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A B S T R A C T   

In this study, we used a Modified Hopkinson bar and a hydro-pneumatic machine to characterize 
the behaviour of 3D-printed concrete elements under different stress rates, focusing on the 
interface behaviour between consecutive layers under different loading conditions and in various 
significant, dynamic regimes. The paper includes the results of dynamic tensile tests and dynamic 
shear-tests at different stress rates (10− 4 – 200 GPa/s) on 3D-printed cementitious elements for 
waiting times of 0.30 min, 10 min and 30 min in comparison with cast concrete elements. Dy-
namic increase factors (DIFs) versus stress rate curves for tensile and shear strength are also 
discussed. The shear-strength DIFs rise with the stress rate by up to 1.57 times compared to the 
quasi-static conditions at a waiting time of 30 min. Meanwhile, tensile tests reveal appreciable 
stress rate-sensitive behaviour, with an increase in the tensile-strength DIF of up to 7.6 for a high 
stress rate and at a waiting time of 30 min.   

1. Introduction 

The field of digitalization has developed significantly in processes of architectural design and construction over the past few years, 
making the additive manufacturing field one of the driving forces of the new Industry 4.0. The increasing demand for complex and 
light-weight shapes; the integration of components; simplification; customization; the more efficient use of natural resources; and cost- 
and time-optimizations have inevitably led to the development and major use of 3D-printing in the construction sector [1–3], and in 
the concrete industry in particular. 

Even though many different printing techniques have been developed [4–6], the layered extrusion process, i.e., the layer-by-layer 
deposition of concrete material, has emerged as one of the most promising. This is probably due to both the opportunity it provides for 
on-site construction applications [7,8], and because the process is based on the more widespread production of polymeric elements, 
which involves the continuous, layer-upon-layer, extrusion of the material from a digitally controlled nozzle. 

The great advantages of the 3D-printing technology in the construction sector are undeniable, although critical issues are still 
unresolved, including the technological challenge posed by problems concerning the interface strength between the printed layers [9]. 
In fact, the 3D-layered extrusion of concrete leads necessarily to the occurrence of so-called “cold-joints” or “weak interfaces” between 
subsequently deposited layers, potentially reducing the bond strength between them and, in turn, compromising structural stability 
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and the durability of the printed elements [10,11]. 
The interlayer strength depends on a large number of processing parameters, such as the waiting time between the deposition of 

subsequent printed layers, the temperature, the kinematics, the composition of the concrete/mortar, and overlapping [12–14]. The 
study of Panda et al. [14] investigated the effect of both material and process parameters on the buildability and interlayer adhesion 
properties of 3D printed cementitious materials. Nevertheless, the focus of various studies has especially been on the issue of waiting 
times between the placement of layers [15–17], with attempts made to evaluate the behaviour of the interface surfaces at different time 
intervals. Le et al. [18], for example, investigated the tensile strength of 3D-printed interlayers, identifying strength reductions ranging 
from 2.3 MPa at printing time gaps of 0 and 15 min, to 0.7 MPa for a gap of several hours; between 30 min and seven days, the average 
bond strengths were 53% and 77%, respectively, lower than the control cast specimens. Nerella et al. [12] achieved significant re-
ductions in the bond strength of two printable mixtures at different interval times (1 min, 10 min and one day); for one mixture, these 
reductions were around 50% for a gap of 1 min and over 90% for an interval of one day. Similarly, a study by Wolfs et al. [19] found 
that as the interlayer interval time increased from 15 s to 24 h, the bond strength between the layers decreased by 16% and 21%, 
respectively, during flexural and splitting tests. However, the waiting time variable is a function of the material composition and the 
parameters related to the 3D-printing process, as demonstrated by the different results discussed in related work, such as: a reduction 
in bond strength identified by Kim et al. [20] of up to 72% for an interlayer interval time of 60 min; and a reduction up to 75% for a gap 
of 20 min, as reported by Panda et al. [21]. 

The mechanical characterization of “weak interfaces” is a major research challenge in the field of digital concrete. In this regard, the 
work by Feng et al. [22], in which a combined experimental and finite element modelling study was carried out to evaluate the effect of 
construction process parameters on the structural behaviour, confirmed that the resulting components from all the extrusion-based 
processes were probably strongly anisotropic. A further study was performed by Wolfs et al. [23], who used an experimental and 
numerical modelling approach to investigate the mechanical behaviour of 3D-printed concrete at gaps ranging from 0 to 90 min after 
material deposition. A recent investigation on the interlayer bond strength property of 3D printed concrete is reported in the work of 
Babafemi et al. [24]; the authors focused on different strategies employed for improving the bond via strengthening the mechanical 
interlocking in the layers. As possible interlayer bond enhancement, Wang et al. [25] proposed an in-process interlayer reinforcement 
approach through the concurrent deposition of U-nails; as an alternative, also polymer modified mortars have been proposed for the 
improvement of interface bonding properties [26]. 

Nevertheless, as far as the authors’ knowledge, no dedicated approaches to examining the layer-interface behaviour between 
consecutive 3D-printed layers have been reported thus far, specifically concerning the dynamic characteristics at different stress rate 
levels in comparison with the static conditions. Generally, the dynamic behaviour of construction materials is involved in several 
extreme events such as blasts, impact loads, chemical explosions, high-speed crashes, earthquakes, thus representing an important 
aspect for ensuring the safety of building structures. In the process of blast or explosion, high amounts of energy are released during a 
very short period of time; the energy released during such events are typically responsible for causing irreversible damages to the 
affected structures. In addition, the new and lighter shapes enabled by the digital fabrication with concrete typically contain low 
amounts of reinforcements (i.e., mainly secondary reinforcement), making them prone to exhibit a brittle behaviour under dynamic 
conditions encountered also in common operations, such as transportations or fast movements. Therefore, many investigations are 
necessary to explore and improve the dynamic performance of 3D printable concrete materials and structures, as commonly done for 
normal and new concrete materials [27,28]. Among the possible characterizations, compressive, tensile and shear properties under 
dynamic loading, including stress-strain curves, energy absorption capability, and failure modes should be determined with reference 
to the production process, layered structure of the printed concrete and in comparison with those obtained under quasi-static loading. 

Consequently, this study investigates some of these aspects, in the cases where 3D-printed concrete structures are ultimately used, 
with particular reference to their suitability in the face of dynamic actions arising from events such as earthquakes and blasts. 

The final goal of this paper is to increase what is known about the effects of an interface’s characteristics on the strength of elements 
produced by 3D concrete printing (3DCP) when subjected to major accidental loads. Our results are fundamental for defining the 
impact of such loading conditions on the behaviour of printed materials, and are a reliable starting point when it comes to accounting 
for dynamic loads in structural analyses. 

The paper is organized as follows. First, there is a brief description of the material used in the study and the printing process. Then, 
Section 2 describes the set-up adopted for the tensile and shear tests and provides examples of the structural elements produced with 
3DCP. Our results are discussed in Section 3, while Section 4 contains our overall conclusions. 

2. Materials and methods 

The experimental campaign presented in this paper deals with the static and dynamic characterization of both the direct tensile and 
shear behaviour of 3D-printed concrete elements. Different manufacturing techniques were adopted to produce the specimens. Spe-
cifically, for the purposes of comparison, we employed both the traditional casting process, through which concrete material is poured 
into moulds and then allowed to solidify, as well as the layered extrusion-based 3D-printing technique, whereby the material is 
deposited layer-upon-layer without the use of a mould. 

2.1. Material composition 

Defining the elements of a 3DCP design is one of the most important aspects of producing a material that is able to satisfy the 
requirements of the 3D-printing process. In particular, the material must be designed to both fulfil certain rheological prerequisites 
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concerning its fresh-state structural build-up and, simultaneously, meet specific performance requirements in relation to the hardened 
state. The rheological properties of the cementitious material are a focal aspect for digital applications, as the potential success or 
failure of the element execution, and so the quality of the interfaces and the strength, depend on controlling these parameters [29,30]. 
Recent research has therefore focused on the development of high-performance admixtures [31–33]. The control and optimization of 
the rheology enables material to be produced that is capable of being pumped and, simultaneously, sustaining the weight of subsequent 
deposited layers with little or no deformation after extrusion, i.e., it satisfies the extrudability and buildability properties [34,35]. The 
material used in this study, specifically a cement-based mortar, guarantees an optimal rheological balance, as demonstrated by its 
density when expressed during several printing operations. In detail, the material was characterized by. The cementitious mortar was 
produced from CEM II/A-LL 42.5 R cement used as binder component [36], aggregates with a maximum size of 4 mm (because of the 
fixed nozzle diameter), and a low water/cement ratio of 0.38 to increase its buildability. The mixture also contained polypropylene 
short fibres (32 ± 1,6 µm diameter and 18 mm length) in the content of 0.1% of total weight to prevent plastic shrinkage and cracking 
in the early phase of curing and after the deposition stage; to guarantee an adequate dispersion of polypropylene short fibres in the 
mixture, 5 min of dry mixing (i.e., along with cement and aggregate powders) was executed before the addition of water. A 
polycarboxylate-based superplasticizer of about 0.2% in weight of the binder was added to the mixture to improve its workability. A 
filler with a maximum particle size of less than 0.067 mm was introduced with the aim of filling the voids and, as a consequence, 
reducing the overall porosity [37]. The resulting average cubic strength Rcm of the printable mortar after 28 days of curing was 
determined over four specimens and was equal to 53.5 MPa. The average cylindrical strength fcm was estimated as 83% of the cubic 
strength, i.e., 44.4 MPa [38]. 

2.2. Specimen preparation 

The cast and 3D printed specimens were subjected to various static and dynamic loading conditions to analyse both the shear and 
the direct tensile behaviours. As far as the shear behaviour is concerned, three batches of three-layered prismatic specimens were 
prepared with a nominal length and height of 60 mm and a width of 40 mm, as depicted in Fig. 1. Each batch had the material 
properties/specifications described in the Section 2.1. The static and dynamic investigation involved layered specimens produced with 
different waiting time intervals, Ts, between the deposition of subsequent filaments, in particular: Ts =T0 = 0.30 min, Ts =T10 = 10 min 
and Ts =T30 = 30 min. For the sake of clarity, in the following sections of the paper, T0 = 0.30 min will indicate the minimum time that 
elapsed between the depositions of two successive layers. 

These three specimen groups were then compared with a reference group, defined hereafter as “bulk”, which was made using a 
traditional casting process and was also tested in both static and dynamic conditions. Overall, a total of 24 specimens were produced 
for the shear behaviour characterization, i.e., 12 each for the static and dynamic input loadings, respectively. 

In terms of traction properties, we conducted both medium and high stress rate tests on cylindrical specimens composed of two 
printed layers with a thickness of 10 mm and a diameter of 20 mm to determine the dynamic tensile behaviour of the 3D-printed 
elements. The specimens were extracted from longer prismatic printed samples using a coring application and avoiding potential 
vibrations. As shown in Fig. 2, the relative thickness of the two different layers is highlighted by the different colours of the printable 

Fig. 1. Size of prismatic specimen.  

R. Napolitano et al.                                                                                                                                                                                                   



Case Studies in Construction Materials 15 (2021) e00780

4

mortar. These were created using special pigments, and this approach was employed to make the failure surface more noticeable 
during the dynamic tensile tests. As done for the shear behaviour analysis, three specimen groups referring to different time intervals (i. 
e., Ts =T0 =0.30 min, Ts =T10 =10 min and Ts =T30 =30 min) were considered in the investigation and then compared with a reference 
group obtained by casting process. Overall, a total of 36 specimens were produced for the direct tensile behaviour characterization, i. 
e., 12 for the static input loading, 12 for the medium and 12 for the high stress rate regime, respectively. 

Table 1 summarizes the testing matrix, along with the specimen labels assigned to each sample tested. The acronym of the label 
identifies the number of printed layers L which represent the specimen (or the “equivalent” number of layers for the bulk specimens), 
the interlayer time in minutes Ts, specimen numbering, and medium or high stress rate regime through the suffix m or h, respectively. 
Each sample numbering is separated depending on the loading regime and it is denoted by the labels from 001 to 003 and from 004 to 
006 for static or dynamic tests, respectively. 

All the printed specimens were prepared using a WASP printer, shown in Fig. 3, which was produced by the Italian firm ‘CSP 
Company’. The printer has three braces that slide along the metal pillars enabling the control the printing head, which is composed of a 
conical hopper with a 20-L capacity into which the fresh 3D printable mortar was pumped and extruded towards the circular nozzle of 
24 mm. The continuous movement of an endless screw (of about 360 rad/s) towards the circular nozzle allowed the extrusion of the 
concrete at a flow speed of approximately 1.5 l/min. A numerical controller defined the printing-head localization precisely within the 
triangular printing work area. The printing process’s features, such as a printing speed of 2000 mm/min and deposition of subsequent 
concrete layers with the dimensions described above, were set in a G-Code file, which was the input file for the 3D-printer. In should be 
noted that the layered specimens to be subjected to either static or dynamic loads were produced from longer printed elements and by 
setting the same printing parameters, as reported above. 

2.3. Experimental set-up for the static and dynamic tests 

The entire experimental campaign in relation to both the static and dynamic load conditions was performed in the DynaMat 
Laboratory of the University of Applied Sciences and Arts of Southern Switzerland. In the following subsections, we report the details of 
each experimental setup adopted for such characterizations. 

2.3.1. Shear test 
The experimental static shear response of the 3D-printed elements was analysed starting from an experimental set-up available in 

the literature, as initially proposed by J. Davies (1987) [39]. This is based on the Punch-through shear test, although some changes 
were made to the original set-up relating to the particular printing features of our experimental campaign. In order to ensure that shear 
failure was the dominant mode of fracture, the test imposed a sliding fracture along two identified surfaces, and was based on a plain 
concrete material with a shape ratio equal to one (height over length). 

The shear tests (static and dynamic) were performed by orienting the printed layers vertically to concentrate the applied load in the 
interlayer surfaces, as seen in Fig. 4. 

In addition, the three-layer shear samples were arranged in such a way that the central layer was placed under the upper loading 
plate, while the two external layers on both sides of the specimen were in contact with the bottom and edge steel supports. Moreover, 
rubber sheets were used between the irregular surfaces of the printed elements and the external lateral steel supports to ensure that the 
contact was homogeneous. The quasi-static shear tests were performed with this test-set-up and by using a universal electro- 
mechanical testing machine (type LFM 600) at ordinary humidity and temperature conditions. 

Fig. 2. Features and size of the cylindrical specimen used for the static and dynamic tensile tests.  
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A Modified Hopkinson compression Bar (MHcB) apparatus, as shown in Fig. 5, was used to test the dynamic shear behaviour of the 
3D printed elements [40,41] having the same dimensions of the static characterization samples. The machine is composed of two 
aluminium input and output bars, which are 30 mm in diameter and three meters long, with the specimen located between the front 
and end surface contact. The diameter of the standard bar is smaller because it is used in the dynamic testing of ductile metals, but 
larger diameter bars are needed to load representative volumes of concrete, which is a quasi-brittle material. 

The technique involves applying a pressure stress wave using a 6-m long pre-tensioned, high-strength steel bar, which is directly 
connected to the input bar and has a diameter of 12 mm. During the experiment, the free end of the pre-tensioned bar was pulled by a 
hydraulic actuator, while the end connected to the input bar was fixed with a blocking device. The details of the working principle are 
reported in the works by Cadoni et al. [42,43]. 

Table 1 
Test matrix and specimen labels.   

Bulk T0 T10 T30 

Static Shear test (τ̇= 10− 4 GPa/s)  3L_001 3L_T0_001 3L_T10_001 3L_T30_001 
3L_002 3L_T0_002 3L_T10_002 3L_T30_002 
3L_003 3L_T0_003 3L_T10_003 3L_T30_003 

Direct tensile test (σ̇= 10− 4 GPa/s)  2L_001 2L_T0_001 2L_T10_001 2L_T30_001 
2L_002 2L_T0_002 2L_T10_002 2L_T30_002 
2L_003 2L_T0_003 2L_T10_003 2L_T30_003 

Dynamic Shear test (τ̇= 50 GPa/s)  3L_004 3L_T0_004 3L_T10_004 3L_T30_004 
3L_005 3L_T0_005 3L_T10_005 3L_T30_005 
3L_006 3L_T0_006 3L_T10_006 3L_T30_006 

Direct tensile test medium strain-rate (σ̇= 1 GPa/s)  2L_004m 2L_T0_004m 2L_T10_004m 2L_T30_004m 
2L_005m 2L_T0_005m 2L_T10_005m 2L_T30_005m 
2L_006m 2L_T0_006m 2L_T10_006m 2L_T30_006m 

Direct tensile test high strain-rate (σ̇= 200 GPa/s)  2L_004h 2L_T0_004h 2L_T10_004h 2L_T30_004h 
2L_005h 2L_T0_005h 2L_T10_005h 2L_T30_005h 
2L_006h 2L_T0_006h 2L_T10_006h 2L_T30_006h  

Fig. 3. 3D-printing system.  
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The elastic energy was stored in the pre-tensioned bar by pulling its extremity and releasing it into the input bar, leading to the 
propagation of a compressive wave that generated the specimen’s brittle failure. The records were obtained using the strain-gauge 
stations glued on the input and output bars of the elastic deformation. The application of the elastic 1D stress-wave propagation 
theory [44] to the split Hopkinson bar system allowed us to assess the forces F1 and F2, as well as the displacements δ1 and δ2 acting on 
the two faces of the specimen in contact with the input and output bars. 

F1 = E0 ·A0 ·(ϵI + ϵR) (1)  

F2 = E0 ·A0 · (ϵT) (2)  

δ1 = C0

∫

(ϵI − ϵR)dt (3)  

δ2 = C0

∫

ϵT dt (4)  

where, E0 is the bar elastic modulus, A0 is the bar cross-section area, C0 is the elastic wave velocity (assumed as 5064 m/s), and εI, εR 
and εT are the incident, reflected and transmitted pulses, respectively. From the measurement of the reflected and transmitted pulse, 

Fig. 4. Modified punch-through shear test set-up adopted for the static and dynamic shear tests.  

Fig. 5. (Left) MHcB apparatus; (right) shear velocity specimen.  
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the strain rate in the specimen could be evaluated as follows: 

ε̇(t) = −
2 C0

L
εR(t) (5) 

However, the strain rate during this type of dynamic quasi-brittle tests is not a constant value, but varies with time, and so its 
definition becomes rather complicated. For that reason, the comparison between tests at different loading conditions, was based on the 
imposed stress rate. For the sake of comparison between different setups and different loading conditions, the stress rate was defined as 
the ratio between the maximum strength and the corresponding testing time. The imposed stress rate in the dynamic shear tests was 
approximately 50 GPa/s. 

The shear behaviour was described thanks to the design and consequential use of specific supports capable of inducing shear failure 
(Fig. 6; i.e., different from those used for the static shear testing to enable them to be adapted to the Hopkinson bar equipment; in 
contrast, the geometry of the samples was kept constant). 

2.3.2. Direct tensile tests 
Direct tensile tests under quasi-static conditions were performed using a universal electro-mechanical testing machine (type Zwick/ 

Roell-Z50; maximum load capacity of 50 kN), with an imposed stress rate of about 10− 4 GPa/s. The corresponding displacement rate 
was 0.002 mm/s. Ordinary conditions, in terms of humidity and temperature, were adopted. A bi-component epoxy resin was used to 
glue the specimens to the loading supports. The required hardening time at room temperature was at least eight hours. The main aim of 
running the tests under static conditions was to produce reference data for the dynamic characterization. 

Two different experimental set-ups and tools were used to investigate the dynamic tensile behaviour: a Hydro-Pneumatic Machine 
(HPM) and a Modified Hopkinson tensile Bar (MHtB) for the medium and high stress rates (1 GPa/s, and 200 GPa/s), respectively. 

The HPM comprises a cylindrical tank divided by a sealed piston into two chambers, which are filled with gas at high pressure (e.g., 
150 bars) and water. Our test started when the equilibrium between two chambers changed, i.e., the second chamber had discharged 
the water through a calibrated orifice, activated by a fast-electromagnetic valve. The piston then starts moving and expels the gas 
through a sealed opening, the end of which was connected to the specimen; the specimen was, in turn, linked to the other extremity via 
an elastic bar, which was fixed rigidly to the structure supporting the machine. When the piston shaft moved, the specimen was pulled 
at a constant velocity that depended on how quickly the water was expelled from the chamber, which was a function of the diameter of 
the circular orifice placed at the chamber’s exit. The crack’s opening displacement was measured directly following the motion of two 
black and white targets painted on the bar ends closest to the specimen (see Fig. 7). 

An electro-optical extensometer (Rudolph 200XR), with a measuring range of 5 mm (maximum resolution of 5∙10− 4 mm) and 
equipped with a gauge length adapter (1–25 mm), was used in this type of test. More details on the functioning of the HPM are 
available in other studies reported in the literature, specifically in the works by Cadoni et al. and Caverzan et al. [45,46].(Fig. 8). 

A MHtB apparatus was used to conduct the high strain-rate tests. This machine consists of two 20 mm-diameter, longitudinally 
aligned aluminium bars (input and output bar). The specimen was placed between the bars and connected to them using a bi- 
component epoxy resin. Both bars were instrumented with semiconductor strain gauges that measure an incident via reflected and 
transmitted pulses acting on the cross-section of a specimen. The pre-tensioned bar was composed of high-strength steel and directly 
connected to the input bar. 

The functioning scheme consisted of the following steps: first, a hydraulic actuator pulled the end of the pre-tensioned bar, which 
was jammed on the other end by the blocking device. The pulse then propagated along the input bar. When the incident pulse (εI) 
reached the specimen, one part (εR) was reflected by it and another (εT) passed through it, disseminating into the output bar. The 
differences between the amplitudes of an incident pulse and those of the reflected and transmitted pulses depend on the mechanical 
properties of the specimen. Strain-gauges placed on the input and output bars measured the elastic deformation produced in each of 
them by the incident/reflected and transmitted pulses, respectively. 

Fig. 6. Shear supports used for the dynamic shear testing: design and production.  
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3. Results and discussion 

3.1. Shear test results 

Table 2 summarizes the results of the static and dynamic tests in relation to the interlayer shear properties of the 3D-printed 
concrete elements. The results of all the tested specimens were organized into four series and for either the quasi-static or dynamic 

Fig. 7. Hydro-pneumatic machine for medium strain-rate tests.  

Fig. 8. (left) Modified Hopkinson tensile Bar apparatus; (right) Specimen placed in MHtB.  

Table 2 
Shear strength results of the non-printed and printed specimens.  

Loading conditions (shear) Waiting time Ts 

(Min) 
τ ave

a 

(MPa) 
τ st. dev.

a 

(MPa) 
Shear Strength variation over 
Ts (%) 

Dynamic Increase Factor (DIF) based 
on τave (-) 

τ̇ = 10− 4 GPa/s (quasi-static 
regime)  

Bulk 5.57 0.57 – – 
0 5.06 0.26 -9% – 
10 4.59 0.52 -18% – 
30 2.63 0.80 -53% – 

τ̇ = 30 GPa/s (dynamic 
regime)  

Bulk >7.08 – – >1.27 
0 6.65 0.31 -6% 1.19 
10 5.60 0.38 -21% 1.22 
30 4.13 0.83 -42% 1.57  

a Subscript “ave” and “st.dev” indicate the average and standard deviation values computed over three tested samples, respectively 
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regime (each series is representative of the average properties computed on three samples); these included both reference “bulk” (cast) 
material and the elements obtained through layered extrusion at a different waiting time (T0, T10 and T30 expressed in minutes). The 
interlayer shear strength was computed as follows: 

τ =
Fmax

As
(6)  

Where Fmax is the maximum load supported by the shear specimens and As is the total cross-sectional area parallel to the applied shear 
load. 

It should be noted that the exact average value of the shear strength of the bulk material under the dynamic shear load is not 
reported in Table 2 because the shear strength of the bulk specimens was higher than the measuring capacity of the testing apparatus. 
In detail, the incident bar speed was about 3.5 m/s and capable of providing an applied dynamic load of around 34 kN; hence, the 
stress experienced by the bulk material in the dynamic conditions was slightly higher than the maximum achievable limit of the testing 
machine, which resulted into a shear strength greater than 7.08 MPa. 

Irrespective of the quasi-static or dynamic loading condition applied, the experimental results showed a significant reduction in the 
interlayer shear strength with increasing the waiting times between layer deposition. In details, the average interlaminar shear 
strength was reduced by 9% up to 53% passing from T0 to T30 in the case of quasi-static regime. Similarly, under the dynamic shear 
loading, the average interlaminar shear strength was reduced up to 42% for Ts = 30 min in comparison with the reference cast 
specimen series. The trend of the shear strength reduction over the waiting time was very similar for both loading cases, as it can be 
seen from the dotted lines of the linear fit in the Fig. 9. 

The occurrence of a weak interface between the layers in the printed samples was responsible for the decrease of the interlaminar 
shear strength as a function of the waiting time compared to the non-printed samples under both static and dynamic loading condi-
tions. This condition was confirmed by the failure modes observed under shear load (either quasi-static or dynamic). In particular, for 
shorter waiting time values, the fracture surfaces (i.e., around the central layer of the shear specimens) developed mainly along the 
interfaces between adjacent printed layers but with a non-straight path (see the fracture sequence for shear T0 specimens in the  
Fig. 10). This occurrence was possibly due to the stronger interlaminar bond which is generated for shorter waiting times that deviates 
the crack surface from the interlaminar interface to the concrete material of the single layer. As the waiting time increased, the crack 
propagation path was completely parallel to the interlaminar surface, yielding a lower shear strength associated to a more brittle 
failure mechanism in the specimens. A representative sequence showing the modification of the failure mode when the time-gaps 
between the addition of layers changes from 0 min to 30 min, is presented in Figs. 10 and 11, respectively. 

The interlaminar shear strength reduction observed for the 3D printed elements (in comparison with the cast specimens) and for 
increasing waiting times was in accordance with the main findings reported in the available scientific literature, e.g., in the study by 
Mechtcherine et al. and Nerella et al. [9,12]. Indeed, the quality of the interlayer bonding of 3D-printed concrete elements is currently 
a research topic of growing interest. In general, from the technology point of view, the mechanical performance of the layer-to-layer 
interfaces, especially under tension and shear, depends on the rheological and morphological properties of the concrete being printed 
as well as on the physical and chemical states of both the adjacent substrates in contact during the additive process. In the 
layer-by-layer deposition process, the weak interfaces are possibly created from the different curing rates of the layers, plastic 
shrinkage of deposited material as well as the evaporation of surface moisture during the waiting time. Recent studies [47] pointed out 
that the moisture content of the inter-layer region plays a major role in the development of the interlayer bond strengths: with higher 
moisture level on the substrate surface, a greater bond strength can be produced despite the longer waiting time. In terms of 
microstructural changes, SEM examinations [12] clearly revealed that the higher waiting time intervals and material composition 

Fig. 9. Quasi-static and dynamic test results relating to the inter-laminar shear strength.  
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affect interfaces’ quality with regard to homogeneity and integrity of the printed material. In particular, the higher amount of large 
pores/microcracks at the interface of concrete filaments deposited at longer waiting times (compared to the core region of the layer 
itself) can possibly facilitate the fracture mechanism of the observed weak interfaces, thus reducing the mechanical bond strength, 
toughness and durability of the structures fabricated with such an additive process. To solve this problem, several authors suggested 
the combination of 3D printing and interlayer reinforcement as explained in the Introduction section. 

The experimental results summarized in Fig. 9 suggested that the above-mentioned findings were not dependent on the velocity of 
the applied load because the same adopted printing conditions generated a similar decrease of the interlaminar shear strength with 
increasing the waiting time. In other words, the corresponding loss of homogeneity of the interfaces generated the transition towards a 
more brittle failure behavior under shear loads both for the quasi-static and dynamic regime. 

In terms of dynamic effects on the shear strength results and for the same waiting times, the shear strength of the 3D-printed 
concrete elements increased under the dynamic conditions and with longer waiting times. The overall increase of the shear 
strength due to the dynamic regime was greater than 20% in comparison with the quasi-static counterparts, and it seemed to be more 
stress rate sensitive when the time-gap was 30 min. The results of the average failure stresses were processed in relation to the Dynamic 

Fig. 10. Failure history of the specimen subjected to the dynamic shear test (specimen ID: 3L_T0_005).  

Fig. 11. Failure history of the specimen subjected to the dynamic shear test (specimen ID: 3L_T30_005).  

Fig. 12. DIF τ vs. Ts, obtained from the dynamic testing (printed specimens).  
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Increase Factor, DIF τ, defined as the ratio of the dynamic shear-strength values over the static values, as represented in Fig. 12. 
As expected, Fig. 12 reveals that as the waiting time increased, the behaviour under the dynamic conditions differed from that 

where the conditions were quasi-static; specifically, this gap became significant starting at Ts = 30 min, with a variation of more than 
50% after the printing time of a layer over the previous one increased, meaning that the loss of adhesion between the two layers played 
an important role also in the dynamic regime. 

3.2. Tensile test results 

Experimental data processing can be used to investigate the tensile behaviour of reference cast and printed-concrete specimens 
subjected to a dynamic regime at different stress rates. The imposed stress rate values are summarized in Table 3. 

In the quasi-static tensile loading condition, and to enable the test to be performed correctly in terms of expected failure, a notch 
was made in the bulk specimen (producing a small cross-section), in correspondence with the layer surface. The results of the 
experimental testing in terms of the dynamic tensile strengths and failure times are reported in Table 4 for the quasi-static, medium and 
high strain-rates, respectively; the average values for each strain rate and waiting time are also reported, along with the corresponding 
standard deviation. 

The results are also presented in Fig. 13a and b in terms of the tensile strength over the waiting time and the variation of fracture 
time (Tf), respectively, the latter defined as the time for the complete fracture of the specimen against the testing velocity (vs) for each 
waiting time specified during the printing process. 

The testing velocity, expressed in m/s, is related to the traverse and bar displacements for the static and dynamic tests, respectively. 
The fracture time was measured in correspondence with the maximum stress value. This assumption was justified by the fact that the 
mortar was characterized by brittle-like behaviour and, therefore, the onset of the first fracture would be expected to correspond with 
the failure of the material. 

As seen in Fig. 13b, as the waiting time increased, the fracture time (in a logarithmic scale) decreased at the same strain rate. This 
confirms that: the interface was a point of considerable weakness in the printed element; and, in every loading condition, the overlap 
time in the printing of the different layers was the main factor affecting the bond strength (negatively). As expected, the specimen 
failure-time exhibited a clearly decreasing trend with the testing velocity. 

In general, a similar decreasing trend for the tensile strength as a function of the waiting rime was observed for the different loading 
conditions (Fig. 13a, dotted lines). However, in relation to the DIFs, the average tensile strengths significantly increased with the stress 
rate condition (see Fig. 14), with a more sensitiveness for the high stress rate regime. These results highlight the very different 
behaviour between the static and dynamic-tensile loading conditions as the stress rate increases, up to a maximum DIF-value of about 
7.6 for the high stress rate (200 GPa/s) and a waiting time of 30 min 

A comparison between the different loading conditions, particularly in relation to the maximum tensile stress experienced by each 
specimen with waiting-time variations, revealed: a more than 100% increase in tension as the applied stress rate increased; and a 
decrease with the waiting time between the deposition of the layers. Specifically, the effect on the tensile strength of the increase in the 
waiting time from T0 to T30 was around 60% in both the medium and high stress rate cases (1 and 200 GPa/s). This revealed a dif-
ference in strength of about − 50% between the bulk and printed specimens when the waiting time was 30 min for each stress rate 
condition, as demonstrated by the Fig. 15. 

Fig. 16 sets out the stress-time curves for each batch of specimens subjected to tests at stress rates of 1 and 200 GPa/s. It can also be 
observed that the maximum stresses were different for the various groups and were achieved at different times. This can mainly be 
explained by the waiting-time effect on the printed elements and, therefore, the occurrence of micro-cracking in the weaker material at 
the interface. In these specimens, the presence of many propagating micro-cracks caused rapid damage to the material, leading to a 
drop in its resisting capacity as the waiting time decreased. 

Moreover, at higher stress rates, the specimens failed as the waiting time decreased (see Fig. 16), although, interestingly, the tensile 
strength improved with stress rate increases. Table 4 reports the fracture time for every stress rate, revealing a decrease in the former as 
the latter increased. 

Figs. 17 and 18 show some representative images of the high stress rate tests involving the 3D printed concrete specimens before 
and after failure when subjected to high levels of tensile strain. As is often the case in normal concrete, an initial crack developed in 
about the middle of the specimen’s length, defining a relatively clean cut at the cross-section that was depended on the waiting time 
between the deposition of the layers: the higher the waiting time was adopted, the cleaner was the cross-section tensile cut during the 
test. In analogy with the shear test outcomes, the corresponding loss of homogeneity of the interfaces due to the longer waiting times 
generated the transition towards a more brittle failure behaviour under tensile loads both for the quasi-static and dynamic regime. 

Using a power law model, the maximum tensile strength can be evaluated/estimated as a function of the stress rate and the waiting 
time, as follows: 

σmax = α(t) ·K ·

(
dσ
dt

)n

(7)  

Where K= 4.3229 and n = 0.12728 are the fitting coefficients, and α(t) is the waiting-time coefficient, equal to: 

α(t) = 1 − 0.034t+ 0.0004t2 0 ≤ t ≤ 30 (8)  

Where t is the waiting time in minutes. It should be noted that the waiting-time coefficient has been calibrated for a specific waiting- 
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time interval: from 0 to 30 min 
Fig. 19 shows the satisfactory matching of the fit of the proposed model, which is able to fit the experimental data with a wide range 

of stress rates. Moreover, it should be noted that the stress rate has been evaluated from the experimental data as the ratio between the 
maximum tensile strength and the corresponding time. 

4. Conclusion 

This study has investigated the mechanical response of layered extruded-concrete elements under static and dynamic loading 
conditions, as well as the additional effect of different waiting times. First, a quasi-static characterization was undertaken to examine 
the shear and tensile behaviour of non-printed and printed concrete elements. The tensile and shear dynamic behaviours were then 
categorized via medium and high stress rate failure tests, with the waiting time as the main experimental variable. 

The results of the experiments revealed that there was a reduction in shear strength of more than 40% with a waiting time of 
30 min, because of the presence of weaker interfaces between the layers under the dynamic conditions. Moreover, the dynamic shear 
strength appeared to depend significantly on the waiting time and increased with the stress rate; indeed, the value of the strength DIF 
rose by more than 50% for the highest waiting time analysed. 

Table 3 
Imposed test stress rates.   

vs [m/s]  L0 [m]  σ̇ [s− 1]  

quasi-static regime (10− 4GPa/S)  0.000002  0.02 10− 4 

medium strain rate (1GPa/S) high-strain rate (200GPa/s)  1  0.02 1  
4.316  0.02 200  

Table 4 
Tensile strength of non-printed and printed mortars.  

Stress rate 
(GPa/s) 

Waiting time 
(Min) 

Fmax ave
a 

(N) 
σ ave

a 

(MPa) 
σ st. dev.

a 

(MPa) 
Tensile Strength variation 
over Ts (%) 

Dynamic Increase Factor (DIF) 
based on σave (-) 

Fracture time, 
Tf (s) 

10− 4 Bulk  566  3.15  1.18 – – 29.10 
0  415  1.34  0.32 -57% – 15.01 
10  144  1.03  0.31 -67% – 10.40 
30  364  0.46  0.23 -85% – 21.54 

1 Bulk  992  3.16  0.48 – 1.00 8.51E-03 
0  1293  4.19  1.30 -32% 3.12 5.10E-03 
10  491  1.59  1.05 -49% 1.54 2.20E-03 
30  510  1.65  0.05 -47% 3.59 6.77E-03 

200 Bulk  2562  8.31  0.23 – 2.64 3.64E-05 
0  2393  7.76  1.39 -7% 5.79 3.90E-05 
10  1959  6.3  1.27 -24% 6.11 3.05E-05 
30  1084  3.51  0.54 -57% 7.63 2.95E-05  

a Subscript “ave” and “st.dev” indicate the average and standard deviation values, respectively. 

Fig. 13. Tensile strength over the waiting time (a); Tf versus vs experimental data (b).  

R. Napolitano et al.                                                                                                                                                                                                   



Case Studies in Construction Materials 15 (2021) e00780

13

On the other hand, the direct tensile behaviour of the 3D-printed concrete elements was very sensitive to the stress rate. In 
particular, the tensile-strength DIF rose to 7.6 with a high stress rate of about 200 GPa/s and a waiting time of 30 min. The dynamic 
tensile results quantified the increase in the tensile-failure stress at the investigated stress rates, revealing a quasi-linear trend with the 
waiting time. 

Consequently, it appears that a dynamic characterization is required to analyse both the structural reliability and stability of 
printed elements under dynamic loads. The recorded stress rate sensitiveness (different between shear and direct tensile load 
configuration), along with the brittleness of the failure mechanisms, requires deep understanding for future applications of the 3D 
concrete printed structures specifically devoted to the energy absorbing capabilities. Give these results, new challenges are also 
associated to the development of systems capable of effectively improving the interlayer bonding properties to resist the dynamic 
loadings. 

The study of the effects of the critical issues associated with a loss of strength at the interfaces, especially in the dynamic regime, is 
an interesting topic for future research exploring new applications, including the evaluation of strain rate sensitiveness in relation to 
the anisotropic behaviour of the printed elements. Indeed, the development of proper dynamic and static-layer interface models or 
improved systems for layer bond would be valuable for quantifying a safety factor for layered versus cast concrete elements with the 
final aim of fulfilling specific structural requirements. 

Fig. 14. Tensile strength of the DIF stress-rate relationships, at different waiting times.  

Fig. 15. Specimen series variability in relation to the tensile stress at different stress rates.  
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Fig. 16. Comparison between the stress-time curves for the specimens at different waiting times and medium (upper graph) and high (bottom 
graph) stress rates. 

Fig. 17. Printed specimen with TS= 0 min before (left) and after (right) the dynamic tensile test at ε̇ = 200 s− 1.  
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