integrated 
design with a processing scheme that has higher scalability in the pro
duction line. Under this consideration, extrusion-based 3D-printing with 
higher productivity is preferred, compared to particle-bed 3D printing 
[32]. For design and 3D-printing of compression-dominated structures, 
the current solutions based on concrete extrusion technology need either 
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(1) specially designed concrete materials and a relatively costly robotic 
arm with 6-axis [12], or (2) a reconfigurable printing bed that may be 
complicated to be set up [8]. To remove these requirements that set a 
high threshold for mass customization of compression-dominated 
structures, there is a need to develop an integrated scheme for com
mon flat-bed concrete extrusion printers with 3-axis gantry robot. This 
3D-printing system is not only highly capable of rapidly customizing 
2.5D components, but also has basic equipment requirements and hence 
reduces the cost of scaling up the future production line. This paper aims 
to utilize the design flexibility enabled by extrusion-based concrete 3D- 
printing for building up 3-dimensional, compression-dominated struc
tures. The sizes of 3D-printing facility and its printing bed determine the 
maximum sizes of concrete components that can be printed. When a 
structure is larger than the printing facility, there is a need to print 
smaller components within the capacity of the 3D-printer and assemble 
the components into a larger structure. In this light, this paper focuses on 
a simple and systematic approach to design, fabricate and then assemble 
customized concrete elements into a large scale structure. 

1.1. Scope of this paper 

This paper is a proof of concept of a new approach for designing, 
fabricating and assembling of a compression-dominated 3D structure 
that consists of a pair of intersecting elliptical arches both with 2.5D 
geometries, whose shape designs were carried out based on an iteration 
process between shape adjustment and analyses for thrust-line and 
strength of the arch. Sub-meter-scale, 2.5D concrete segments with 
various curvatures/dimensions could be individually fabricated in a 3D- 
printer with limited print bed area (1×1 m of size), could be lifted/ 
erected either by hand or small construction lift and then, could be 
interlocked to form the 3D structure that was about 5 m in size. To 
demonstrate the feasibility of manufacturing and assembling in the 
proposed approach, a physical prototype of such intersecting arches, 
which was scaled down to about 2.5 m in size, was fabricated by con
crete 3D-printing; segments of this arch were partially assembled and 
then erected to form fully assembled structure. The feasibility was 
proved by the overall dimensions of the physical prototype being close 
to the design dimension in 3D-model. The overall approach enables 
customized, rapid and low-waste construction, and can provide a basis 
for creating more complex compression-dominated structures. 

2. Development of arch structures 

2.1. Design and analysis of 2.5D arch elements 

The approach taken in this paper started with designing and 
analyzing arches under a 2D scenario as illustrated in Fig. 2 and such an 
arch was considered as a 2.5D geometry due to its consistent out-of- 
plane thickness. Shape design/adjustment of arch, thrust-line analysis 
and strength analysis were concurrently carried out in the design process 
of the proposed arch structure and are explained below:  

(i) Thrust-line analysis: As shown by Fig. 2, the overall shape of an 
arch was determined by the direction of arch axis and the depth 
of arch. These two parameters were determined based on thrust- 
line analysis, which had been widely used in evaluating 
compression-dominated arch structures [6,21–23]. In such anal
ysis, thrust-lines representing load paths of compressive force in 
the structure were calculated based on the load applied along the 
arch. If there was a group of thrust-lines that were always within 
the arch boundary (that is, between the boundaries set by 
extrados and soffit of the arch), the arch was compression- 
dominated [21–23]. If none of the thrust-lines were admissible 
to the arch, the arch was not compression-dominated and its 
design needed to be adjusted. The arch proposed in this paper was 
for sustaining its self-weight so the mass distribution along the 
arch would affect the direction of thrust-lines calculated based on 
load condition [23]. Therefore, adjusting the extrados and soffit 
not only affected the likelihood of finding admissible thrust-line 
between them but also affected the distribution of mass and 
self-weight along arch span, changing the profile of the thrust- 
line. Therefore, designing an arch by thrust-line analysis was an 
iterative process involving adjustments of many geometrical pa
rameters following by the analyses.  

(ii) Decomposing structure into individual segments with 
customized geometries and internal voids: Extrusion-based 
concrete 3D-printer in a prefab factory environment is 
commonly equipped with limited print bed area [34–36]. Such 
3D-printer can only produce concrete component with a size up 
to a few meters and cannot monolithically fabricate an arch with 
a larger size. The large dimension and weight of such type of arch 
monolithically fabricated also increase the difficulty for delivery 
from prefabrication factory to the construction site. Therefore, 
the approach proposed in this paper decomposed the arch 

Fig. 1. 2.5D geometry can be developed according to step (a), (b), (c) and (d) and can be formed by stacking 3D-printed filament as shown by (e) and (f).  
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geometries into individual, customized blocks, or ‘segments’ (as 
conceptually illustrated in Fig. 3a), which would, by limiting the 
largest segment dimensions such as s1, s2 and s3 in Fig. 3a, fit 
comfortably within a 1 m square print bed. Within each segment, 
internal shape was also adjusted to include central voids (Fig. 3b) 
in the concrete elements to reduce mass.  

(iii) Strength analysis: The arch structure was assembled by concrete 
segments and was not compression-dominated until it was fully 
assembled (Fig. 3a) so the loading condition for partially 
assembled arch (Fig. 3b) needed to be considered separately. 
Therefore, strength analysis was conducted for the arch – not only 
at the post-assembled stage, but also in the extreme case of the 
partially assembled stage to ensure that there were no structural 
failures. 

In (ii) above, adjusting how the arch structure could be decomposed 
into different segments changed both total segment number and 
dimension/location of each segment. These also changed the arrange
ment and size of the void in each segment, thus affecting the self-weight 
distribution along the arch. This in turn led to a different load condition 
for strength analysis in (iii) and affected pathway of thrust-line for the 
analysis in (i). By carrying out an iterative process between geometry 
adjustments in (ii) and the analyses in (i) and (iii) (which considered the 
interactions between the geometry parameters and design constrains 
(such as maximum segment dimension limited by print bed area), the 
design for a slender, elliptical arch (Arch 1; Fig. 4) was developed. With 
such design procedure, this arch satisfied fabrication/construction 
feasibility and passed both strength and thrust-line analyses. This arch 
spanned about 5 m and had about 150 mm of out-of-plane block 
thicknesses; it had a 2.5D geometry and this design would be utilized to 
develop the 3D, double-arch structure in Section 2.2. To demonstrate the 
flexibility for the iteration process in adapting the design, this paper also 
reports a pointed arch (Arch 2; Fig. 5) geometries with 500 mm of out-of- 

plane block thicknesses developed via the design/analysis process. 
Although both Arch 1 and Arch 2 were symmetrical, each segment on 

a given side of an arch had a unique set of dimensions (please refer to 
Fig. S1 in Supplementary Information in Appendix A), since the curva
ture of the arch design varied along the span (for example, radius of 
curvature changed from 2313 to 2570 mm from foundation to the top of 
Arch 1). The dimensional capabilities of today's concrete 3D printing 
processes were considered in the designs of the concrete segments. 26 
mm of width and 12.5 mm of height were common dimensions of a 
concrete filament extruded by a typical concrete 3D printer. The 150 and 
500 mm out-of-plane block thicknesses (for Arch 1 and 2 respectively) 
were designed based on the heights of concretes of 150 and 500 mm that 
could respectively be achieved by stacking 12 and 40 layers of concrete 
filaments. Such block thicknesses affected the weights of each concrete 
blocks. Therefore, they were used as input parameters representing the 
loading from self-weight for both thrust-line and strength analysis. 
When printing adjacent filaments parallel to each other, the print path 
for a filament could be designed to let small portion of its width overlap 
with the adjacent filament. Such a slight overlapping of filaments led to 
a stronger bonding at interface, with the side of adjacent filaments 
merging with each other and allowing some flexibility to adjust the total 
width of the filaments based on the amount of overlapping. For example, 
with 26 mm of width for individual filament, printing two parallel fil
aments with width overlapping of 4 mm (15.4% of single filament 
width) and 7 mm (26.9% of single filament width) respectively led to 50 
and 45 mm of total widths for the two parallel filaments. Under this 
consideration, the minimum width (dmin in Figs. 4 and 5) of the features 
on the 3D-printed arch segments were set as the width of two filaments 
with less than 26.9% of individual filament widths overlapping with 
each other. These dimensions were large enough for being 3D-printed 
successfully; on the other hand, the overall sizes of individual seg
ments were small enough to be produced with many existing flat-bed 
concrete extrusion printers. The segment designs were 2.5D geometry, 

Fig. 2. Arch and thrust-lines.  

Fig. 3. Modular arch design at (a) fully assembled stage and (b) partially assembled stage.  
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which could be made by stacking 3D-printed concrete layers without a 
need to print overhanging concrete. Different from typical modular 
arches having relatively slender and curved shapes [13], the proposed 
arch was segmented into relatively prismatic modules, which could 
more efficiently occupy space for storage or during transportation [18]. 

To achieve a robust segment-to-segment assembling process for the 
arch, the geometries at the segment boundaries to be connected by 
adjacent segments were customized as hook-shaped geometry that 
provided an interlocking mechanism between adjacent element (Figs. 4 

and 5). A nominal 10 mm (Arch 1) or 7 mm (Arch 2) clearance was 
allowed between the interlocking features of the segments. Examples of 
a well aligned and slightly misaligned segment-to-segment interlock are 
shown in Fig. 6a and b respectively, with both having a clearance be
tween adjacent blocks. The hook shape interlock guided the segment-to- 
segment connection and the clearance allowed a reasonable amount of 
variability of the extruded bead width to be accommodated (Fig. 6a). 
Using relatively small size of clearance could effectively limit 
misalignment of segments, because the relative rotation between 

Fig. 4. Dimensions of Arch 1 (scale bar in meters).  

Fig. 5. Dimensions of Arch 2 (scale bar in meters).  

Fig. 6. (a) Clearance between blocks illustrated with the example of blocks G and H in Arch 1; (b) interlocking mechanism limiting relative rotation between 
adjacent blocks. 
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adjacent segment could increase until the clearance was closed at two 
contact points between adjacent segment (as shown by Fig. 6b). During 
assembling of adjacent blocks, epoxy mortar was to be applied in such 
clearance to provide proper segment-to-segment bonding; this was 
needed because the size of the nozzle used in this study did not permit 
fine-grained printing required to produce the sharp edges for exact fit 
between adjacent blocks. 

The equilibrium equations in thrust-line analysis only hold under the 
situation where the structure or ground below the arch can provide 
horizontal reaction against the horizontal component force of the in
clined compressive force acting along the thrust-line [21]. In the cases of 

insufficient reaction in horizontal direction, installing a metal-based, 
horizontal tension tie at the bottom of the arch structure is a common 
solution to providing additional reaction ensuring that the arch above is 
compression-dominated [37]. Since the design approach in this paper is 
for incorporating the arches on top of wide variety of grounds that are 
either capable or not capable to provide enough amount of horizontal 
reaction supporting the arches, there is a need to consider the following 
two scenarios for the proposed arch structures with different ground 
conditions: 

Fig. 7. Thrust-line analysis. Centers of gravity of (a) Arch 1 and (b) Arch 2; thrust-lines for minimum admissible horizontal thrust H for (c) Arch 1 and (d) Arch 2; 
thrust-lines for both minimum (red) and maximum (blue) admissible H for (e) Arch 1 and (f) Arch 2. (Yellow lines show the boundaries of the structure; black dashed 
lines show the axes of symmetry of the structures; green lines in (e) and (f) show the ground; red lines show the thrust-line for minimum admissible H; blue lines show 
thrust for maximum admissible H.) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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(I) The ground is strong enough to provide the horizontal reaction 
fully without the need for tension tie. In this case, there is no need 
to install the tension tie so the tension tie below the proposed 
arches can be removed. 

(II) The ground is not strong enough to provide the horizontal reac
tion fully so the tension tie needs to be installed to provide full or 
partial horizontal reaction. 

To include the considerations from (II), the proposed design needs to 
provide a flexibility to allow incorporation of a tension tie below ground 
level at the base of Arch 1 (Fig. 4) and 2 (Fig. 5) in case additional re
action force is needed. The total magnitude of the horizontal reaction 
needed is determined by the geometry of the arch superstructure in 
thrust-line and strength analysis. Because the ground in (I) and the 
ground-tension tie assembly in (II) both provide the full amount of 
horizontal reaction, the arch to ground anchorage points in both (I) and 
(II) act as fixed supports. Since such fixed supports are applied as a 
boundary condition in both thrust-line and strength analyses in this 
paper, the analysis results are applicable to both scenarios (I) and (II). 
Arches 1 and 2 developed based on the iteration design/analysis process 
between (i), (ii) and (iii) will be used for demonstrating the detailed 
process for thrust-line and strength analysis respectively in Sections 
2.1.1 and 2.1.2. 

2.1.1. Thrust-line stability analysis and arched shape selection 
Thrust-line analysis was incorporated into the design and analysis 

iteration process to obtain the arched layouts of Arches 1 (Fig. 4) and 2 
(Fig. 5). In such analysis, a typical concrete density of 2250 kg/m3 

[1,38,39] was used. The weight of the epoxy mortar within the segment- 
to-segment clearance was negligible and hence it was ignored in the 
analysis. Due to symmetry of the arch, only one side of each arch needed 
to be analyzed to confirm that the arch was compression-dominated. 
Only the self-weight of the blocks was considered and the range of 
horizontal thrust forces, H (either provided by the tension tie, the 
ground or both) letting the structures remain stable, was established. 
The size of the range of admissible H was taken as a proxy for the 
robustness of the structure to perturbations during manufacturing or 
assembly [21]. Details of the analysis procedure are given in Section S2 
of the Supplementary Information (Appendix A) and the equations were 
set up in Microsoft Excel [40] to conducted the analysis. Results of the 
thrust-line analysis are illustrated in Fig. 7 and summarized in Table 1. 
In Table 1, maximum and minimum values for admissible H in Arch 1 
and 2 are respectively normalized against the weights of key stones (WJ0 

for Arch 1 and WO for Arch 2) to provide a sense of relative magnitudes 
between H and key stone segment weights so H/WJ0 and H/WO are re
ported. According to the shape of the arches, the centers of gravity of 
each blocks for Arch 1 and 2 are shown in Fig. 7a and b respectively. 
With the information (for example, on centers of gravity) and proced
ures in Section S2 of the Supplementary Information, the thrust-lines 
with minimum value of H could be calculated at different regions in 
Arch 1 and 2 as shown in Fig. 7c and d respectively. For Arch 1, the 
thrust-lines with maximum and minimum values of H are plotted 
together in Fig. 7e. The thrust-lines with maximum and minimum values 
of H for Arch 2 are plotted in Fig. 7f. Because a finite set of admissible 
thrust-lines was found for each arch and for each analysis case, the re
sults confirmed that the arches were indeed compression-dominated and 
that they remained stable under their self-weight. 

Based on various applications of arch with different design goals, 

different ways of geometry parameter adjustment and different design 
constrains could be incorporated into the iterative design-analysis pro
cess to provide the flexibility to produce very different arch designs. 
Under aesthetic considerations and cost constraints, ancient builders of 
historical architectures, such as Gothic, Roman and Islamic architec
tures, pioneered the building of 3-dimensional, spatial structures via 
intersecting slender overhanging arches with long spans and consistent 
depth, xt (Fig. 2) [12,15,16,41,42]. Therefore, when deploying the 
approach in this paper, such characteristics for arch construction were 
taken as design constraint to develop the 2.5D arches to be used as 
components in 3D spatial structure. In the iterative design/analysis 
process, the depth (xt) along arch span (shown in Fig. 7e) was first kept 
as a constant value of 295 mm, which was a width that could be ach
ieved by 3D-printing 12 pieces of parallel concrete filaments (26 mm of 
individual filament width and 13.1% of width for overlapping at the 
interfaces between adjacent filaments). With 295 mm of arch depth, the 
shape adjustment was started from an arch with a span-to-Hr (Hr is rise 
of arch as shown in Fig. 2a) ratio of 2.7, which was a typical ratio for 
arch with relatively large span [43]. However, this relatively shallow 
arch was not qualified as a compression-dominated structure based on 
thrust-line analysis, because its shape was too flat to allow a completed 
compression load transfer pathway from arch top towards the founda
tion. Therefore, the shape adjustment was further conducted by 
reducing the span-to-Hr ratio until it reached 2.07 used for the final 
design of Arch 1, which passed the check from thrust-line analysis as 
discussed previously. 

The high slenderness of Arch 1 led to a relatively small range of 
admissible thrust-lines (Fig. 7e). The relatively large span of this arch led 
to shallow slops of its thrust-lines (Fig. 7e), accompanied by larger 
magnitude of horizontal thrust (H reported as normalized form in 
Table 1), which was the horizontal component force for the compressive 
force along the thrust-lines. In this case, the horizontal thrust induced by 
Arch 1 needed to be resisted by the ground or structure below it and 
could be reduced by adjusting the arch geometry [21,37]. However, 
such adjustment might contradict some of the design goals and con
straints. For example, to get a steeper thrust-line with reduced magni
tude of horizontal thrust, one could gradually adjust the Arch 1 
boundaries, the extrados and soffit lines, to gradually approach the ge
ometry of Arch 2, an example of pointed arch, which typically induced a 
steeper thrust line [21]. In this case, Arch 2 design did reduce the 
magnitude of horizontal thrusts (H reported as normalized form in 
Table 1) and, due to its tapered foundation blocks, provided a wider 
range of admissible thrust-lines (Fig. 7f). With such a characteristic, 
Arch 2 was more likely to remain compression-dominated and stable 
even if the compressive load path varied due to possible dimensional 
errors or misalignment of blocks. However, the lower span, lower 
slenderness and inconstant depth (xt) of Arch 2 contradicted the design 
goals and constraints. On the other hand, Arch 1 was compression 
dominated based on thrust-line analysis and satisfied all design criteria. 
Therefore, Arch 1 was selected as the 2.5D arch to be further analyzed 
for developing the 3D intersecting arch structure. 

When there was a need to improve the stability of Arch 1-like designs 
under compression, the proposed approach provided the flexibility to 
make minor geometry adjustment. If the constraint of fixing arch depth 
along the span was slightly alleviated, xt could be adjusted by moving 
the arch boundary at Region 1 (Fig. 7e) in the negative z and positive x 
directions to allow several steeper minimum thrust-lines to be admissi
ble, or by moving the arch boundary at Region 2 (Fig. 7e) in the negative 
x direction to allow maximum-thrust-lines with more gentle slopes to 
become admissible [21]. Gradually adjusting the arch shape from Arch 1 
(2.07 of span-to-Hr ratio) to Arch 2 (0.90 of span-to-Hr ratio) would 
sequentially generate many intermediate arch shapes with gradual 
decrement of span-to-Hr ratio. An example of such intermediate case is 
shown by Fig. 8. One of the design constraints was that the total width of 
2 concrete filaments extruded side-by-side was to be used as the mini
mum dimension (shown as dmin in Figs. 4 and 5) for the arch. Therefore, 

Table 1 
Summary of thrust-line analysis results.  

Arch 1 Arch 2 

Minimum H/WJ0 
Maximum H/WJ0 

Minimum H/WO Maximum H/WO 

4.01 4.51 0.59 1.54  
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Arch 1, Arch 2 and the intermediate arch geometries between them had 
a fixed value of minimum dimension within the arch. Changing the 
shape of the arch in this way would increase the range of admissible 
thrust-lines due to reduction of span-to-Hr ratio. As a result, the inter
mediate arch geometries and Arch 2 were qualified as compression- 
dominated structures based on thrust-line analysis. This shape adjust
ment scheme could further improve the stability of the arch but it 
allowed the arch thickness xt to change along the arch span. If a specific 
curvature profile was required in an arch and its thickness xt was strictly 
constrained, it might be possible to optimize the masses of individual 
segments in the arch to direct the thrust-line within the structure [23]. 
Such an approach would be enabled by the geometric freedom of con
crete 3D printing and its ability to vary the sizes of internal voids in the 
fabricated blocks. 

2.1.2. Assembling process and strength analysis at partially and fully 
assembled stages 

In the proposed approach, the arch assembling process started with 
separately assembling left and right sides of the arch (segments A to H in 
Fig. 4 or segments L to N in Fig. 5) on the ground with adjacent segments 
glued together via epoxy mortar (as demonstrated via the lab proto
typing presented in Section 3.1). After the shapes of left and right half 
arches were fixed by the epoxy mortar, they were erected and connected 
with each other via inserting the key stone (segment J0 in Fig. 4 or 
segment O in Fig. 5) between them. 

Until the two sides of the erected arch met and the keystone was in 
place, the structures were not compression-dominated; instead, blocks 
experienced bending moments exerted by their own weights and that of 
any blocks above them. These moments translated to local tensile and 
compressive stress fields within the blocks. Because the tensile strength 
of concrete was typically ~10 times lower than its compressive strength, 
an analysis must be conducted to check whether tensile fracture was 
possible during construction. 

Typical values [1,38,39,44,45] of compressive strength (45 MPa), 
tensile strength (4 MPa), and density (2250 kg/m3) for normal strength 
concrete were used in the strength analysis conducted by manual 
calculation. The weight of epoxy mortar within segment-to-segment 
clearance was negligible compared to the weight of concrete seg
ments, and hence, was ignored in the calculation for strength analysis. 
For structural integrity of modular construction, it is important to 
identify the assembling stages with most critical load condition and find 
out the module and spot resisting highest stress at such stage. In Arch 1, 
the thinnest elements of each block had equal cross-sectional area, so it 
was apparent that the tensile stress in Element 1 in the foundation block 
was higher than other part of the partially assembled arch (Fig. 9). When 

half of the arch was erected with keystone, but the keystone had not yet 
been connected to the other half of the arch (Fig. 9), the tensile stress in 
Element 1 reached a maximum value. Therefore, the strength analysis 
for partially assembled Arch 1 was to check if Element 1 fracture under 
such a maximum stress. 

The total weight, Wp, of all the material above the bottom of Ele
ments 1 and 2 (as indicated by dash-dotted line in Fig. 9) was assumed to 
act through x = xc, the x-coordinate of the center of gravity of these 
blocks. Elements 1 and 2 had center positions x = x1 and x = x2 
respectively, and the cross-sectional area of Element 1 was Acr. Taking 
moments about the bottom of Element 2 (x = x2), the tensile stress σ1 in 
Element 1 satisfied: 

Wp(xc − x2) = σ1Acr(x2 − x1) (1)  

⇒σ1 =
Wp(xc − x2)

Acr(x2 − x1)
(2) 

For a half-assembled Arch 1, the values of xc, Wp and σ1 were 
respectively calculated as 1187 mm, 3050 N and 1.52 MPa based on the 
geometry of the concrete blocks, as was Acr = 7500 mm2. The maximum 
expected tensile stress σ1 was far lower than the tensile strength of the 
material, 4 MPa, suggesting that the arch would not be expected to 
fracture during assembly. 

As shown in Eq. (2), the distance between Element 1 and 2 is 
calculated as (x2 − x1) and can significantly affect the maximum ex
pected stress (σ1) in Element 1. If one uses an alternative foundation 
block design with enlarged distance between Element 1 and 2, the 
maximum expected stress can be reduced. In general, 3D-printing allows 

Fig. 8. An Intermediate case for shape adjustment between Arch 1 and 2.  

Fig. 9. Analysis for maximum bending loads and tensile stresses induced dur
ing the construction of Arch 1. 
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concrete blocks to be fabricated into hollow or cellular forms consist of 
truss-like concrete elements formed by extruded concrete filaments. For 
this partially assembled Arch 1 or other similar modular concrete 
structures with gravity center significantly offsets from the bottom 
support, foundation block is expected to experience relatively intense 
bending. By designing the foundation as a block consists of some vertical 
elements (similar to Elements 1 and 2 in Fig. 9) further from each other 
will help to provide a structural form that alleviates the maximum 
tensile stress induced by foundation block bending. 

In addition to the strength analysis for partially assembled stage, the 
peak compressive stress experienced in the fully assembled Arch 1 was 
also estimated to confirm that it did not exceed the expected material 
strength. The first step was to compute the largest horizontal, HMax, and 
vertical, LV, thrust components acting through each foundation stone. 
HMax was taken from the thrust-line analysis in Section 2.1.1, and LV was 
the sum of the weights of all the blocks on one side of the arch and half 
the keystone weight, Wkey. The resultant thrust, Lc, was computed as: 

Lc =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(HMax)
2
+ (LV)

2
√

(3) 

The peak compressive stress, σc, was then estimated by assuming Lc 
to act uniformly across Ab, the 7500 mm2 of cross-sectional area of 
Element 1 of Arch 1 (Fig. 9). 

σc = Lc/Ab (4) 

This assumption was conservative, because Lc would not in fact act 
normally to the cross-section of the element, and, moreover, some of the 
compressive load could also be carried by Element 2 of the foundation 
block of Arch 1. Therefore, σc would be an overestimate. As Table 2 
shows, the expected compressive stresses were little more than 1% of the 
expected compressive strength, so compressive failure in Arch 1 was not 
anticipated. In addition to Arch 1, strength analysis could also be con
ducted for Arch 2 in a similar manner. However, since Arch 2 have been 
filtered out in the last section (Section 2.1.1), such arch design was not 
considered further in this study and its strength analysis procedure was 
excluded from this paper. 

2.2. Development of 3D arch structure based on 2.5D arch element 

The first step to use the 2.5D arch design of Arch 1 to develop the 
design of fully 3D structure was to adapt the keystone of Arch 1 to enable 
two pieces of Arch 1 to orthogonally intersect each other and form a 3D 
structure (Fig. 10). In the modified design, keystone J0 was replaced by a 
new keystone, J (Fig. S2a in Supplementary Information in Appendix A), 
as well as a ‘key cap’, K (Fig. S2b in the Supplementary Information), 
that intersected with J to constrain the relative positions of the two 
arches. The double arch structure consisted of four pieces of half arches 
with same geometries as that for Arch 1. Similar to the assembling 
process for single Arch 1 structure mentioned in Section 2.1.2, the four 
pieces of half arch were separately assembled on ground first (Fig. 10a) 
and then, erected after the epoxy mortar applied between adjacent 
segments hardened and fixed the shapes of the arches (Fig. 10b). The 
erected half arches were set up two-by-two according to the order shown 
by Fig. 10c and d. Although the key stone and key cap both were 2.5D 
geometries fabricated from extrusion-based concrete 3D-printing, they 
were specially designed to perpendicularly interlock with each to form 
an arch crown structure with 3D geometry (Fig. 10f). Such a crossed 
crown structure could be inserted from top to link two pairs of half 
arches in two perpendicular directions. In this approach, individual arch 
components with 2.5D geometry could be assembled into a 3D structure 

of the double arch (Fig. 10e). 
During the process of inserting and adjusting the key stone and key 

cap, the four pieces of erected half arch individually were under a case 
consistent to the critical case (Fig. 9) for strength analysis of partially 
assembled Arch 1 in the 2.5D case. On the other hand, the 3D structure 
consisted of two pieces of 2.5D structures of Arch 1 orthogonally 
intersecting each other after being fully assembled. Therefore, such 3D 
structure could be decomposed to the two pieces of Arch 1 for carrying 
out the 2D thrust-line analysis and 2D strength analysis to each piece of 
Arch 1 individually. This led to the same analyses as that conducted for 
fully assembled Arch 1 in the 2.5D case. Therefore, the double arch 
structure could be analyzed similarly as that for Arch 1. In this case, the 
results of thrust-line analysis (Section 2.1.1) and strength analysis 
(Section 2.1.2) carried out for the 2.5D structure of Arch 1 verified that 
the 3D structure of the double arch had no structural failure when it was 
partially assembled, and was a compression-dominated structure with 
good structural integrity after being fully assembled. 

3. Feasibility study and lab prototyping of the 3D arch structure 

To study the deployment feasibility of the double-arch proposed in 
this paper, a prototype of the double-arch with dimensions scaled down 
by a linear factor of 0.5 was fabricated and assembled. Comparing the 
dimensions of physical arch and its 3D-model provided dimensional 
offset information of individual arch segments from the 3D-printing 
fabrication and revealed how such dimensional offsets affect segment- 
to-segment assembling. 

3.1. Material preparation, concrete 3D-printing and assembly of concrete 
blocks 

Table 3 shows the concrete mix design for the mortar used in the arch 
prototype. The cement used was an ASTM (American Society for Testing 
and Materials) Type I 52.5 N (a standard cement meeting the strength 
class of 52.5 and having a normal early strength “N”) [46]. In the 
mixture, silica sand with 0.1 of fineness modulus was used as a fine 
aggregate and ADVA 181 [47] (a high range, retarding, water-reducing 
admixture provided by GCP Applied Technologies Inc. [47]) was used as 
a superplasticizer (SP). 

The equipment and process for concrete mixing and 3D-printing are 
shown in Fig. 11. The raw materials for concrete were first mixed by a 
pan type concrete mixer. Cement and sand were first added to the mixer 
for 2 min of dry mixing. Afterwards, water and superplasticizer were 
added to the mixture to let the mixer conduct another two sessions of 
wet mixing with 3 and 2 min of periods respectively. Before the second 
wet mixing session, the mixer was stopped and the concrete mixture 
attached to the internal wall and bottom of the mixer was manually 
scraped and scooped into the main batch of the mixture in the mixing 
container. This step was conducted before the next session of mixing to 
let the machine thoroughly mix the whole batch of material. After 
concrete mixing was completed, the concrete mixture was fed into a 
funnel of a concrete 3D-printing system, which consisted of a MAI®2
PUMP PICTOR-3D Concrete Printing Pump [48] attached to a 3-axis 
gantry system provided by Digital Construction Tech Kenyo [49]. 
Through the funnel, concrete flowed into the chamber of the concrete 
pump, which had a rotor stator system applying pressure to push con
crete into and through the hose and eventually let concrete be extruded 
at the nozzle attached to the other end of the hose. Concurrently, the 
gantry system moved the nozzle (round opening with 20 mm of diam
eter) along the pre-assigned path under 45 mm/s of displacement rate to 
deposit the extruded concrete filament along the print path for 3D-print
ing each arch segment on the print bed as shown by Fig. 11. A total of 34 
concrete blocks were 3D-printed. In each block, the layer thickness of 
3D-printed concrete filament was designed as 12.5 mm and the actual 
layer thickness had an averaged value of 13.07 mm so the thickness of a 
concrete filament layer was deviated by 4.56%. As mentioned in Section 

Table 2 
Compression analysis of fully assembled Arch 1.  

Arch type Wkey (N) HMax (N) Lv (N) Lc (N) σc (MPa) 

Arch 1 315.7 4.51 × Wkey = 1423.8 3285 3580.3 0.477  
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2.1, the proposed arch design needed to provide a flexibility to install 
tension tie at the bottom of the arch structure. Therefore, during con
crete 3D-printing, one metal pipe was allocated in each foundation 
concrete block to generate a hole in the block to allow later installation 
of tension ties. After 28 days of air dry curing, a typical curing condition 
for 3D-printed concrete [50,51], these modular blocks were assembled 
to form a double, intersecting arch structure as shown in Fig. 12. 

Using 0.5 as a scale factor, the dimensions of the structure were 
changed by 0.5 times, which changed the volume and weight by 0.53 

times and reduced the weight of half arch components from about 320 
kg to 40 kg; this weight made it feasible for the printed components to be 
manually erected and assembled. The weight of 320 kg for a half arch in 

Fig. 10. Assembly of double arch. (a) Half arches are assembled on floor; (b) Half arches are erected (c) first arch is assembled and keystone J inserted; (d) second 
arch is assembled and key cap K is inserted; (e) complete intersecting arches; (f) exploded diagram of keystone J and key cap K. 

Table 3 
Mixture for mortar used for arch prototype.  

Cement (g) Sand (g) Water (g) Superplasticizer 
(mL) 

Water-cement 
ratio 

1000.0 603.1 400.2 2.00 0.400 

Note that: Water-cement ratio=
weight of water

weight of cement  
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full scale is still light enough for it to be erected by small construction lift 
or mini-crane [52]. Therefore, with basic equipment, the assembling 
process is at least scalable to the full scale of the structure proposed in 
this paper. The limit of this assembling process is determined by the 
scale of the arch structure. For assembling an ultra large scale arch 
structures with each piece of half arch having weight exceeding 800 kg, 
the typical mini-crane no longer has the capacity to lift the arch com
ponents [52]. 

Scaling down of dimensions for lab prototyping reduced the di
mensions of the hook-shaped features by half, but this did not change the 
amount of dimensional error of the concrete filament extruded by spe
cific concrete 3D-printer. Therefore, the scale factor of 0.5 would double 
the dimension error percentage in the hook-shaped interlock between 
adjacent segments, making the condition for arch assembling more 
stringent. In this case, the feasibility study was more conservative. 
Successful assembly in the lab under such a stringent condition was a 
good indicator of successful assembly of the full scale arch structure that 
would have about half of the dimensional error percentage in the hook- 
shaped interlock. 

The assembling process in the lab prototyping followed the proced
ures in Fig. 10, where the two pairs of half arches were assembled on 
ground, followed by erecting half arches pair-by-pair and connecting the 
two pairs of half arches (Fig. 12e) via the assembly of key stone and key 
cap. When assembling the half arches on the floor (Fig. 12a), small 
amount of epoxy mortar, QUICSEAL 301, was applied between adjacent 
concrete blocks (Fig. 12f). To let the epoxy mortar harden, half arches 
was left on ground for 24 hours before erected. The first pair of half 
arches were erected first to form the first arch (Fig. 12b). Then, the third 
and four pieces of half arches were erected and connected to the first 
arch (Fig. 12c). Because the half arches were only erected after the epoxy 
mortar hardened and fixed adjacent concrete blocks together, the half 
arches had no sagging induced by relative movement between adjacent 
blocks after they were erected as overhanging components. During the 
assembling process, threaded rods were inserted through the holes in the 
foundation blocks to connect the foundation blocks at opposite ends of 
each arch together (Fig. 12d); these threaded rods acted as the tension 
ties. After fully assembling, this double arch resisting its self-weight 
became compression-dominated. 

The purpose for the lab prototyping was to measure the dimensions 
from the physical prototype of the double arch and compare such di
mensions with that from the 3D-model. Because the physical prototype 
had scale factor of 0.5, 3D-model with scale factor of 0.5 was used for 
such comparison, which is summarized in Table 4; this table is sub- 

divided into three regions from top to bottom, and these regions 
respectively show: (1) dimension of the physical prototype, (2) dimen
sion of the 3D model, and (3) dimensional offset between the physical 
prototype and the 3D model. As the blocks of the double arch are labeled 
according to Fig. S2 in the Supplementary Information (Appendix A), 
the first two columns in this table show the labels of adjacent blocks that 
interlocked together. As shown by Fig. 13, there was one lower block 
and one upper block at a segment-to-segment interface. Measurement 
was taken for the dimensions labeled from d1 to d12 in this figure and 
recorded in Table 4. For example, the 5th row in the table starts with 
blocks B and C respectively being indicated as lower and upper blocks 
for the typical interlock shown in Fig. 13, so this row records d1 to d12 at 
such interlock between blocks B and C. The dimensional offsets between 
these dimensions and that from the 3D-model (shown in the 2nd upper 
portion of the table) are calculated and shown in the bottom portion of 
the table. Positive and negative offsets respectively indicate larger and 
smaller dimensions in physical prototype compared to the dimensions in 
the 3D-model. Cumulative offsets are calculated as the sum of the offsets 
of certain dimension from the bottom to top interfaces. For example, the 
cumulative offset (− 18.88) for d11 is calculated as the sum of the offsets 
for the d11 from the bottom to top interfaces. 

In addition to measuring dimensions of physical blocks, the experi
mental works also included (1) measuring the clearances at segment-to- 
segment interlocks to find out the dimensional tolerance in individual 
segment 3D-printed and (2) measuring the overall horizontal dimension 
(side-to-side distance between foundation blocks at opposite sides) and 
vertical dimension (height to soffit of the arch) for the fully assembled 
prototype. For the 7 interfaces between the upper and lower blocks 
listed in Table 4, each interface had 5 clearances as shown in Fig. 13 so 
there were 35 clearances in total. 2 of such interfaces were fully covered 
by epoxy mortar after concrete block assembling and hence, were un
measurable so the sizes of the remaining 33 clearances were measured. 
The averaged clearance and overall dimensions obtained from the 
measurements are compared with the dimensions for the proposed 3D 
CAD model in Table 5. The table shows not only the original CAD model 
designed using the proposed approach but also the CAD model with 0.5 
of scale factor for comparison with the physical prototype. Comparing to 
the nominal clearance (5 mm) in the CAD model with 0.5 of scale factor, 
the averaged clearance (6.06 mm) measured from 33 segment-to- 
segment clearances in the lab prototype was 1.06 mm off, which was 
considered small compared to the overall horizontal dimension (2314 
mm between opposite foundation blocks) and vertical dimension (1288 
mm of height to soffit) of this CAD model. According to Table 4, the 

Fig. 11. Concrete mixing and 3D-printing.  
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cumulative offsets for all dimensions were smaller than 56 mm and 
among the 12 cumulative offsets, only 5 of them exceeded 25 mm so the 
cumulative offsets were also very small compared to the overall arch 
dimensions. The relatively small values of cumulative offsets and dif
ferences of clearances in the lab prototype could still allow its overall 
dimensions to be very close to that of the CAD model. 

3.2. Insights for the prototype double-arch 

The physical prototype of two intersecting elliptical arches, shown in 
Fig. 12, was assembled successfully. The fully assembled structure 
demonstrated that one arch could support the other against out-of-plane 
motion. The overall dimensional tolerance of the concrete 3D-printing 
process provided an averaged inter-block clearances of 6.06 mm (with 

2.27 mm of standard deviation (Table 5)) in this scaled-down prototype. 
This allowed the 3D-printed concrete blocks to be interlocked. 

As shown by the schematic diagram in Fig. 14a, concrete filament 
was extruded by a round nozzle with an inner diameter (di) during 
concrete 3D-printing. Right after such filament being extruded from the 
nozzle opening, the filament was just shaped by the opening and hence, 
had a round cross section with a diameter same as di. After the filament 
was deposited on the print bed, the soft filament spread out in horizontal 
direction so the filament width increased from di to a larger concrete 
filament width (wf). Based on the design of the arch components in the 
CAD model, the nozzle moving path was preassigned under an 
assumption that the concrete filament extruded along such a path had a 
designed filament width (wf,d) as shown in Fig. 14b (a schematic dia
gram showing the top view for concrete filament extrusion). Therefore, 

Fig. 12. (a) Assembled half arch on ground; (b) Erected arch; (c) Installation of half arch; (d) Assembled concrete double arch; (e) Intersection of the two arches; (f) 
Interlock between adjacent concrete blocks. 
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when such a print path went along a boundary of a concrete block, the 
exterior gray line with wf ,d

/2 of offset from the path overlapped with the 
boundary of the concrete block in the CAD model. However, when 
concrete 3D-printing was carried out physically, the rheological prop
erties of concrete varied with time due to its ongoing cement hydration 
process. When the concrete mixture was more flowable right after 
extrusion, the concrete filament on the print bed spread out, leading to a 
larger filament width (wf,2) which pushed the concrete block boundary 
outward and caused a positive dimension offset (i.e. dimension of lab 
prototype was larger than its CAD model). On the contrary, when con
crete dried and became less flowable, concrete filament on the print bed 
spread out less, leading to a smaller filament width (wf,1) and a negative 
offset (i.e. dimension of lab prototype was smaller than its CAD model). 
Therefore, the dimensional offsets in Table 4 consisted of both positive 
and negative values. As shown in Table 4, although some of dimensions, 
such as d7 and d8, were designed to be consistent across different 
segment-to-segment interfaces in the CAD model, such dimensions 
measured from the physical prototype fluctuated between different in
terfaces due to the positive and negative offsets induced by different 
rheological condition of the concrete mixture. According to [53], a 
dimensional offsets within ±15 mm was generally an acceptable offset 
for 3D-printed concrete components. Among the 91 values of dimen
sional offsets listed in Table 4, only two local offsets of 42.28 mm and −
15.77 mm exceeded and marginally passed this range respectively. 
Considering the other 89 offsets were all within this range, the 3D-print
ing work of the arch structure met acceptable quality. 

When the arch was assembled, the offsets for specific dimension 
accumulated from lower concrete blocks to top blocks so the cumulative 

offset had a pronounced effect on the overall dimension of the arch after 
assembling. Take dimension d6 as an example, positive offset of d6 in 
the lower blocks could cause the upper block to be further from the 
bottom block (as shown in Fig. 13) because a positive offset meant that 
this dimension in the physical block was larger than the design value. On 
the contrary, a negative offset of d6 resulted in the upper block and 
lower block being closer to each other. The offsets of d6 in the seven 
interlocks from bottom to top of the arch were respectively 7.71, − 7.39, 
2.37, − 3.51, − 0.95, − 9.58 and 1.87 mm. In this case, the sum of all 
positive offsets was 11.95 mm and represented the cumulative effects of 
some lower blocks pushing upper blocks away. On the other hand, the 
sum of all negative offsets was − 21.43 mm and represented the cumu
lative effects of other lower blocks allowing the upper blocks to be 
allocated closer to them. Herein, the effect from negative offsets with 
higher sum was more dominant but it was partially be compensated by 
the effect from the positive offsets. The cumulative offset (− 9.48 mm) of 
d6 was calculated by adding the sums of positive (11.95 mm) and 
negative (− 21.43 mm) offsets together, which showed how the effect of 
positive offsets compensated that from the negative ones. As a results, 
the cumulative offset (− 9.48 mm) had smaller magnitude compared to 
the sums of both positive (11.95 mm) and negative (− 21.43 mm) offsets. 
Having both positive and negative values of offsets was beneficial for 
limiting the magnitude of cumulative offset along the arch span. 
Therefore, this characteristic allowed the fully assembled arch to have 
overall dimensions very close to the design dimensions. Comparing the 
CAD file and lab prototype (both having scale factor of 0.5), the errors of 
overall dimensions, distance between opposite foundation blocks and 
height to soffit, were 1.56% and 0.15% respectively. As discussed in 

Table 4 
Comparison of dimensions for proposed 3D structure design and physical model from lab prototyping.  

Dimension measured from physical arch prototype 

Block d1 d2 d3 d4 d5 d6 d7 d8 d9 d10 d11 d12 Thickness 

Lower Higher 

A B 90.87 60.80 45.57 95.62 53.93 52.71 144.86 54.20 39.20 86.19 53.09 48.66 82.00 
B C 92.17 62.40 45.33 95.39 65.96 37.58 103.42 49.28 41.94 87.13 51.32 58.98 78.00 
C D 105.06 56.43 41.59 99.75 60.71 47.37 102.1 51.50 36.10 91.31 47.70 53.02 78.25 
D E 97.99 50.76 45.57 87.27 59.07 41.97 100.59 51.23 43.07 94.93 52.76 58.61 74.50 
E F 100.72 57.42 40.27 93.09 60.41 44.05 86.81 54.87 41.38 85.62 45.95 49.23 82.00 
F G 95.36 61.72 43.84 98.10 60.56 35.41 91.93 53.52 45.34 86.49 51.29 49.29 75.50 
G H 108.54 57.2 37.59 100.02 53.49 46.86 96.27 49.32 44.13 92.01 64.07 46.56 78.75   

Dimension from 3D model (0.5 of scale factor) 

Block d1 d2 d3 d4 d5 d6 d7 d8 d9 d10 d11 d12 Thickness 

Lower Higher 

A B 97.01 50.11 47.28 97.58 65.17 45.00 102.58 45.00 47.72 92.49 55.00 54.88 75.00 
B C 96.98 50.21 47.24 97.58 64.67 44.97 102.58 45.00 47.67 92.50 55.03 47.67 75.00 
C D 97.27 50.54 49.93 97.50 65.12 45.00 102.50 45.00 50.07 92.78 55.00 55.12 75.00 
D E 97.50 50.00 46.82 97.14 64.79 45.48 102.58 45.00 47.70 92.50 55.01 55.21 75.00 
E F 97.49 50.08 47.28 97.58 64.88 45.00 102.58 45.00 47.72 92.97 55.00 54.89 75.00 
F G 97.01 50.00 47.25 97.58 65.24 44.99 102.58 45.00 47.70 92.50 55.01 54.77 75.00 
G H 97.01 50.00 47.20 97.58 65.24 44.99 102.58 45.00 47.64 92.50 55.01 55.21 75.00   

Dimensional offset = (Dimensions of physical prototype) - (Dimension from 3D model) 

Block d1 d2 d3 d4 d5 d6 d7 d8 d9 d10 d11 d12 Thickness 

Lower Higher 

A B − 6.14 10.69 − 1.71 − 1.96 − 11.24 7.71 42.28 9.20 − 8.52 − 6.30 − 1.91 − 6.22 7.00 
B C − 4.81 12.19 − 1.91 − 2.19 1.29 − 7.39 0.84 4.28 − 5.73 − 5.37 − 3.71 11.31 3.00 
C D 7.79 5.89 − 8.34 2.25 − 4.41 2.37 − 0.40 6.50 − 13.97 − 1.47 − 7.30 − 2.10 3.25 
D E 0.49 0.76 − 1.25 − 9.87 − 5.72 − 3.51 − 1.99 6.23 − 4.63 2.43 − 2.25 3.40 − 0.50 
E F 3.23 7.34 − 7.01 − 4.49 − 4.47 − 0.95 − 15.77 9.87 − 6.34 − 7.35 − 9.05 − 5.66 7.00 
F G − 1.65 11.72 − 3.41 0.52 − 4.68 − 9.58 − 10.65 8.52 − 2.36 − 6.01 − 3.72 − 5.48 0.50 
G H 11.53 7.20 − 9.61 2.44 − 11.75 1.87 − 6.31 4.32 − 3.51 − 0.49 9.06 − 8.65 3.75 
Cumulative offset 10.44 55.79 − 33.24 − 13.30 − 40.98 − 9.48 8.00 48.92 − 45.06 − 24.56 − 18.88 − 13.40 –  
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Section 3.1, the dimension offset from a specific type of concrete 3D- 
printer caused about double dimension error percentage at its hook- 
shaped interlock in the scale-down model (compared to that in the full 

scale structure). Successful assembly of the scale-down model indicated 
that such dimensional offset would cause even less pronounced differ
ence between the designed and actual dimensions of the double-arch 

Fig. 13. Dimensions at segment-to-segment interface.  

Table 5 
Comparison of clearances and overall dimensions for proposed 3D structure design and physical model from lab prototyping.  

Model Scale factor  Clearance Distance between Foundation blocks Height to soffit 

Value Standard deviation 

Proposed 3D CAD model 1 10 mm – 4627 mm 2576 mm 
0.5 5 mm – 2314 mm 1288 mm 

Physical model from lab prototyping 0.5 6.06 mm (averaged value) 2.27 mm 2350 mm 1290 mm  

Fig. 14. Schematic diagram for concrete filament extrusion in (a) 3D view and (b) top view.  
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structure in full scale. On the other hand, the thrust-line and strength 
analyses conducted in the design phase could ensure the structural 
integrity for such full scale structure with about 5 m in size, which was 
much larger than the print bed size of 1×1 m of the concrete 3D-printer. 
The dimension difference between the CAD and physical model could be 
addressed after the fabrication phase. According to the measurements 
from the physical prototype model, minor dimension adjustments were 
made to the arch segments in the CAD models, with and without the 
scale factor of 0.5. 

Once the physical prototype of the double arch was completely 
assembled, one arch could support the other against out-of-plane over
turning of the single arch and the epoxy mortar within inter-block 
clearance could effectively prevent sideways slippage locally occurred 
between adjacent concrete blocks. In situations where horizontal load 
(such as load induced by wind) could cause such inter-block slippage, 
the epoxy mortar with high strength (7-day compressive strength of 60 
MPa and Tensile Strength of 13.8 MPa) could effectively resist the 
sideways movement between the modular blocks. 

4. Conclusions 

This paper introduced a new design approach with integration of 
fabrication and assembling of a compression-dominated, overhanging 
3D structure formed by interlocking smaller, modular 2.5D concrete 
segments customized and fabricated by a concrete extrusion 3D-printer 
with 3-axis gantry robot and a flat print bed. Compared to concrete 
casting for complicated structure where customized formworks are 
needed, this approach of using formwork-free concrete 3D-printing with 
relatively low equipment requirement allows a rapid and simpler way of 
customizing the geometry of overhanging concrete structures based on 
the needs of different site and/or other structural design requirements. 

In this paper, the feasibility of manufacturing and assembling in the 
proposed approach was successfully demonstrated by lab prototyping, 
where concrete segments were 3D-printed with vast majority of 
dimension offsets within an acceptable range of ±15 mm and assembled 
to form intersecting arches with overall dimensions very close to the 
designed dimensions. Such an arch structure had compression- 
dominated force transfer where tensile stress was minimized. There
fore, the design framework potentially alleviates the need to integrate 
steel reinforcement into some of the printed concrete structures. Because 
the individual blocks are in prismatic 2.5D geometries, the design 
framework is applicable to existing extrusion-based concrete 3D printing 
process where directly printing overhanging geometries is challenging. 
Moreover, the modular nature of the process allows for fabrication on 
print-beds with limited sizes, followed by easy transport to a construc
tion site for assembly, which will involve erecting the partially assem
bled arch components. 

Light construction equipment, such as small construction lift or mini- 
crane, can apply this assembling method for arch structures up to certain 
size limit where the weights of partially assembled arch components are 
within the lifting capacity of the machines. An important issue to be 
studied in the future is to develop a scheme to assemble the segment 
piece-by-piece in erected position to build the arch structure from bot
tom to the top, without application of any temporary falsework; in this 
case, the need for lifting and erecting partially assembled component 
can be avoided. 

Thrust-line analysis confirmed that the arches proposed in this paper 
were compression-dominated. Strength analysis indicated that the 
concrete elements within these arches would not fracture during or after 
construction. In the future, the geometric versatility of concrete additive 
manufacturing can be exploited to create compression-dominated 
structures with more complex curvature profiles than those demon
strated here. An additional future challenge will be to extend the scheme 
to design fully three-dimensional, modular shell structures, such as 
domes. The aspiration to decompose 3D structures into interlocking el
ements that are individually prismatic and easily fabricated by printing 

will require further computational innovation. Nevertheless, the results 
of the present study indicate the feasibility of the design technique for 
arch-based structures, and augur well for the wider application of con
crete 3D printing to the production of customized, compression- 
dominated structures. 
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