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A B S T R A C T   

3D printing of engineered cementitious composites (3DP-ECC) serves as an effective means to enable digital and 
automated construction while removing the dependence of steel reinforcement typical in normal concrete 
construction. As generally recognized, process control in 3DP is as crucial as material constituents to the per-
formance of the printed structure. Printing parameters pose direct influence on the micro-structure of material, 
which further impacts the macro-scale properties of printed ECC. In this paper, the effects of different nozzle 
standoff distances and nozzle travelling speeds are investigated. It is found that lowering the nozzle standoff 
distance within a certain range increases the in-plane tensile strength and strain capacity of 3DP-ECC by 39% and 
30%, respectively. The tensile performance is also enhanced by a moderate printing speed. In addition, a 141% 
increase in interfacial fiber bridging force is found with elevated nozzle standoff distance. Furthermore, the 
micro-structure observed via μ-CT correlates well with the printing parameters, micro-structure and macro-scale 
properties of 3DP-ECC.   

1. Introduction 

Extrusion-based 3D concrete printing (3DCP) has revolutionized the 
traditional construction practices and brought new horizons for the 
development of the construction sector [1–3]. As an advanced additive 
manufacturing technology, 3DCP allows the printer to deposit cemen-
titious materials layer by layer according to a predefined digital model, 
and automatically generate a printed concrete element [3]. With auto-
mation procedure, 3D printing transcends the traditional labor-intensive 
construction mode and economizes on manpower to the greatest extent. 
The efficiency of construction is also substantially promoted. In addi-
tion, additive manufacturing removes the need for formwork required in 
traditional concrete casting [4], which enables 3DCP to produce 
geometrically complex elements or structures and realize the unification 
of both standardization and customization in manufacturing. Further-
more, considering the immense environmental impact of the construc-
tion industry (approximately 38% of global greenhouse gas emissions 
and 40% of solid waste generation) [1,5,6], the significance of reduction 
in material input and construction wastes is far from trivial [7]. 

Although 3DCP has rendered concrete constructions broader possi-
bilities, concrete has its inherent limitations as a building material, 

especially when it is applied in the 3DCP process. Generally, concrete 
fails in a brittle or quasi-brittle mode under load. To avoid catastrophic 
structural failure, steel reinforcement is necessary in traditional practice 
[8]. Unfortunately, steel reinforcement is usually incompatible with 
3DCP [9], which substantially impedes the development and practical 
application of 3DCP technology, especially in large scale construction. 

To solve the intrinsic conflict between the need of steel reinforce-
ment and the practice of 3DCP, cementitious material with high ductility 
has been considered a promising substitute for conventional concrete as 
the printing ink. Engineered cementitious composites (ECC) exhibit 
strain-hardening characteristics and considerable tensile ductility, 
which distinguish ECC from conventional concrete and ordinary fiber 
reinforced concrete (FRC). For FRC loaded under uniaxial tension, 
deformation localization occurs at the first and only crack site, while 
overall load carrying capacity drops. This tension-softening behavior in 
FRC is valued for its more gradual loss of strength and its ability to limit 
the width of cracks by the bridging fibers (Fig. 1a). Instead of tension- 
softening, ECC undergoes strain-hardening and continues to bear 
higher loads at increasing imposed strain, as shown in Fig. 1b. The 
growing tensile deformation in ECC is not localized but spreads to 
multiple micro-cracks covering an enlarging specimen volume. The 
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multiple micro-cracking process represents a volumetric inelastic strain 
deformation analogous to plastic yielding of a ductile metal [10]. This 
self-reinforcing feature of ECC removes the dependence on steel rein-
forcement, making ECC an attractive ink for 3D printing [9]. 

To date, successful experiences have been gained in printing ECC 
components. Li et al. [9] and Yu et al. [11] reported a stable twisted 
column with a height of 1.5 m and 150 layers printed, clear of structural 
collapse or material failure. Zhu et al. [12] also obtained hollow ECC 
cylinders with 17 layers. In the experiments by Figueiredo et al. [13], the 
printed ECC element eventually collapsed at the 14th layer. Various ECC 
mix designs (with different fiber content, sand-to-binder ratios and 
water-to-binder ratios) were studied by Ogura et al. [14]. Mixtures with 
sufficient static yield stress and leading to no considerable deformation 
at the bottom layer was optimized for printing wall elements up to 120 
mm high. However, the current focus on 3DP-ECC is mainly on mix 
design, feasibility study, and basic mechanical properties. The signifi-
cance of process parameters has not yet received due attention. 

The contribution of appropriate printing parameters to successful 
printing has long been recognized in the context of 3DP conventional 
concrete. The most decisive parameters include nozzle travelling speed, 
material extrusion rate, nozzle standoff distance, layer cycling time, 
nozzle shape and size, etc. [3,15–20]. These parameters pose substantial 
impacts on the extruding and stacking process in the early stage of 3DP 
life cycle and also on the properties of the resulting element. For 
instance, a controlling factor of extrudability is the synchronization 
between travelling speed of the nozzle and flow rate of the extruded 
material. The flow rate should accurately sync up with the nozzle 
movement, otherwise the printed filament will exhibit discontinuity or 
inconsistency [15,21]. Furthermore, the determination of travelling 
speed requires careful considerations. If the horizontal printing speed is 
excessively increased, the inertia-induced stress in the extruded material 
cannot be neglected. Therefore, rapid deposition may cause geometric 
defects in the extruded cross-section [3,17]. Another example is how 
nozzle standoff distance affects printing. It is suggested for 3DCP that a 
proper choice of nozzle standoff distance, i.e., the height of the nozzle 
above the upper surface of previous layer, can alleviate the problem of 
insufficient interface bonding [22]. Experiments have shown that 
reducing the standoff distance to approximately or slightly below the 
filament thickness suppresses the appearance of large voids at the 
interface [23,24]. However, such pressing may cause uncontrolled 
geometric deviations and additional stress burdens to the underlying 
layer, even resulting in instability failures during the build-up process 
[25]. 

Despite the attention that process parameters received in the field of 
traditional 3DCP, as stated above, no research on printing parameters of 
3DP-ECC has been reported. However, such research is necessitated by 
the features of ECC. The rheology of ECC containing a relatively high 
content (up to 2% by volume) of microfibers with diameter less than 40 
μm creates unique processing challenges, and sparks interest in the 

impact of printing processes on its self-reinforcing features. In addition, 
interlayer properties of 3DP-ECC needs to be investigated to understand 
the influence of fiber bridging on the interface fracture resistance to 
loading. 

To fill the research gap, this article aims at investigating the inter- 
relations among material production control (printing parameters), 
micro-structure and macro-scale properties of 3DP-ECC. As conceptually 
illustrated in Fig. 2, with material constituents held constant, the 
adjustment of printing parameters is reflected by the variation in micro- 
structure of 3DP-ECC, which further poses influence on the material 
properties. In turn, the properties measured at macro-scale serve as 
feedbacks on the process control of 3DP-ECC. In this paper, focus is 
placed on varying the nozzle travelling speeds and nozzle standoff dis-
tances. The resulting micro-structure of 3DP-ECC was observed through 
micro computed tomography scanners (μ-CT). Further, tensile perfor-
mance and interlayer fracture performance of printed ECC were evalu-
ated using uniaxial tensile tests and three-point bending tests. 

2. Experimental programs 

2.1. Materials and mixing procedure 

The binders used include ordinary Portland cement 42.5R, fly ash 
and silica fume, the chemical compositions of which are listed in 
Table 1. Silica sand with a particle size ranging from 100 μm to 200 μm 
was adopted for fine aggregate. Polyethylene (PE) fibers with a length of 
12 mm were used as reinforcement of ECC. The properties of PE fibers 
are summarized in Table 2. 

The two mix proportions of PE-ECC are listed in Table 3. Mix-1 was 
designed only for purpose of comparison regarding rheological proper-
ties, while Mix-2 was adopted for 3D printing in the following tests and 
casting of control (non-printed) specimens. The water-to-binder ratios of 
Mix-1 and Mix-2 are 0.22 and 0.24, respectively. The sand-to-binder 
ratio is 0.29 for both. The dosage of PE fiber is 1.5% by volume of the 
total composition. Using Mix-2 composition, mold-cast PE-ECC was 
tested. The cube compressive strength of cast ECC is 63.3 MPa with a 40 
mm × 40 mm × 40 mm specimen. The flexural strength obtained from a 
40 mm × 40 mm × 160 mm specimen is 14.8 MPa. 

In preparation of the printing ink, all the dry ingredients, i.e., 
binders, sand and powdery SP, were premixed for 1 min first. Then 90% 
of the mixing water was added and agitated for 2 min to liquefy the dry 
materials. Fibers were divided into three equal portions and added to the 
mixture separately with an interval of 3 min’s mixing each time. To 
promote the viscosity of the mortar before fiber addition and enhance 
uniform fiber dispersion [26], the remaining water was held back until 
all the fibers were properly dispersed. The mixing speed was kept at 48 
rpm during the mixing process. The fresh mixture of PE-ECC was 
transferred directly from the mixer to the material hopper of 3D printer 
at the time of 20 min after addition of the first batch of water. Fig. 3 

Fig. 1. Characteristics of different mechanical responses: (a) Tension-softening in FRC. The tensile load continuously drops to zero as the crack width reaches about 
half the fiber length of 12 mm. (b) Tensile strain-hardening of ECC (containing 2% volume fraction of PVA fibers). Load-bearing capacity is maintained under high 
strain of several percent, with width of multiple cracks limited to below 60 μm [10]. 

W. Zhou et al.                                                                                                                                                                                                                                   



Cement and Concrete Composites 130 (2022) 104562

3

illustrates the general processing procedure for printable PE-ECC. 

2.2. Printing setup 

The gantry-type 3D printer shown in Fig. 4a has three degrees of 

freedom. Along the slide rails in three orthogonal directions, the hopper 
storing ECC can be moved to prescribed position with the aid of com-
puter. ECC is extruded out of the hopper under the action of gravity and 
with the force applied by a built-in cavity pump. Connected to the 
hopper is a circular nozzle with a diameter of 20 mm for material to get 
through. The extrusion rate of material, i.e., the volume flow, is pri-
marily determined by the rotating speed of the cavity pump. While the 
travelling speed of nozzle is independently controlled and adjusted by 
computer program. 

Two printing parameters posing substantial impact on printing pro-
cess and quality, i.e., nozzle travelling speed and standoff distance, were 
chosen as the research foci. As schematically shown in Fig. 4b, nozzle 
travelling speed characterizes how fast the nozzle moves along the 
printing direction. It is essential to reconcile the travelling speed of 
nozzle with the extrusion rate of material. Excessively rapid travelling 
relative to extrusion rate may cause geometric defects in the extruded 
cross-section [3,17], while improperly slow deposition may accumulate 
redundant materials, impairing geometric integrity and structural sta-
bility. In addition, layer cycling time of printing will be stretched by 
slow printing, promoting so-called “cold joint”, where the deposited 
material loses its ability to establish a tight bond with the next layer of 

Fig. 2. Interrelated material indices.  

Table 1 
Chemical compositions of binders (%).  

Binder SiO2 CaO Al2O3 Fe2O3 MgO SO3 K2O TiO2 L.O.I. 

OPC 17.48 65.16 5.46 2.51 2.38 2.86 – – 4.15 
FA 41.12 6.05 37.00 5.56 0.88 1.08 0.71 1.38 2.89 
SF 85.86 1.80 1.03 3.09 2.06 – 1.03 – – 

Note: OPC: ordinary Portland cement; FA: fly ash; SF: silica fume; L.O.I.: loss on ignition at 950 ◦C. 

Table 2 
Properties of PE fibers.  

Density 
(g/cm3) 

Diameter 
(μm) 

Length 
(mm) 

Tensile 
strength 
(GPa) 

Elastic 
modulus 
(GPa) 

Elongation at 
break (%) 

0.97 24 12 3.0 116 1–3  

Table 3 
Mix proportions (ingredient-to-binder weight ratios) of PE-ECC.   

OPC FA SF Sand Water SP PE Fiber 

Mix-1 0.47 0.44 0.09 0.29 0.22 0.0010 0.010 
Mix-2 0.47 0.44 0.09 0.29 0.24 0.0018 0.010 

Note: SP: superplasticizer; binder = OPC + FA + SF. 

Fig. 3. Mix procedure for printable PE-ECC.  
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wet material [24]. To investigate how the synchronization between 
movement speed and extrusion rate is achieved, extrusion rate was held 
constant by fixing the rotating speed of pump to 90 rpm in this experi-
ment, and travelling speed was modulated to have three grades, i.e., 7, 8, 
and 9 m/min, namely low, standard and high speed, respectively. 

As a predetermined parameter in control system, nozzle standoff 
distance describes a fixed vertical height by which the nozzle is elevated 
after one layer of printing. It is worth noting that the standoff distance 
defined here is not always equal to the thickness of layer or the height 
difference between nozzle and the top surface of a previous layer. 
Rather, it stays unchanged during the whole printing process. Previous 
researches suggested that reducing the standoff distance to approxi-
mately or below the filament thickness suppresses the appearance of 
large voids at the interface [22–24]. In this experiment, the highest 
standoff distance, i.e., 14 mm, is slightly lower than the height of a single 
undisturbed filament at 16 mm. 

The printing parameter matrix is summarized in Table 4. The ID of 
each group indicates the travelling speed and standoff distance. For 
instance, H12 represents high travelling speed (H) and standoff distance 
of 12 mm. 

2.3. Rheological test preparation 

The time-evolving rheological properties of printing material are 
often the most decisive factors for 3D printing [17]. Successful printing 
must balance the conflicting requirements of flowability and build-
ability of fresh ECC. On the one hand, the initial fluidity of the fresh 
mixture should be adequate to smoothly extrude the material through 
the nozzle and simultaneously avoid clogging. On the other hand, the 
material should have a proper rigidity to bear its own weight and 
increasing vertical deadweight load (with additional printed layers) 
once extruded with no further support by the nozzle. To achieve this 

goal, the extruded material needs to exhibit sufficient shape retention 
ability and stability. This requires the properties of the printing ink to be 
delicately designed and harmoniously tuned to allow suitable rheolog-
ical changes from mixing to filament placement and hardening. 

Flowability of printing ink is crucial for extrusion. Proper flowability 
enhances the ease, continuity and stability to extrude well-controlled 
filament through a nozzle [27]. In this research, flow table test was 
conducted to assess the flowability of PE-ECC in fresh state as per ASTM 
C1437 [28]. The fresh mixture was filled into an inverted half cone with 
a bottom diameter of 100 mm and a height of 60 mm. After removal of 
the cone, the table was raised and dropped 25 times. Then the diameter 
of the spread material was measured in two dimensions and the height 
reduction was regarded as slump, as shown in Fig. 5. The flowability of 
material was tested from 20 min to 80 min after water addition at in-
tervals of 20 min to depict the time-dependent evolution of rheology. 

Buildability is generally characterized as the ability of the printable 
material to build up without significant deformation or collapse [17,29]. 
The most straightforward approach to evaluate buildability is to 
compare the maximum height of printed element that can be built 
without failure under the same print settings [30]. Nonetheless, PE-ECC 
in this research exhibits remarkable resistance to material failure during 
structure buildup and satisfying structural stability with the geometries 
specified in this research. In this case, without failure of printed 

Fig. 4. Printing setup.  

Table 4 
Printing parameter matrix.  

Group ID Nozzle travelling speed (m/min) Nozzle standoff distance (mm) 

S10 8 10 
S12 12 
S14 14 
H12 9 12 
L12 7 12 

Note: S: standard travelling speed; H: high travelling speed; L: low travelling 
speed. Fig. 5. Measurements in flow table test.  
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elements, resistance of the deposited material to deformation under 
increasing deadweight loading is considered as an appropriate indicator 
of buildability evaluation. This shape retention ability can be quantified 
by monitoring the geometrical changes of the printed filament and 
structure [31,32]. At the scale of an integrated printed object, average 
vertical strain is considered as an evaluation index [32]; while at the 
scale of single filament, variation of filament thickness can serve as a 
measure. In this experiment, a box-shape element stacking to approxi-
mately 300 mm high was printed for each group. The height of the whole 
element and each layer were measured at four edges separately and 
arrived at an average value. 

2.4. Mechanical test preparation 

2.4.1. Uniaxial tensile test 
To prepare specimens for tensile test, a beam-like element with three 

parallel filaments per layer and five layers stacked was printed for each 
group and cured for 28 days. Dog-bone specimens [33] were then 
extracted directly from the beam-like element by saw cutting, as shown 
in Fig. 6a. Meanwhile, control specimens were prepared by mold casting 
and shared the same mix proportion with the printed ones. The geom-
etry of dog-bone specimen is designed to promote dense micro-cracking 
in the narrow gauge region (80 mm in length). The specimens were 
uniaxially loaded at a fixed loading rate of 0.4 mm/min whilst two linear 
variable displacement transducers (LVDTs) measured the average ten-
sile strain in the gauge region. Pin end shown in Fig. 6b helped to 
minimize misalignment and undesired moment during loading. 

2.4.2. Interfacial fracture test 
Layer interface is usually a weak link in 3DP due to potential high 

interlayer porosity and cold joint, therefore inducing inferior mechani-
cal performance at the interface than that in the bulk material. For ECC, 
this is especially the case, since the lack of fiber bridging at the interface 
accentuates the anisotropy. Characterizing layer adhesion of 3DP-ECC is 
hence of paramount significance. Considering the failure of the interface 
is governed by crack propagation, three-point bending tests of notched 
specimens are appropriate for capturing interlayer bonding 
characteristics. 

The specimens of interfacial fracture tests, with a dimension of 200 
mm × 40 mm × 20 mm [34], were cut from the top portion of the 
printed box-shape elements at an age of 28 days, as shown in Fig. 7a. For 
each group, the specimens were notched either at the position of 
interface (namely inter-layer) or in the middle of a layer (namely 
intra-layer). The height of the notch is 40% of the beam depth, i.e., 16 
mm. The setup for three-point bending test is shown in Fig. 7b. The 
loading above the notch was applied at a rate of 0.05 kN/s until 

specimen failure. 

2.5. Micro-scale test approach 

It is widely acknowledged that the mechanical properties of ECC at 
macro scale is dominated by its micro-structure, including features of 
fiber orientation and pore size and distribution [12,35], which is also 
applicable to 3DP-ECC. Changes in printing parameters are expected to 
introduce variations to the micro-structure of ECC. 

Micro computed tomography scanner (μ-CT) was applied to observe 
the micro-structure of 3DP-ECC. μ-CT sliced and scanned the 3DP-ECC 
sample. By combining the sliced images, the 3D model of pores and 
dense bulk material was reconstructed and visualized in the software 
Dragonfly. Additionally, the feature and distribution of pores were 
captured and analyzed. 

3. Results and discussions 

3.1. Rheological properties 

3.1.1. Flowability and extrudability 
Fig. 8a plots the test data of flowability from 20 min to 80 min after 

water addition. Fresh mixture of Mix-2 outperformed that of Mix-1 in 
terms of spread diameter, indicating superior flowability. At a nozzle 
travelling speed of 8 m/min and a pump rotation rate of 90 rpm, the 
extrudability of Mix-1 appeared unsatisfactory. As shown in Fig. 8b, the 
relatively lower flowability of Mix-1 mixture resulted in difficulties in 
extrusion and deposition, leading to apparent surface cracks and unde-
sired voids in printed filaments. Such defects in manufacturing could 
raise the risks of undermined structural integrity and inconsistent me-
chanical performance. In contrast, Mix-2 yielded continuous and intact 
filaments within open time. Ample fluidity assisted in the smooth 
extrusion of fresh ECC. 

Considering the intrinsic conflict between sufficient flowability and 
desired buildability, the material must be harmoniously tuned to control 
its rheological properties. For a printing setup with cavity pump directly 
forcing the material out of a hopper, ECC Mix-2 is appropriate to enable 
successful extrusion whilst demonstrating shape retention ability. 

3.1.2. Buildability 
Intuitively, buildability describes the ability of the printed structure 

to be built up without failure. In the present research, buildability of 
3DP-ECC was demonstrated by five groups of box-shape elements 
(Fig. 9) printed without any local buckling, overall collapse, excessive 
deformation or sensible eccentricity. More specifically, buildability can 
be quantified and evaluated by defining shape retention ability. Under 

Fig. 6. Tensile specimen and test setup (Unit: mm).  
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the increasing load from upper layers and potential pressure applied by 
the nozzle, the filament deposited first inevitably undergoes a change in 
its cross-sectional shape. The magnitude of this geometrical change can 
be used to characterize buildability in 3DP and is especially straight-
forward for comparative research. 

To capture the geometrical change at both the element-level and 
filament-level, the heights of the entire printed component (Table 5) and 
each layer were recorded. To enhance the comparability, the total height 
of all elements was controlled to around 300 mm during printing, except 
for S14 group with notably thicker layers. Without gravity-induced 

Fig. 7. Interfacial fracture specimen and test setup (Unit: mm).  

Fig. 8. Rheological properties of fresh printable ECC. The variability of measured spread diameter and slump is indicated by the shaded area in the plot.  

Fig. 9. Side views of the printed box elements.  
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deformation, the designed height of every element is supposed to be the 
product of layer number and nozzle standoff distance. Hence, the 
average vertical strain (Eq. (1)) of the printed elements can be calculated 
as one indicator of overall deformation. It should be noted that the in-
fluence of the top (h1) and bottom (hn) layer is removed to mitigate the 
interference caused by leveling and measurement errors. 

εv = 1 −
(H − h1 − hn  )
(n − 2)  h0

(1)  

where εv represents the average vertical strain overlooking the top and 
bottom layer, n is the number of layers, h0 is the prescribed nozzle 
standoff distance, H is the total height of the printed element, h1 and hn 
are the measured thickness of the top and bottom layer, respectively. 

Generally, the average vertical strain scales with nozzle standoff 
distance (Fig. 10). As aforementioned, the nozzle standoff distance is 
slightly lower than the thickness of an undisturbed filament and there-
fore poses restriction on the vertical height of filament during extrusion. 
When fresh mixture leaves the outlet of the nozzle, a vertical pressure 
generated by the nozzle is exerted on the upper surface of the filament. 
Consequently, the fresh ECC filament is vertically compacted, 
decreasing in height and expanding laterally. This tendency increases as 
the standoff distance is lowered. A flatter cross-section of filament is 
then shaped. In this case, the load transfer between two adjacent layers 
occurs on a larger and flatter contact surface, thereby mitigating the 
effect of the gravity-induced pressure on causing further deformation of 
the filament. This “pre-loading” by nozzle in fact consumes part of the 
deformation capacity of the material in advance, so that upon comple-
tion of deposition, the filament retains little deformability but gains 
better shape retention ability. As a result, printing with a lower nozzle 
standoff distance improves the buildability of 3DP-ECC by yielding a less 
significant vertical strain. 

Slightly higher travelling speed does not have a significant effect on 
the overall vertical strain, whereas the low printing speed shows a 
negative impact on buildability of 3DP-ECC. With slow movement of 
nozzle, redundant material accumulates behind the nozzle, reflected as a 
higher average filament width compared with the standard group. 
Excessive materials threaten the stability of geometrical dimensions, 
since it is difficult to control the position of material accumulation and 
the direction of material movement under compression. As a result, the 
layered materials may not stack neatly with control but skew among 
layers. This increases the vertical deformation and also impairs the 
dimensional precision and geometric stability of the printed object. 

In addition to overall vertical strain of the object, variation in layer 
thicknesses can serve as an indicator of buildability as well. Deviation of 
layer thickness implies relative deformation among non-uniform layers. 
Compared with normalized average deformation, the deviation of layer 
thickness depicts more details about the vertical deformation distribu-
tion among different layers. As shown in Fig. 11, the standard deviations 
follow a similar trend with average vertical strain. The variation in layer 
thickness is enlarged with the increase of nozzle standoff distance, 
indicating more notable difference in deformation between the upper 
and lower materials. As an indirect shape index, the standard deviation 
of layer thickness is deemed as an auxiliary evaluation method and a 
supplement to the average vertical strain index. 

3.2. Mechanical properties and micro-structures of 3DP-ECC 

3.2.1. Tensile performance 
By exhibiting strain-hardening behavior under tension, cast ECC 

offers unparalleled tensile performance in the field of cementitious 
materials. Although processed with an entirely different technology, 
3DP-ECC is expected to exhibit similar ductility. Superior tensile per-
formance in 3DP-ECC has been captured in previous studies [11,12,14, 
36]. Nonetheless, printing device and process parameters can pose 
dramatic influence. 

In the current study, 3D printing process was observed to weaken the 
tensile performance of PE-ECC. As can be seen in Figs. 12 and 13, the 
cast specimens outperformed printed ECC in terms of multiple cracking 
ability, tensile strength and strain capacity. Both factors of fiber and 
matrix are responsible for the performance reduction in printing. 

The observed discrepancy in tensile performance between cast and 
3D printed specimens stems from the disturbance of fibers by the pro-
gressive cavity pump before extrusion. When the blades of the pump 
rotate, fresh ECC is continuously sheared in the hopper and extruded out 
of the nozzle in a twisted form. In this process, the thin synthetic fibers 
are vulnerable to curling considering their flexibility. The crack- 
bridging ability of fibers are therefore not fully exploited in resisting 
tension. Moreover, the orientation inside the twisted filament also ap-
pears to be not fully aligned with the printing direction. As shown in 
Fig. 14, fibers in the cast specimens are randomly distributed and 
orientated. However, fiber in printed ECC has a certain trend of orien-
tation. The filament of S12 exhibits a fiber orientation that is approxi-
mately 45◦ oblique to the printing direction, which significantly 

Table 5 
Geometrical dimensions of the printed box elements.  

Group 
ID 

Number of 
layers n 

Height 
H 
(mm) 

Ave. layer height 
h (mm) 

Ave. filament width 
w (mm) 

S10 30 302 9.96 42.0 
S12 25 300 11.91 39.0 
S14 24 332 13.77 37.0 
H12 25 300 11.91 36.5 
L12 25 294 11.87 40.0  

Fig. 10. Average vertical strain of the printed elements as influenced by nozzle 
standoff distance and nozzle travelling speed. 

Fig. 11. Deviation of layer thickness.  
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weakens their tension resistant efficiency in the print direction. An even 
more obvious in-plane angle is observed in the L12 group. Due to the 
accumulation of redundant materials, the fibers are nearly orthogonal to 
the nozzle movement direction. This explains the less-than-desired 
tensile performance observed at low printing speed. 

Pore structure also influences the tensile performance. In this study, 
porosity was measured by the software Dragonfly. It is generally ex-
pected that the print process results in a lower porosity than its cast 
counterpart since the extrusion pressure should compact the material 
[14,18]. However, this turned out not to be the case. Porosity by volume 
of the cast sample, as shown in Fig. 15a, is between those of S12 and S10 
group. Nevertheless, the strength of the matrix as reflected by the initial 
cracking strength, is not only affected by porosity, but is strongly 
influenced by the pore size distribution. Compared with 3DP-ECC, cast 
ECC possesses a higher proportion of finer pores (Fig. 15b), indicating a 
more refined micro-pore structure. Therefore, cast ECC showed a higher 
initial cracking strength under tension due to its denser matrix. 

The standoff distance of nozzle imposes notable influence to the 
tensile performance of 3DP-ECC. Enhanced tensile performance is seen 
accompanied by a lower standoff distance. This improvement can be 
viewed from two aspects: fiber and matrix. At a lower standoff distance, 
the additional compressive stress applied by the nozzle flattened the 
fiber and increased its alignment in the horizontal plane. That is, the out- 
of-plane angle of the fiber is reduced. In this case, the tensile capacity in 
the print direction is improved due to more efficient fiber orientation. 
On the other hand, due to the additional stress by the nozzle, the ma-
terial undergoes a secondary compaction after deposition, and the pore 
structure is slightly affected. Lower standoff distance yields denser 
matrix with lesser porosity, as indicated in Fig. 15a. It can also be seen 
from Fig. 13 that the initial cracking stress of ECC scales inversely with 

Fig. 12. Tensile stress-strain curves of 3DP-ECC and corresponding damage pattern after uniaxial tensile tests, compared to the cast specimens.  

Fig. 13. Tensile performance of the printed and cast ECC.  

Fig. 14. Fiber orientation in μ-CT scanning images for cast versus 3D printed (S12 and L12) specimens.  
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nozzle standoff distance in general, confirming the reduction of porosity 
and toughening of matrix. Taken the effects of fiber and matrix together, 
reducing the nozzle standoff distance from 14 mm to 10 mm increased 
the strain capacity of the same mixture by approximately 30%, while the 
tensile strength was enhanced by up to 39%. 

Regarding nozzle travelling speed, moderate printing speed, i.e., the 
S12 group, showed superior tensile capacity than both H12 and L12 
groups, indicating printing speed may be optimized to yield optimal 
tensile performance. One underlying issue associated with low printing 
speed is the potential accumulation of excessive materials. With limited 
space for deposited material, the newly-extruded redundant material 
will compress the former, having fibers more likely aligned orthogonal 
to printing direction (Fig. 14). For high-speed printing, despite the 
compactness of the matrix (Fig. 15a), the tensile performance demon-
strated in the tests cannot be kept on par with the S12 group. One 
possible explanation is that the extruded filaments of H12 are thinner 
than standard ones because of the relatively small material volume flow. 
As a consequence, H12 also experienced a relatively smaller vertical 
secondary compaction caused by the additional stress of the nozzle. 
Greater out-of-plane angles of fibers are therefore formed, leading to a 
weakening of the tensile performance. 

3.2.2. Interfacial bonding 
Interfacial bonding of 3DP-ECC originates from two major sources. 

One part of layer adhesion is generated in the contacting area of wet 
cementitious materials, and closely associated with layer cycling time. It 
is natural to expect that printing speed imposes notable influence on the 
formation of cold joint. In this research, however, the maximum dif-
ference in single-layer printing time was restrained to less than 4 s due to 
the limited contour length. Therefore, printing speed is not considered to 
be a main factor affecting matrix adhesion. The other portion of inter-
facial bonding comes from fibers bridging the interface when it is torn 
apart. When an upper layer of material is deposited, the self-weight will 
press it into the underlying layer, with part of the fibers penetrating 
through the interface and yielding inter-layer fracture resistance. 

The superimposed influence of these two sources shapes the typical 
interfacial fracture curve as a dual-peak curve (Fig. 16). During the 

three-point bending, load first increased almost linearly with displace-
ment until the fracture toughness of the matrix was exhausted. The 
brittle fracture of the matrix caused a rapid post-peak drop of load. 
Nonetheless, the load would not plummet to zero as in the failure of 
brittle cementitious materials. Due to the existence of fibers, stress 
redistributed after the matrix fractures, and fibers bridging the fractured 
surface played a crucial role in bearing the load. In this case, the load 
capacity rose halfway until it reached another peak or a plateau, and 
allowed further development of large deflection. The second ascending 
branch characterizes the fiber bridging ability of ECC, and the 
enhancement in overall fracture resistance capacity is remarkable. 
Compared with the brittle fracture of traditional cementitious materials, 
the ductile failure exhibited by 3DP-ECC substantially delays the 
occurrence of failure and minimizes the hazard caused by catastrophic 
failure. 

Fiber is the main factor responsible for the difference of fracture 
resistance between inter- and intra-layer samples. As shown in Fig. 17, 
fiber bridging inside the printed layer is generally more pronounced, 
attributed to the advantage in fiber quantity. As a result, the fracture 
resistance of intra-layer samples is mostly superior to that of inter-layer 
ones (Fig. 18). Nonetheless, due to the significant cross-sectional 
deformation of the filament in the S14 group, as will be detailly dis-
cussed in later paragraph, the interface of the wet material is strongly 
bonded, and the unevenness of the interface may increase. This pro-
motes the fracture resistance at the interface, but also causes potential 
difficulties in accurately positioning the interface when notching, which 
may explain why the inter-layer samples of S14 group exhibit higher 
residual loads than those of intra-layer ones (Fig. 18). 

Compared with fiber, matrix is not the dominant factor accounting 
for the difference. Through μ-CT scanning, pore distribution along layer 
stacking direction was observed. It turned out that the porosity in inter- 
layer area does not show prominent differences with intra-layer ones 
(Fig. 19). More air voids are introduced to the interior of bulk material 
due to the agitation of pump than the interface. The pore distribution 
also confirms that having the nozzle standoff distance slightly lower 
than the natural filament height can effectively suppress the appearance 
of interlayer voids, since it is natural to anticipate air voids entrained 

Fig. 15. (a) Porosities and (b) pore size distribution of the printed and cast ECC.  
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between the layers to form large voids [37]. 
As presented in Fig. 18, both inter-layer and intra-layer fracture 

resistance capacity scales with nozzle standoff distance. This remarkable 
trend is related to the amount of fibers bridging adjacent layers, which is 
further associated with the deformation of the contacting region. 
Greater nozzle standoff distance (e.g., S14) generally leads to more 
significant cross-sectional deformation. Since the original shape is 
barely disturbed by the additional pressure applied by the nozzle, the 
filament is able to maintain its cross-sectional geometry similar to the 
nozzle shape (circular) when extruded. Nonetheless, due to the inevi-
table dead-weight loading from the upper layers, the material is 

vertically squeezed to experience geometrical change, and the contact-
ing area of adjacent layers is expanded, as illustrated in Fig. 20. During 
this deformation process, the fibers near surface penetrate into the 
cement matrix of the adjacent layer, contributing to interfacial fracture 
resistance. Interlayer bonding is therefore strengthened. In contrast, a 
lower nozzle standoff distance generates a less rounded cross-section 
when extruded. Synchronous deformation between the two layers is 
relatively imperceptible. In addition, more fibers are flattened and 
aligned along the horizontal plane, meaning less fibers penetrating the 
interface, and leading to weaker interfacial fracture resistance. 

It is worth noting that for different nozzle standoff distances, the in- 
plane tensile performance and interfacial bonding always show opposite 
trends, as shown in Figs. 13 and 18. This is because the nozzle height and 
the additional vertical stress primarily determine the shape and 
remaining deformability of the filament. Lower nozzle height means 
more preloading, more horizontal fiber orientation, which brings about 
excellent in-plane tensile characteristics but yields weaker interfacial 
bonding. 

Variation in printing speed, at least within the range in the current 
study, does not significantly alter the interfacial fracture resistance, as 
confirmed by the similar residual loads of the INTER groups of S12, H12 
and L12 in Fig. 18. 

4. Conclusions 

This research experimentally investigates the influence of two 
printing parameters – nozzle travelling velocity (print speed) and nozzle 
standoff distance – on the micro-structure and mechanical performance 
of 3DP-ECC. The following conclusions can be drawn:  

1. In order to capture geometrical changes at both the element-level 
and filament-level, average vertical strain and variation in layer 
thickness are suggested to be adopted as quantitative indicators for 
evaluating buildability of 3DP-ECC. Experimental evidences showed 
that the buildability of 3DP-ECC scales inversely with nozzle standoff 
distance and could be undermined by slow printing.  

2. The tensile performance of 3DP-ECC was weakened by printing when 
compared to its cast equivalent, indicated by 10% and 26% re-
ductions in tensile strength and strain capacity, respectively. The 
primary reason is disturbed fiber orientation inside the twisted fila-
ment and different pore distribution.  

3. The tensile properties of 3DP-ECC were enhanced by lower standoff 
distance and moderate printing speed. Nozzle standoff distance 
mainly poses effect by altering the out-of-plane angle of fibers and 
the micro-pore structure of matrix, while printing speed also exerts 
influence on the in-plane orientation and out-of-plane angle of fibers.  

4. Inter-layer bonding of 3DP-ECC was found to be strengthened by 
greater nozzle standoff distance. More fibers take effect in connect-
ing adjacent layers when significant cross-sectional deformation 
happens along with greater nozzle standoff distance. Nonetheless, 

Fig. 16. Ductile inter- and intra-layer failure demonstrated by 3DP-ECC.  

Fig. 17. Fracture surfaces of intra- and inter-layer samples.  

Fig. 18. Fracture resistance capacity of 3DP-ECC.  
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different printing speed does not notably alter the bridging effect of 
inter-layer fibers. 

Printing parameters and material properties are important indicators 
that are intrinsically linked in 3DP practice. In this research, significant 
trends in material performance caused by different printing parameters 
have been captured. However, the same change of printing parameters 
can lead to trade-offs for different properties. For example, reduction of 
nozzle standoff distance can considerably improve the tensile perfor-
mance of 3DP-ECC, but simultaneously impair the interfacial fracture 
resistance. Therefore, a cautious selection of printing parameters is 
warranted. 

Overall, this research portrays the interaction between printing pa-
rameters and material properties as a cornerstone for optimal 3DP 
process. Through comprehensive and in-depth research, the perfor-
mance of 3DP-ECC can be enhanced and optimized by careful adjust-
ments of the printing parameters. Correspondingly, the properties of the 
finished product can also be used as feedbacks to provide valuable in-
formation and guidance for the optimization of printing parameters. In 
this manner, additive manufacturing of ECC when fitted with real-time 
sensing capability (for example, of printed layer thickness), can create a 
closed-loop 3DP process control (for example of standoff distance). 
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[21] V.N. Nerellaa, M. Nätherb, A. Iqbala, M. Butlera, V. Mechtcherinea, Inline 
quantification of extrudability of cementitious materials for digital construction, 
Cement Concr. Compos. 95 (2019) 260–270. 

[22] B. Panda, S.C. Paul, N.A.N. Mohamed, Y.W.D. Tay, M.J. Tan, Measurement of 
tensile bond strength of 3D printed geopolymer mortar, Measurement 113 (2018) 
108–116. 

[23] F. Bos, R. Wolfs, Z. Ahmed, T. Salet, Additive manufacturing of concrete in 
construction: potentials and challenges of 3D concrete printing, Virtual Phys. 
Prototyp. 11 (2016) 209–225. 

[24] B. Panda, N.A. Noor Mohamed, S.C. Paul, G. Bhagath Singh, M.J. Tan, B. Šavija, 
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