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Abstract  3D printing of concrete offers numerous 
advantages for the fabrication of architectural and 
structural components, such as cost-effectiveness, 
time savings, and enhanced quality. Although the 
potential of this technology has been widely dem-
onstrated, it appears necessary to continue scientific 
research, as traditional testing methodologies for con-
ventional concrete have been adapted to investigate 
phenomena of 3D printed concrete (3DPC) elements. 
This study aims to address this need by focusing on 
evaluating the inter-layer shear behavior of hardened 
3DPC. A novel test method, adapted from masonry 
and concrete testing, was employed to conduct push-
out tests on 3DPC specimens. The test set-up aims to 
induce shear forces along inter-layer surfaces under 
varying levels of normal compression (i.e., confining 
stress). The experimental results allowed the assess-
ment of the shear behavior of the inter-layer surface 
in terms of interface shear strength, shear stiffness, 

cohesion, and friction angle. Additionally, non-linear 
finite element analyses (NLFEA) were conducted and 
validated against experimental results, providing val-
uable/effective tools for structural modeling of 3DPC 
elements. Both smeared crack and discrete crack 
approaches to non-linear fracture mechanics demon-
strated good agreement with experimental observa-
tions. The comparison was effective regarding pre-
peak and post-peak behavior, interface shear strength, 
cohesion, and friction angle.

Keywords  3D Concrete Printing · Directionality · 
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1  Introduction

3D printing of concrete is a modern digital fabrica-
tion method which can radically change the produc-
tion of architectural and structural components in 
a few years. By integrating digital design and con-
struction processes, 3D printing of concrete presents 
significant economic and environmental advantages, 
including reduced construction time, costs and better 
quality of members [1, 2]. Advancements in concrete 
properties and printing technologies have stimulated 
construction companies to embark on printing some 
prototype buildings. Two prominent approaches 
have emerged: on-site and off-site construction. On-
site printing involves creating structures in an open 
environment, while off-site printing refers to the 
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production of prefabricated elements in laboratory 
for subsequent on-site assembly, on the basis of a 
modular construction approach. Noteworthy projects 
using concrete extrusion for on-site printing include 
the Milan (Italy) prototype house (2018) [3], the Bec-
kum (Germany) two-story residential building (2021) 
[4, 5], and the Wave House in Heidelberg (Germany) 
[6]. Off-site approach has been successfully used for 
the construction of small bridges, such as the bicycle 
bridge in Gemert (the Netherlands) [7], the pedestrian 
bridge in Nijmegen (the Netherlands) [8], and the 
Phoenix bridge in Lyon [9]. Further examples of off-
site construction are the DFAB house (Dubendorf, 
Switzerland) [10–14] and the Tor Alva (Mulegns, 
Switzerland) [15, 16].

While these projects have demonstrated the tech-
nology potential to realize prototypes with vary-
ing shapes and geometries, scientific research work 
on the structural behavior of 3D printed concrete 
(3DPC) members is needed at both the micro and 
macro scales. An area of particular interest involves 
the comprehension of the structural effects related 
to the layered structure of 3DPC elements. Unlike 
traditional concrete structures, the presence of inter-
faces between subsequent printed layers can generate 
a potentially anisotropic behavior, thus affecting the 
shear and flexural bearing mechanisms of the struc-
tural elements. To this aim, it should be noted that 
many researchers are committed to the assessment of 
the properties of the printed material in both its fresh 
and hardened states [17–35], as these aspects can 
impact the overall structural performance of 3DPC 
elements.

In the fresh state, 3D printed materials behave as 
a visco-plastic material, especially during pump-
ing and extrusion phases [17], whereas  the shape of 
the deposited layer is governed by the elasto-plastic 
properties [17]. Due to the absence of traditional 
formwork, the mechanical properties of fresh con-
crete, such as the elastic modulus, the Poisson’s ratio, 
the  compressive strength, and their evolution over 
time, become crucial factors in managing the struc-
tural behavior during the fabrication process. The 
material properties can be evaluated through uncon-
fined compression tests [18–20], shear tests [21, 22], 
and triaxial tests [21]. It is necessary to control pump-
ability (i.e., the transport of fresh material from the 
pump to the extrusion nozzle [23]), extrudability (i.e., 
the ability to extrude the material through the nozzle 

without significant cross-sectional deformation [23]), 
and buildability (i.e., the ability to print a specific 
number of layers [23]) to prevent buckling and plastic 
collapse, which may be possible failure modes.

In the hardened state, extrusion-based 3D printed 
concrete exhibits an inherent mechanical anisotropy 
due to the layer-by-layer deposition and the pres-
ence of interlayer regions. Therefore, interfaces play 
an important role, as their strength is significantly 
affected by the direction of the applied load with 
respect to the printing direction [33]. This charac-
teristic often makes traditional tests for conventional 
concrete inadequate, requiring them to be adapted for 
3D printed concrete materials. Extensive research has 
been carried out on the determination of the compres-
sive properties of 3DPC, which consisted of carrying 
out uniaxial compression tests on cubic or cylindrical 
specimens [24–31], similar to cast-in-place concrete. 
Regarding the tensile properties, the flexural tensile 
strength of concrete is commonly measured through 
a three-point bending test [24–32] and the tensile 
strength through pull-off tests [26, 29, 30, 32, 36]. 
To account for anisotropy induced by the printing 
process, as shown in recent studies [24–32], 3DPC 
specimens were tested with respect to three mutu-
ally orthogonal directions. It resulted that the direc-
tion of loading had little effect on the compressive 
properties, as the difference in compressive strength 
was less than 10%. However, the influence on flexural 
tensile strength was more pronounced since its vari-
ation ranged between 20 and 25%, depending on the 
loading direction. The highest flexural strength values 
were observed when the load was applied perpendic-
ular to the layer interfaces.

Only a few studies can be found in the literature on 
the assessment of the interface strength of 3D printed 
concrete under shear loading. Napolitano et  al. [37] 
proposed a specific test that induced the sliding frac-
ture at the layer-to-layer interface of 3DPC specimens 
(Fig. 1a). This study aimed to investigate the strength 
at the interface without the application of confining 
stresses, focusing on different time intervals between 
the placement of successive layers, which signifi-
cantly impacted the interface strength, leading to a 
substantial decrease in the maximum shear load as 
compared to cast concrete elements. This test was 
similar to the test on triplets of bricks used to assess 
the shear properties of masonry structures [38]. 
Alchaar et al. [39] investigated the effect of different 
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printing time intervals and high temperatures on the 
shear strength of the interlayer in specimens without 
confining stress. The test setup involved loading the 
mid-layer of a specimen, consisting of three stacked 
layers, until failure (Fig. 1b). It was observed that the 
interface strength decreases with longer time inter-
vals (between layers) and higher temperatures, due 
to accelerated moisture loss and faster surface dehy-
dration. Rahul et al. [40] and Meurer et al. [41] also 
investigated the effect of time interval on the interface 
shear strength. The first [40] conducted direct shear 
tests on cylindrical specimens with a diameter of 
25 mm and a height of 40 mm. A dedicated test setup 
was used to generate uniform interface shear stresses 
(Fig.  1c). The specimens were positioned horizon-
tally in the grooves of the upper and lower jaws, 
with the interface located at mid-height. Relative to 
the corresponding mold-cast concrete, a reduction of 
the interlayer shear strength was observed. The sec-
ond [41] proposed a specific shear test on small drill 

cores (29.5 mm diameter) extracted from printed ele-
ments to approximate a near-pure and uniform shear 
stress distribution while limiting size effects. The 
setup is conceptually similar to that shown in Fig. 1c; 
however, specimen rotation is restrained and only 
longitudinal sliding is permitted, minimizing unin-
tended restraint forces at the interface. The authors 
expected the interlayer shear strength to decrease with 
increasing interval time, consistent with the trends of 
tensile and flexural strength. However, the assessment 
of the influence of the interval time remained incon-
clusive. This was mainly due to  the concrete mixing 
procedure, which required the addition of  fresh con-
crete during printing, increasing the  interface mois-
ture and artificially enhancing  the shear strength. In 
addition, damage induced during  drilling could not 
be properly  controlled. Moreover, Van der Heever 
et  al. [42] investigated the shear performance of a 
fiber-reinforced printable concrete under constant 
confining stress via a direct shear test (based on 
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Fig. 1    Shear test examples for masonry and concrete: adapted 
from Napolitano et  al. [37] (a), adapted from Alchaar et  al. 
[39] (b), adapted from Rahul et al.[40], and Meurer et al. [41] 

(c), adapted from Van der Heever et al. [42] (d), adapted from 
Giraldo-Soto et al. [45] (e, f), and adapted from Zanotti et al. 
[46] (g)
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ASTM D5607-95 [43]) to evaluate the shear proper-
ties of cylindrical specimens considering different 
interface directions (Fig.  1d). The direction of load-
ing influenced the shear properties, and a non-linear 
evolution of the shear strength was observed as the 
confining stress increased.

The test proposed by Napolitano et  al. [37], 
Alchaar et al. [39], Rahul et al. [40], and Meurer et al. 
[41] allowed to examine the influence of different 
printing time intervals and environmental conditions 
on the interlayer shear strength, but they did not con-
sider the effect of confining stress, which corresponds 
on a larger scale to the vertical loads acting on a 
structural element (e.g., walls). In contrast, the exper-
imental campaign of Van der Heever et al. [42] con-
sidered different intensities of confining stress on the 
printed specimens, but the tests were carried out on 
small cylinders consisting of only two layers, with a 
height and diameter of approximately 2 cm (Fig. 1d), 
which could cause local effects. Consequently, further 
studies on the interface shear strength, which consider 
the presence of different levels of confining stress and 
a more representative height, are needed.

Generally, the tests used for plain concrete (PC) can 
be adopted as a reference to assess the shear properties 
of 3DPC material. The direct shear test, as mentioned 
by Espeche et al. [44], involves the application of two 
parallel loads in opposite directions on both sides of 
the specimen interface. However, a disadvantage of this 
test is the bending moment due to force eccentricity. To 
overcome this issue, alternative methods were intro-
duced, including the push-out test, the L-shaped test, 
and the slant shear test. Giraldo-Soto et al. [45] studied 
the influence of different experimental configurations 
on shear transfer capacity in steel fiber-reinforced con-
crete (SFRC). The study examined the L-shaped test 
(Fig. 1e) and the push-out test (Fig. 1f). In the case of 
the L-test configuration, no specific factors were iden-
tified that significantly influenced the shear transfer 
capacity. In contrast, push-out tests without prestressing 
show the influence of the arch effect, which compressed 
the shear plane and reduced crack opening with a con-
sequent overestimation of the shear capacity (Fig. 1f). It 
becomes necessary to implement additional modifica-
tions, including the introduction of additional supports 
at the ends of the specimens to apply prestress, which 
helps to limit bending effects during testing. Zanotti 
et al. [46] compared the slant shear test and the push-
out test (Fig. 1g). In the slant shear test, interfacial bond 

failure or compression failure may occur, depending on 
both the compressive strength of the substrate and over-
lay, and on the inclination of the interface plane. On 
the contrary, all specimens in the push-out test showed 
clear bond failure. Moreover, the test results suggest 
that the shear strength measured by means of the push-
out test can be significantly lower than that measured 
with the slant shear test. The compressive stresses in 
this test generate higher interlocking and friction forces, 
increasing the shear failure load. Additionally, the slant 
shear test (Fig.  1g) was also adopted by Licciardello 
et  al. [47] to investigate the load-bearing capacity of 
3DPC, accounting for the anisotropy of the material 
caused by printing layers. Forty-five specimens with 
varying layer inclinations (0°–90°) and a 30-min cold 
joint were tested to identify the governing parameters 
of a Mohr failure envelope for 3DPC (the established 
modified Coulomb yield condition of the concrete is 
complemented by a Coulomb failure criterion of the 
layer joints), and two distinct failure modes—matrix 
failure and layer-interface failure—were identified 
depending on the layer inclination. The proposed MSST 
provides a practical method to derive the cohesion and 
friction parameters of 3DPC layers, offering a base for 
the design of load-bearing 3D-printed structures.

The choice of the most appropriate test methods 
for the evaluation of the hardened state properties 
of 3DPC requires the identification of the predomi-
nant loading condition for a given structural element. 
Among the many that have been investigated by dif-
ferent authors [7, 48–53], little attention was given to 
the structural behavior of 3D printed walls, which can 
be subjected to both vertical (compression) and hori-
zontal (shear) actions. With the aim of shedding some 
more light, this study concerns specifically the deter-
mination of the inter-layer shear behavior through 
the proposal of a new push-out test method which 
accounts for both compressive and shear stresses.

2 � Research significance

The research study aims at investigating the interface 
behavior of 3D printed concrete layers subjected to 
the combined action of shear forces and transverse 
compression, by means of an experimental campaign 
and numerical analyses. To this end, a new test meth-
odology is proposed, referred throughout the paper as 
push-out test, adapting shear tests typically used for 
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traditional concrete and masonry. The results of these 
tests provide valuable insights into shear properties, 
including shear strength, shear stiffness, cohesion, 
and friction angle. In addition, non-linear numerical 
analyses based on fracture mechanics through both 
smeared and discrete crack approaches are proposed 
and validated against experimental results.

3 � Directionality

During the experimental investigation, special atten-
tion has been paid to the anisotropy of 3DPC (due to 
layer deposition), since it could affect the mechanical 
properties.  In the literature, this subject is referred 
to as directionality, as introduced by Mechtcherine 
et  al. [54]. Available studies on this topic proposed 
different approaches: Bos et  al. [55] defined direc-
tionality in printing by means of a system of local 

coordinates (u, v, w), where u represents the printing 
direction (Fig. 2a). Subsequently, Mechtcherine et al. 
[54] presented an extended definition of directionality 
consisting of two letters: the first denotes the axis of 
a normal force  or the axis of rotation for a bending 
load, and the second indicates the longitudinal axis of 
the specimen (Fig. 2b). The convention proposed by 
Mechtcherine et al. [54], and subsequently adopted in 
the RILEM TC 304-ADC interlaboratory study [33], 
is applied also throughout the present work.

4 � Experimental programme

4.1 � Materials

The 3D printed concrete (3DPC) under investiga-
tion was a premixed compound containing quartz 
sand (with a maximum diameter of 2  mm), cement 

Fig. 2   Different definitions 
of directionality adapted 
from Bos et al. [55] (a), 
adapted from Mechtcherine 
et al. [54] (b)
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(CEM  I  52.5R), water, and other admixtures, which 
ensure a proper rheology during the pumping phase 
and the capacity to support self-weight by the pro-
gressive development of its mechanical properties 
during the printing phase.

Composition details cannot be disclosed since 
it is a commercial material under development, and 
the mix design is patented. Water content on the total 
weight of the material is 0.15 l/kg.

4.2 �  Production of the printed specimens

The 3DPC specimens were fabricated and cured in 
a laboratory under constant environmental condi-
tions, maintaining a temperature of 20 ± 2  °C and a 
humidity of 80 ± 5%. The  specimens were printed 
using a 6-axis robotic arm connected to a digital sys-
tem with a programmed 3D printing path. The noz-
zle of the printing system was circular with a diam-
eter of 28  mm, and the printing speed was set at 
250 ± 25  mm/s, resulting in a time interval between 
successive layers of 30 s to 1 min.

The test specimens were cut by wet-sawing from 
the walls of a sample with a thickness of 6  cm and 
a height of 20  cm (20 layers with a layer height of 
approximately 10 mm), and variable length, as shown 
in Fig.  3. The testing specimens were extracted 
approximately 6 months after printing.

The  flexural strength of the printed material was 
measured on beams with nominal dimensions of 
160 × 40 × 40  mm (obtained by sawing, see Fig.  4a) 
and tested along orientation v.u and v.w, where the 
symbols denotes the axis of bending rotation  and 
the longitudinal axis of the specimen, respectively, 
according to the RILEM notation [33] (see Fig. 2b). 
The tensile strength and the elastic modulus (Fig. 4c) 
were measured on specimens with nominal dimen-
sions equal to 120 × 60 × 60  mm and tested accord-
ing to direction w (normal stress perpendicular to the 
printing plane), while the compressive strength was 
evaluated along both the direction w and u (Fig. 4b). 
Concerning shear behavior, the specimens had nomi-
nal dimensions of 160 × 120 × 60  mm (Fig.  4d) and 
were tested along the direction u (loading direction 
inducing stresses parallel to the u-axis within the 
printing plane). Figure 4 depicts specimens and test-
ing set-ups adopted in the experimental campaign. 
Tests on cast specimens were also performed for ref-
erence purposes, which were considered directionally 
independent.

4.3 � Geometry accuracy

As a result of the printing process, the cross-section 
of the specimens can have significant irregularities 
with bulging sides, as shown in Fig.  5a. Therefore, 
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the correct evaluation of the cross-sectional areas is 
critical in defining the stresses acting in the material. 
For this purpose, three distinct areas can be defined:

•	 Amax (in red in Fig. 5b) is assessed by considering 
the maximum wall thickness of the specimen; it 
results in a general overestimation of the effective 
resisting cross-sectional area of the specimen:

where h is the height of the specimen and tmax is 
the maximum thickness of the specimen.

•	 Amin (in green in Fig. 5c) is evaluated by consid-
ering the minimum wall thickness of the speci-
men excluding the contribution of the concrete 
bulging sides:

(1)Amax = h ⋅ tmax
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where tmin is the minimum thickness of the speci-
men. It should be noted that Amin is estimated 
between 80 and 85% of the maximum area Amax.

•	 Aeff (in orange in Fig. 5d) is calculated as the aver-
age between Amax and Amin and is assumed as the 
effective area of the specimen considering the 
contribution of the bulging sides. The effective 
thickness can be calculated as follows:

Aeff can be estimated at about 90% of the maxi-
mum area Amax.

For both nominal wall thicknesses (40  mm and 
60 mm), the actual thickness variability was quanti-
fied by tmax, tmin, and teff measured along the speci-
men. The selection (Amax, Amin, Aeff) of the area 
depends on whether the concrete bulging sides influ-
ence the properties of the material, depending on the 
specific type of test being carried out. For flexural 
and compression tests performed   in the orientation 
v.u and u respectively, the effective area Aeff was used, 
while considering the orientation v.w for flexural and 
w for compression tests, the minimum area Amin was 
selected since concrete bulging sides did not con-
tribute to the tensile and compressive strength. For 
the direct tension test (direction w) and push-out test 

(2)Amin = h ⋅ tmin

(3)teff = Aeff∕h

(direction u), the minimum area Amin was considered 
for the evaluation of 3DPC strength.

5 � Experimental tests

5.1 � Flexural test

The flexural strength was evaluated by three-point 
bending tests according to EN 1015-11:2019 [56] for 
mortar, which served as a reference. The setup con-
sisted of two steel bearing rollers, and a third roller 
was centrally placed on top of the specimen for load 
application (Fig. 6a). The vertical load on the upper 
section of the specimen was applied by a servo-con-
trolled hydraulic jack with a maximum capacity of 
100 kN. The test was carried out under displacement 
control at a rate of 0.05 mm/min. A total of 9 and 18 
tests were carried out for cast and printed material, 
respectively.

5.2 � Compression test

The compressive strength was evaluated according 
to EN 1015-11:2019 [56] for mortar by placing the 
specimens (the resulting pieces from the flexural test) 
between two steel plates with dimensions 40 × 40 mm 
(see Fig. 6b). The test was carried out with the same 
testing machine used for flexural tests under displace-
ment control at a rate of 0.05  mm/min. A total of 

Fig. 5   Accuracy of 3DPC 
specimens: typical cross-
section (a), maximum area 
Amax (b), minimum area 
Amin (c), and effective area 
Aeff (d)
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18 and 36 tests were carried out for cast and printed 
material, respectively.

5.3 � Elastic modulus test

The compressive modulus of elasticity was measured 
using a customized procedure developed with refer-
ence to the EN 12390-13:2013 [57] standard. The 
load was applied using a servo-controlled universal 
testing machine with a maximum capacity of 500 kN 
(Fig. 6c), and the test was carried out under displace-
ment control at a rate of 0.001  mm/min. Longitudi-
nal strains were measured using four linear variable 
differential transformers (LVDTs) located at the cor-
ners of the specimen. The elastic modulus was deter-
mined in compression by applying two cycles, each 

consisting of three repetitions (the first at 10% and the 
second at 30% of the maximum load bearable by the 
sample). A total of 3 and 6 tests were carried out for 
cast and printed material, respectively.

5.4 � Direct tension test

The uniaxial tensile strength was measured by apply-
ing the vertical load through a servo-controlled 
hydraulic jack with a maximum capacity of 100 kN. 
The specimen was glued with an epoxy resin between 
two steel plates connected to the testing machine, as 
shown in Fig. 6d. The test was carried out under dis-
placement control at a rate of 0.001 mm/min. A total 
of 6 tests were performed for the printed material.

Fig. 6   Test methods: flexural test (a), compression test (b), elastic modulus test (c), direct tension test (d), and push-out test (e)
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5.5 � Push‑out test

The inter-layer shear strength was measured through 
a new testing methodology derived from the EN 
1052-3 [38] standard, concerning the shear strength 
of masonry elements (push-out test, see Fig. 6e).

5.5.1 � Test conceptualization

It should be clarified that, for the sake of simplicity, the 
push-out test was performed on specimens rotated by 
90° with respect to the printing direction. In this new 
reference system, the vertical load F applied to the 
specimen represents the lateral load acting on a typical 
shear wall, while the horizontal stress σ applied to the 
specimen represents the gravitational load acting on the 
same wall (see Fig. 7a).

The test was carried out on a prismatic specimen 
with printed layers placed in the vertical direction, 
adopting a 3-point loading scheme. Dimensions of the 
specimen are discussed in detail in Sect. 5.5.2. The ver-
tical loading F was applied in the center of the upper 
surface through a steel plate covering the central lay-
ers (over 1/2 of the specimen length) while supports, 
consisting of two steel plates, were placed on the sides 
of the lower surface (over 1/4 + 1/4 of the specimen 
width; see Fig. 7b). In this configuration, compressive 
stresses under the loading point and over the supports 
were equal, while shear failure was forced to develop 
along the two symmetrical inter-layer surfaces between 
the loading point and the outer supports. Lateral load-
ing was applied on the sides of the specimen to reach 
different levels of compressive stress normal to the 

inter-layer surfaces (i.e., confinement). The testing 
apparatus is described in Sect. 5.5.3.

5.5.2 � Specimen dimensions

The dimensions of the specimen were established to 
identify the proportions that favor a shear failure on 
the inter-layer surfaces. To achieve this objective, the 
3DPC interface shear strength (τi) along the two ver-
tical failure surfaces of the specimen (highlighted in 
red in Fig.  7b) should be lower than the compressive 
strength of concrete (fcm) under the loading point (see 
Fig. 7b), as expressed by the following equation:

where l is the length, h the height, and t the width of 
the specimen (see Fig.  7b). A series of preliminary 
tests was carried out to better define the geometry of 
the specimens. Moreover, a representative height for 
the test specimen was selected to avoid local shear 
effects and limit flexure phenomena. The chosen 
height also permitted an easy test execution, allowing 
proper positioning of the test instrumentation. How-
ever, special attention is required since an excessive 
specimen height could result in compression failures 
beneath the loading point, as observed in some pre-
liminary tests [58].

Given the thickness of the 3DPC layer equal to 
10 mm and the need to have a number of layers which 
is a multiple of 4 (to apply the test configuration dis-
cussed in Sect.  5.5.1), the length l of the specimen 
was set to 160 mm, comprising 16 layers, the height 
h of the specimen was set to 120 mm, and the width t 
was equal to 60 mm. The central loading length was 

(4)fcm ⋅ (l∕2 ⋅ t) > 𝜏i ⋅ 2 ⋅ (h ⋅ t)

Fig. 7   Schematization of 
the push-out test: typi-
cal shear wall (a) and test 
specimen (b)

L/4 L/2 L/4

L

H

F

F/2

σσ

ττ

F/2

3DPC specimen

3DPC wall

F

F

σ

σ

σ

(a) (b)



Materials and Structures          (2026) 59:274 	 Page 11 of 24    274 

Vol.: (0123456789)

equal to 80 mm (8 layers), while the support length 
was equal to (40 + 40) mm (4 + 4 layers).

5.5.3 � Test setup

Push-out tests were carried out by monotonically 
increasing the vertical load up to failure of the speci-
mens with different confinements: (a) without confin-
ing stress (0  MPa) and (b) considering three differ-
ent levels of confining stress, namely 1 MPa, 2 MPa, 
and 4 MPa, simulating the stress state at the base of a 
multi-story 3DPC building.

The vertical load was applied by a servo-controlled 
universal testing machine with a maximum capac-
ity of 500  kN under displacement control, at a rate 
of 0.05 mm/min. Confining stress was applied using 
a system consisting of conical disc springs (CB-DIN 
2093 60 × 20.4 × 2) and two M10 threaded rods. Dur-
ing the test, the normal stress remained constant and 
was monitored through two load cells placed on each 
threaded bar and, when necessary, adjusted (Fig. 6e).

On the front side of the specimen, instrumenta-
tion included two vertical and four horizontal LVDTs 
arranged to measure crack opening (Mode I) and rela-
tive slip (Mode II) between layers in different loca-
tions of the specimen: LVDT1 and LVDT2 were used 
to measure slip along the left and right critical sec-
tions, respectively, while LVDT3, LVDT4, LVDT5, 
and LVDT6 were used to measure crack opening as 
shown in Fig.  8a. Digital Image Correlation (DIC) 
was adopted on the backside of the specimen to detect 

crack initiation and propagation during the test, as 
shown in Fig. 8b.

6 � Experimental results and discussion

6.1 � Mechanical properties

The mean compressive strength fcm of 3DPC speci-
mens was 57 MPa and 55 MPa for directions u and w, 
respectively. The mean flexural tensile strength fctm,fl 
was equal to 6.85 MPa and 5.35 MPa for orientations 
v.u and v.w, respectively. The results are consistent 
with existing literature [25, 26, 28–31], which indi-
cates negligible differences in compressive strength 
and significant variation of the flexural strength.

The  uniaxial tensile strength (fctm) in direction w 
was equal to 2.87 MPa, half of the flexural strength. 
The elastic modulus Ecm in direction w was equal to 
28  GPa, showing a 20% reduction with respect to 
the expected elastic modulus of an ordinary concrete 
(35 GPa) with the same strength, according to Euroc-
ode 2 [59]. The main experimental results are sum-
marized in Table 1.

It should be observed that the mechanical proper-
ties of cast specimens, having the same mix design, are 
overall lower than those of the printed specimens, with a 
12% reduction in compressive strength, an 8% reduction 
in flexural strength, and a 10% reduction in the elastic 
modulus. The higher mechanical properties measured 
for the 3DPC specimens compared to the cast refer-
ences are attributed to the extrusion-based deposition, 

Fig. 8   Instrumentation of 
the push-out test: LVDTs 
(a) and DIC (b)
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Table 1   Main mechanical properties of 3DPC: compressive strength, flexural tensile strength, direct tensile strength, elastic modu-
lus, and density (N: number of specimens)

type N Average St.dev C.o.v Direction

Compressive 
strength

cast fcm,cast [MPa] 18 50 2.61 6.84

printed fcm,u [MPa] 36 57.05 8.91 15.6

printed fcm,w [MPa] 36 54.68 11.64 21.3

Flexural ten-
sile strength

cast fctm,fl,cast [MPa] 9 6.27 0.65 10.4

printed fctm,fl,v.u [MPa] 18 6.85 1.09 15.9

printed fctm,fl,v.w [MPa] 18 5.35 1.48 27.6

Uniaxial 
tensile 
strength

printed fctm,w [MPa] 6 2.87 0.35 12

Elastic 
modulus

cast Ecm,cast [MPa] 3 25,025 1731 6.9

printed Ecm, w [MPa] 6 27,762 785 2.8

Density cast ρcast [kg/m3] 9 1997 16 0.8

printed ρv.u [kg/m3] 18 2226 211 9.5

printed ρv.w [kg/m3] 18 2170 168 7.7
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which promotes a more consistent compaction of the 
fresh material than manual placement in the molds. As 
a result, the cast specimens exhibited, on average, a 10% 
lower density. This lower density is consistent with their 
reduced compressive strength and elastic modulus.

6.2 � Shear behavior

The push-out tests were carried out on a total of 12 
specimens, with three samples for each confinement 
level. Figure 9 shows interface shear stress versus slip 
curves for 3DPC specimens with and without con-
finement. A qualitative representation (i.e., contour 
plot) of the strains at the end of the test is provided 
for each graph, as obtained from DIC.

Numerical values of the most significant perfor-
mance indicators obtained from experimental results 
are summarized in Table  2. The latter includes the 

specimen nomenclature (ID), which indicates the 
type of manufacture (P for printed), the level of con-
finement (0 to 4 MPa), and the name of the specimen. 
In addition, key indicators such as maximum force 
(Fmax), minimum effective area (Amin), confinement 
level (σn), interface shear strength (τi,u where i stands 
for the interface and u the loading direction), shear 
stiffness (ks) and observed failure mode are reported.

The average interface shear strength (τi,u) ranged 
between 6.24 and 11.23  MPa for confining stress 
(σn) increasing from 0 to 4  MPa, resulting in the 
increase of interface shear strength with confining 
stress. All the printed specimens showed an inter-
layer failure (IF), with a main crack concentrated 
at the interfaces between the concrete layers (see 
Fig.  9). Furthermore, the average shear stiffness 
(ks), calculated before cracking on the ascending 
branch of each single curve between 10 and 30% 

Fig. 9   Interface shear 
stress versus slip curves 
of 3DPC specimens from 
push-out test for the dif-
ferent confining stresses: 
0 MPa (a), 1 MPa (b), 
2 MPa (c), and 4 MPa (d)
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of the interface shear strength, ranged between 239 
and 287 N/mm3 regardless of the confining stress.

From the shear stress–relative displacement 
curves shown in Fig. 9, together with the strain con-
tour plots obtained by DIC (Fig. 10), presented here 
for specimen P-2-C and similar for the other speci-
mens, three main phases can be identified:

•	 Pre-cracking phase (from origin to point A): the 
specimens show an elastic behavior, meaning 
that an increase in load results in a proportional 
increase of deformation. The first crack occurred 
at point A (see Fig. 10a).

•	 Cracking phase (from point A to point B): a non-
linear behavior is observed and, at the maximum 

load (point B), the first critical crack appeared on 
one side of the specimen (Fig. 10b).

•	 Post-cracking phase (from point B to point C): 
a post-peak behavior is observed, indicating the 
evolution of the cracking process, ending with the 
formation of a second critical crack on the oppo-
site side of the specimen (Fig. 10c). Beyond point 
C, equilibrium is no longer possible, and the spec-
imen collapses in a brittle mode.

As shown in Fig.  11, push-out tests were also 
carried out on cast specimens. However, the results 
were omitted because they were considered not rep-
resentative for characterizing the shear behavior 
of cast concrete. In fact, while printed specimens 

Table 2   Summary of the 
results of the push-out 
tests carried out on printed 
specimens

Bold value represents the 
mean value of the results 
of the three specimens (A, 
B, C) listed above the mean 
values

ID [-] σn  
[MPa]

Amin  
[mm2]

Fmax  
[kN]

τi,u  
[MPa]

ks  
[N/mm3]

Failure 
mode 
[-]

P-0-A 0 7011 107.1 7.63 449 IF
P-0-B 6783 58.9 4.34 229 IF
P-0-C 6710 90.7 6.76 114 IF
Mean value (st.dev) 6.24 (1.70) 264 (170)
P-1-A 1 6776 94.9 7.00 300 IF
P-1-B 6783 137.7 10.15 307 IF
P-1-C 6960 73.5 5.28 255 IF
Mean value (st.dev) 7.48 (2.46) 287 (28)
P-2-A 2 6636 108.2 8.15 306 IF
P-2-B 6685 138.0 10.32 – IF
P-2-C 6698 139.6 10.42 172 IF
Mean value (st.dev) 9.63 (1.28) 239 (95)
P-4-A 4 6840 160.8 11.75 307 IF
P-4-B 6832 142.5 10.43 281 IF
P-4-C 6897 158.9 11.52 182 IF
Mean value (st.dev) 11.23 (0.70) 257 (66)

Fig. 10   Typical strains development (by means of contours plot) at formation of the first crack (a), at the peak load (b), at failure 
(c), and image of the tested specimen P-2-C at failure (d)
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showed interlayer failure (IF), consistent with the 
inherently weaker interlayer bonding in extrusion-
based 3D printed concrete, cast specimens exhibited 
compressive diagonal failure (DF), due to the devel-
opment of an arch mechanism in which the diagonal 
strut undergoes compressive failure (Fig. 11).

In addition, considering a simple Mohr–Cou-
lomb failure envelope, the cohesion c and friction 
angle ϕ can be derived from a linear regression of 
the experimental data (see Fig. 12), with a vertical-
axis intercept of 5.83 MPa and an inclination angle 
of 57°, respectively.

7 � Numerical analyses

Given the layered structure of the 3DPC, conven-
tional modeling methods for masonry and other 
layered structures may serve as valuable refer-
ences [60–62]. In this study, two distinct modeling 
approaches have been employed: the smeared crack 
approach and the discrete crack approach. With 
regard to the smeared crack approach, the overall 
behavior of the element was simulated without any 
differentiation between filament layers and interface 
regions, treating the material as a continuum. On 
the contrary, the discrete cracking approach exam-
ined the behavior of the elements by considering 
each component (filament and interface) individu-
ally. In masonry structures, this involves modeling 
bricks with continuum elements and joints with 
interface elements; similarly, for 3DPC elements, 
the layers are represented by continuum elements 
interconnected by interface elements.

The commercial FE analysis software DIANA 
FEA (release 10.6) [63] was used to simulate the 
push-out test. The modeling of the push-out test 
with the smeared crack approach employed the Total 
Strain Based Crack Model. In addition, the discrete 
crack approach used the combined Cracking-Shear-
ing-Crushing Model [64], also known as composite 
interface model.

7.1 � Geometrical properties

To take advantage of symmetry, only half of the speci-
men was modeled. The specimens had a nominal 

Fig. 11   Typical shear 
stress versus slip curve (a) 
and crack pattern at failure 
(diagonal failure) of a cast 
specimen (b)

Fig. 12   Mohr–Coulomb failure envelopes: experimental 
results (dark grey), numerical results with smeared crack 
approach (green), and discrete crack approach (red).
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height of 120  mm, length of 160  mm, and width of 
60 mm; the layer thickness was 10 mm (Fig. 13). A 2D 
plane stress model was chosen by assuming a uniform 
stress distribution along the thickness of the specimen. 
Moreover, 40 mm × 60 mm steel plates were modeled 
beneath the loading point and at the bottom of the 
specimen to provide support. Four-node quadrilateral 
elements (Q8MEM) were used to simulate concrete 
and steel elements. Linear interface elements (L8IF) 
were used to simulate both the steel–concrete interface 
and the concrete-concrete interface layers (only in the 
discrete crack approach). A 5 × 5  mm2 square mesh 
was used (Fig. 13a). A mesh sensitivity analysis iden-
tified these dimensions as the right balance between 
reliability of results and efficiency of analysis.

7.2 � Boundary conditions

The constraints and loads applied are shown in 
Fig.  13b. The boundary conditions included vertical 
(in the Y direction) and horizontal (in the X direc-
tion) translation constraints on the bottom surface of 
the supporting steel plate. Because of symmetry, hor-
izontal constraints were also applied along  the axis 
of symmetry of the specimen. The upper load block 
was subjected to a downward vertical displacement 
of increasing amplitude. In addition, various levels 
of confinement (0 MPa, 1 MPa, 2 MPa, and 4 MPa) 
were applied through a distributed load on the lateral 
surface of the specimen.

7.3 � Steel to concrete interface

Interface elements were used for the contact sur-
face between the specimens and the steel support 
at the bottom. A Coulomb friction interface model 
was assumed to represent a condition as realistic as 
possible; in fact, when the cracking process starts, 
it allows sliding between the concrete and the steel 
plates, although to a minimal extent. This interface 
type is defined by the cohesion (0 MPa), the friction 
angle (10°), and the dilatancy angle (0°). The values 
of normal and shear stiffness of the contact surface 
were set at 109 N/mm3 and 10 N/mm3, respectively. 
Steel plates were modeled with linear elastic behav-
ior, characterized by an elastic modulus of 210 GPa 
and a Poisson’s ratio of 0.3.

7.4 � Smeared crack approach

The push-out test was modeled considering 3DPC 
mechanical properties discussed in Sect. 6.1, and by 
also adopting analytical formulations available in the 
literature. With reference to the smeared crack 
approach, the Total Strain Based Crack Model [65] 
was used to define tensile and compressive behavior 
of concrete. The stress–strain relationship can be 
either rotating or fixed, determining whether the crack 
orientations are constantly fixed or continuously 
adapt to the principal direction of the strain vector. A 
rotating crack model was used herein, which implies 
that cracks reorient as the test proceeds. The input 

Fig. 13   Push-out test on 
3D printed specimens: (a) 
mesh size; (b) geometry 
and boundary conditions
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data for the Total Strain Based Crack Model consists 
of basic properties of 3DPC experimentally deter-
mined (see Table 1), like the Young’s modulus Ecm,w, 
the tensile strength fctm,w and the compressive strength 
fcm,w. In addition, the definition of the tensile behavior 
of 3DPC with a multilinear tensile curve and of the 
compressive behavior with a parabolic relationship 
requires additional parameters obtained from empiri-
cal formulations. These include the Mode I fracture 
energy GI

f
(Sect.  7.4.1), the fracture energy in com-

pression Gc, the strain at peak compressive strength 
αc, and the crack bandwidth h (Sect. 7.4.2).

7.4.1 � Constitutive law for 3DPC in tension

Uniaxial tensile behavior of 3DPC has been mod-
eled by the multilinear tensile curve proposed by 
fib Model Code 2010 [66] (see Fig.  14a), given the 
tensile strength fctm,w, as reported in Table 1, and the 
Mode I fracture energy, as defined by the following 
equation [66]:

where fcm is the compressive strength, experimentally 
determined (equal to fcm, w, Table 1).

7.4.2 � Constitutive law for 3DPC in compression

Uniaxial compressive behavior has been described by 
a parabolic relationship (see Fig. 14b), on the basis of 
the experimental compressive strength fcm,w reported 
in Table 1. Moreover, the fracture energy in compres-
sion Gc was assumed to be about 70 times the Mode I 
fracture energy GI

f
 [67], and the strain in correspond-

ence of the peak compressive strength αc was esti-
mated as [67]:

where Ecm,w is the elastic modulus of concrete. A 
further parameter to be considered is the crack band-
width h defined by Rots [68] for two-dimensional ele-
ments as follows:

(5)GI
f
= 73

(

fcm
)0.18

(6)�c =
5

3

fcm,w

Ecm,w

(7)h =
√

2 ⋅ A

where A is the total area of the bi-dimensional finite 
element.

7.5 � Discrete crack approach

In order to deepen the understanding of the behavior 
of interfaces between consecutive layers in the over-
all structural response of 3DPC elements, a discrete 
crack approach was adopted to consider the interface 
region and concrete layers separately.

The interface elastoplastic constitutive model 
introduced by Rots and Laurenco [64], known as the 
combined Cracking-Shearing-Crushing model or the 
combined interface model for unreinforced masonry, 
has been adopted in the numerical study (Fig.  14c). 
The domain is enclosed by a composite yield surface, 
which includes a tension cut-off for tensile failure 
(Mode I), a Coulomb friction envelope for shear 
(Mode II), and a model for compression failure 
defined by Rots and Laurenco [64] as cap model. The 
parameters of the constitutive model—such as the 
tensile strength fctm,w, the compressive strength fcm,w, 
cohesion c, friction angle ϕ, and shear stiffness mod-
ulus ksc—were derived from experimental results (see 
Table  1 and Section  6.2). In addition, the model 
requires parameters estimated through empirical for-
mulations by following the recommendations of Lau-
renco [69], including the Mode I fracture energy GI

f
 , 

the dilatancy angle ψ, the Mode II fracture energy 
GII

f
 , and the elastic normal stiffness knc.
The tension cut-off is characterized by the tensile 

strength fctm,w (see Table  1) and the Mode I fracture 
energy, which is calculated according to Eq.  (5) [66]. 
The Coulomb friction envelope is defined through the 
cohesion c and the friction angle ϕ (which is assumed 
constant [69]). Furthermore, the shear (Mode II) frac-
ture energy GII

f
 , which depends on the level of normal 

stress acting on the interface-layer, is assumed to have 
an average value equal to 1/10 of cohesion c [69] since 
the push-out test setup does not allow an accurate esti-
mation of the shear fracture energy of Mode II GII

f
 . The 

compressive behavior is described through the com-
pressive strength fcm,w (see Table 1) and the coefficient 
Cs, which defines the shape of the elliptical cap and is 
estimated by the following expression [69]:
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It should be noted that the compressive behavior 
at the interface was not considered relevant since the 
objective of the study is to characterize the behavior 
of the interface under shear actions. Finally, the elastic 
shear stiffness ksc was set equal to a constant value of 
265 N/mm3 (see Table 2), which represents the average 
value of the experimental results regardless of the con-
finement level, since no experimental dependence was 
observed for the stiffness at the interface. The elastic 
normal stiffness knc is determined according to [62]:

Table  3 summarizes the mechanical properties 
considered in the models, both in the smeared and the 
discrete crack approaches.

(8)Cs <

√

fcm,w

c

(9)knc = ksc ⋅ 2 ⋅ (1 + �)

7.6 � Numerical results

Numerical results are presented as interface shear 
stress vs. slip curves in Fig. 15 for both the smeared 
crack approach (SCA) and the discrete crack approach 
(DCA), for each confining stress considered in the 
experimental campaign (0  MPa, 1  MPa, 2  MPa and 
4 MPa).

The numerical predictions from SCA (repre-
sented by a black dashed line in Fig.  15) provide a 
good approximation of experimental curves; in fact, 
the model accurately describes the linear (pre-peak) 
behavior and the maximum interface shear strength. 
Following the peak, a softening phase aligns well 
with experimental data. As interface slip arises from 
crack formation, the model adeptly captures the 
abrupt stiffness reduction when macro-cracks propa-
gate. The accuracy of the SCA model increases with 
the confinement level.

As far as the numerical results obtained from 
DCA (represented as a black dotted line in Fig.  15) 

Fig. 14   Material constitutive law adopted for the modeling of the push-out test [65]: tensile behavior (a), compressive behavior (b), 
interface material model (c)
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are concerned, a good representation of experimental 
results is observed as well, both in terms of shear stiff-
ness and maximum interface shear strength. The post-
peak behavior is also well represented, where a rapid 
drop in strength after crack initiation is observed.

Therefore, both methodologies accurately cap-
ture the behavior of specimens under push-out test-
ing, but a more stable post-peak behavior seems 
to be observed in DCA models. Table  4 presents a 
comparison between the maximum interface shear 
strength and shear stiffness as obtained from experi-
ments and numerical analysis. As far as the interface 
shear strength is concerned, the differences between 
experimental results and numerical predictions are 
limited to about 15% and can be considered accept-
able. On the other hand, the shear stiffness is overes-
timated by approximately 40% by the smeared crack 
approach, which is reasonable as this approach does 
not consider the presence of failure at the interface. In 
contrast, the discrete crack model underestimates the 
stiffness by about 20%.

7.7 � Failure criterion

The comparison between experimental and numeri-
cal results is also discussed with a linear regression 
on the interface  shear strength versus normal stress 
(i.e., confining stress) plane. Experimental results 

can be represented by a Mohr–Coulomb failure enve-
lope with a cohesion equal to 5.83  MPa and a fric-
tion angle equal to 57° (dark grey line in Fig.  12). 
By adopting the same failure criterion, SCA and 
DCA numerical models provide a cohesion (5.51 
and 5.15  MPa) and a friction angle (61° and 59°), 
consistent with the experimental results (green line 
and red line in Fig.  12 for SCA and DCA models, 
respectively).

8 � Concluding remarks

Unlike traditional concrete, which can be considered 
as an isotropic material, the 3DPC made by extrusion 
is characterized by a layered structure due to its con-
struction process. The behavior of interfaces under 
combined shear and normal actions has been deeply 
investigated by means of a novel testing methodology 
and advanced numerical tools based on smeared and 
discrete crack approaches. From the experimental and 
numerical results presented herein, the following con-
clusions can be drawn:

•	 due to the layered structure of 3DPC, conven-
tional test methods for concrete are not always 
adequate. Therefore, a new push-out test method 

Table 3   Input parameters 
for the numerical models

* those properties were 
evaluated through empirical 
formulas or established 
literature

Smeared crack approach Elastic modulus Ecm,w [MPa] 28,000
Poisson ratio ν – 0.2
Crack orientation – – rotating
Tensile strength fctm,w [MPa] 2.9
Fracture energy mode I* GI

f
[N/mm] 0.15

Compressive strength fcm,w [MPa] 55
Compressive fracture energy* Gc [N/mm] 10
Strain at peak* αc ‰ 3.3

Discrete crack approach Normal stiffness modulus* knc [N/mm3] 640
Shear stiffness modulus ksc [N/mm3] 265
Tensile strength fctm,w [MPa] 2.9
Fracture energy mode I* GI

f
N/mm 0.15

Cohesion c [MPa] 6
Friction angle ϕ [°] 57
Dilatancy angle ψ [°] 0
Fracture energy mode II* GII

f
[N/mm] 0.6

Compressive strength fcm,w [MPa] 55
factor Cs* Cs – 3
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is proposed to investigate the shear behavior of 
interfaces between layers, by considering dif-
ferent levels of transverse confinement (0  MPa, 
1 MPa, 2 MPa, and 4 MPa). All the tests (three 
tests for each confinement level considered) 

showed an interface failure with a well-defined 
crack concentrated at the interface between con-
crete layers. The  interface shear strength τi,u 
varied between 6.24 and 11.23  MPa, linearly 
increasing with the level of confining stress. The 

Fig. 15   Interface shear 
stress vs. slip as obtained 
with the smeared crack 
approach (SCA) and the 
discrete crack approach 
(DCA): 0 MPa (a), 1 MPa 
(b), 2 MPa (c), and 4 MPa 
(d) confining stress

Table 4   Maximum experi-
mental interface shear 
strength �i,u , shear stiffness 
ks, and comparison with the 
numerical results for differ-
ent confinement level �n

�n   
[MPa] 

�i,u  
[MPa]

ks  
[N/mm3]

Experiment SCA DCA Experiment SCA DCA

0 6.24 5.84(− 7%) 5.40 (− 14%) 264 420(+ 38%) 212(− 20%)
1 7.48 7.61(+ 2%) 7.18 (− 4%) 287 444(+ 35%) 212(− 26%)
2 9.63 9.68(+ 1%) 9.16 (− 5%) 239 406(+ 41%) 212(− 12%)
4 11.23 11.93(+ 6%) 10.93 (− 3%) 257 343(+ 25%) 212(− 18%)
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shear stiffness was little influenced by the level 
of confinement. Experimental results can be 
approximated by a Mohr–Coulomb failure enve-
lope with a cohesion equal to 5.83  MPa and a 
friction angle equal to 57°.

•	 Numerical simulations of push-out tests were vali-
dated against experimental results with the aim 
of developing valuable tools for the modeling of 
larger-scale 3DPC structural elements and build-
ings. Non-linear finite element analyses, based 
on both smeared crack approach (SCA) and dis-
crete crack approach (DCA), provided satisfactory 
approximation of the experimental results in terms 
of elastic stiffness, interface shear strength, and 
post-cracking behavior. By adopting the Mohr–
Coulomb envelope, numerical results provided 
a good approximation of the cohesion and of the 
friction angle.
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