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Abstract

This study deals with the assessment of the load-bearing capacity of layered 3D

printed concrete (3DPC) using a modified slant shear test (MSST) to define a

Mohr's envelope. To this aim, the established modified Coulomb yield condition

of the concrete is complemented by a Coulomb failure criterion of the layer

joints (cold or dry joints). Due to the anisotropy inherent to 3DPC elements,

caused by the interlayer of printed concrete, the test setups commonly used for

conventional concrete are inadequate to assess the load-bearing capacity of

3DPC. A total of 45 3DPC specimens with different inclinations of the concrete

printed layers, including a cold joint with 30 min time gap were tested using the

MSST. The results showed a high strength of the interfaces with two different

failure modes, depending on the inclination of the layers: (i) concrete matrix

failure and (ii) layer interface failure, where the latter governed for layer inclina-

tions of 60� and 75� with respect to the horizontal plane. The test campaign con-

firms that the proposed MSST is a highly practical test method that enables

determining the parameters governing a Mohr's envelope of layered 3DPC and

can thus be used to reliably characterize its load-bearing capacity.
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1 | INTRODUCTION

1.1 | Overview

Nowadays, 3D printed concrete (3DPC) is mainly used
as non-load-bearing elements, either as lost formwork
to cast complex geometries (e.g., curved walls and
bespoke columns), or to conceive hybrid structures,1,2

rather than being fully integrated as part of load-bearing
structures. This is primarily due to the lack of a design

basis for load-bearing 3DPC, including the uncertainty
related to the effect of the layer joints on the concrete
strength, and the difficulty to arrange reinforcement.
These issues must be addressed in order to facilitate the
use of load-bearing 3DPC, enabling highly material-
efficient structures by reducing the wall thickness of
structural elements to a minimum and hence, benefiting
from the related reduction of CO2 emissions (reduced
material use, particularly concrete and hence, cement)
and fabrication waste.3,4
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While the integration of reinforcement in 3DPC has
recently received considerable attention,5–15 little
research has targeted the fact that the bases of design for
conventional concrete cannot be directly applied due to
the anisotropy inherent to 3DPC elements caused by the
printing process.16,17 Specifically, while numerous 3DPC
tests have been carried out using various setups to evalu-
ate the 3DPC strength,18–25 and several mechanical
models, such as the modified Mohr-Griffith compression-
shear constitutive model for 3DPC26 or the Mohr-
Coulomb failure27 have also been considered. Neither a
specific failure criterion nor a practical test method has
yet been established to reliably characterize the load-
bearing capacity of layered 3DPC, accounting for the
anisotropy caused by the interlayer behavior.

The present paper addresses these issues by proposing
a modification of the standard method for determining
slant shear strength,28 and using this modified test
method to characterize the load-bearing capacity of lay-
ered 3DPC specimens in plane stress by means of a
Mohr's envelope.

1.2 | Particularities of 3DPC

Mechanically, 3DPC differs from ordinary cast concrete
primarily by (i) a much smaller aggregate size (which
strictly speaking qualifies as fine mortar, rather than con-
crete) and (ii) the presence of joints between layers. As
the layer joints are weaker than the concrete matrix, they
cause an anisotropy that affects the load-bearing capacity
and the failure mode: in addition to concrete matrix fail-
ures along a failure surface depending on the stress state,
layer interface failure may occur. The strength and the
failure modes of 3DPC thus not only depend on
the material properties of the concrete matrix as in con-
ventionally cast elements but also on the behavior of the
layer joints. The latter is governed by the interface
characteristics—which depend on the concrete matrix,
the interval time between the layers, and the possible
presence of voids between the layers—as well as the ori-
entation of the layers with respect to the principal stress
directions, which can be defined by the ratio of shear to
normal stresses acting on the interlayer plane (see
Figure 1).

Adopting a Coulomb failure criterion,29 the strength
of the interfaces can be characterized by the angle of
internal friction of the matrix φc, the angle of friction
between the concrete layers φi (cold and dry joints), and
the cohesion c, which are also established parameters for
characterizing the strength of the concrete matrix.30

Throughout the text, the terminology angle of friction
will be used for both the matrix and the concrete layers.

Based on numerous studies on conventionally cast con-
crete, it is well-known that these parameters are directly
related to the concrete compressive strength and are
affected by several properties of the concrete mix (aggre-
gate size, porosity, shrinkage, age, etc.).30,31 However,
there is a lack of research in the literature that focuses on
the effect of 3D printing.

In Jayathilakage et al.,27 the mechanical parameters
of a concrete mix designed for 3D printing were assessed
through direct shear tests on cast specimens, yielding
angles of (internal) friction of 45�… 55�. In van den
Heever et al.,26 the shear properties of a fiber-reinforced
printable concrete were assessed through direct shear
tests. Small 3DPC cylinders (Ø21.6 � 20 mm) were tested
by applying the shear load in different directions with
respect to the concrete layers. An angle of (internal) fric-
tion of around 45� was found for both cast and layered
specimens. Regarding the interlayer interval time, it has
been shown experimentally that the compressive and
flexural strength may be affected by the interval time of
the printing process, which was varied up to 24 h.23,32

Further research studies indicated that with an interlayer
interval time between 10 and 30 min, the material prop-
erties are similar.33 In addition, the presence of voids can
have a significant impact. Such voids typically result from
the printing of adjacent filaments, which may be required
depending on the width of the printed layers and the spe-
cific object to be printed: the required wall thickness may
exceed that of a single filament, and in some cases the
choice of a several narrow instead of one wider filament,

FIGURE 1 3D printed concrete specimen with definition of

layer inclination α and stresses acting on the layer plane: σv are the

applied vertical stresses; σn and τtn are the normal and shear

stresses at the interface between concrete layers.
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hence using a smaller extruder radius, facilitates the opti-
mization of complex geometries (e.g., bespoke col-
umns1,34,35) and enables the printing of holes for
reinforcement purposes (see Figure 2).

1.3 | Modified slant shear test

In conventional concrete, the slant shear test (Figure 3) is
used to study the interfacial bond strength between con-
crete cast at different times, or concrete and a repair
material36 (e.g., adhesives) by conducting uniaxial com-
pression tests on prisms with an interface plane oriented
at an angle of α = 60� to the horizontal.28 It was initially
introduced by the University of Arizona,37 using a

composite cylinder, and successively, Tabor38 used pris-
matic specimens for the test. Currently, specimens of dif-
ferent sizes and geometries are employed, and the bond
strength between the substrate and the repair material
was investigated by considering different inclinations of
the bond plane. Different shear-normal stress ratios at
the interface were investigated by loading the specimen
in compression.39–41 It has been shown that the shear
strength as well as the failure mode, which may occur by
either layer interface or matrix failure, is influenced
by various factors such as the interface angle,39–41 inter-
face roughness,42 differential stiffness between the
layers,43 specimen dimension, and curing conditions,40

among others.
While the slant shear test is widely used, other test

methods, such as the bi-surface test and the push-out
test, are also used to assess the bond strength. Several
studies have compared the results obtained from these
different tests. According to the research of Momayez
et al.42 and Zanotti and Randl,39 the strength measured
with the slant shear test resulted higher than that
obtained with the bi-surface shear test42 or the push-out
test.39 This increase in strength might be attributed to
increased interlock and friction at the interface caused by
the compressive stresses generated during the test.

Some recent research studies proposed variations of
the slant shear test. The study by Saldanha et al.44 pro-
posed a version of the slant shear test that ensures a layer
interface failure by reinforcing the upper and lower parts
of the specimens. Monolithic (no joints) specimens, both
unreinforced and reinforced, were tested, showing matrix
and layer interface failure, respectively. Hua et al.45

investigated the effect of shear key angles and shear joint
inclinations of 3DPC shear keys. The specimens were
tested at different interface inclinations and exhibited a
failure mode that involved layer interface and matrix fail-
ure. The results of these tests were also compared with

FIGURE 2 Layer joints, print-paths, and reinforcement concept for an elliptic hyperbolic column and interlayer rebar: (a) vertical and

horizontal reinforcing bar layout; (b) placement of one interlayer reinforcing bar ring during 3D printed concrete; (c) print path with three

adjacent parallel filaments per layer.35

FIGURE 3 Slant shear test to evaluate the strength of the

interface between concrete layers cast at different times.28
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push-off tests, which gave unexpectedly higher results. In
fact, during the slant shear test, some specimens experi-
enced a non-uniform compressive load transfer due to
dimensional variations in the 3DPC filaments, leading to
slight bending and reduced peak shear strength com-
pared to that obtained from push-off test.

This established test method is adapted in this study
to the modified slant shear test (MSST), as illustrated in
Figure 3, by varying the layer plane inclination α.

The anisotropy of 3DPC caused by the printing pro-
cess can be captured by carrying out a series of MSST
with varying layer plane inclinations α, determining the
shear transfer capacity across the layer joints for different
stress states. Based on the results of a MSST series with
varying layer plane inclination α, the interface behavior
and, hence, the direction-dependent load-bearing capac-
ity of 3DPC, the corresponding strength parameters and
the failure modes can readily be obtained.

2 | EXPERIMENTAL CAMPAIGN

An experimental campaign was conducted at ETH Zurich
(2022) to investigate the load-bearing capacity of 3DPC.
The MSST was used to determine the 3DPC strength,
accounting for the influence of the anisotropy generated
by the printed concrete layers. A total of 45 3DPC speci-
mens were tested at various ages (7, 14, and 28 days after
printing). As specified in EN 12615:1999,28 the specimens
consisted of 3DPC prisms 400 mm high with a square
100 � 100 mm2 cross-section. A variety of concrete layer
inclinations α to the horizontal plane (instead of only one
constant inclination of 60� according to the standard28)
were considered. It should be noticed that each specimen
included a cold joint with 30 min time gap.

Note that the proposed MSST aims to evaluate the
3DPC performance, taking into account the influence of
the concrete layer interface, which can be of different
types, dry or cold, with different time gaps, with treat-
ments or including adhesives, among others. The MSST
also allows the study of other parameters, such as rough-
ness and curing conditions, among others, that may
influence the strength of the concrete layer interface.
However, this study does not examine these parameters
and focuses on presenting the results obtained from the
specimens produced as described in the following
sections.

2.1 | Material

The 3D printing mortar used for the specimens consists
of a dry mix that includes white Portland cement (CEM I

42.5R) at a proportion of 525 kg/m3 combined with lime-
stone (<125 μm) and three grades of quartz sand (<0.1,
0.1–0.6, and 0.6–1.25 mm). A superplasticizer and a vis-
cosity modifier are also added in dry form, dosed to the
cement content. The water-to-cement ratio is 0.5. The
accelerator is a slurry of white calcium aluminate cement
and calcium sulfate anhydrite (1:2.1 ratio) at a water-
to-powder ratio of 0.35. The thickener is based on a
sodium metasilicate solution and a starch ether-based
viscosity modifier. The accelerator and thickener are
dosed at the printhead at standard ratios of 0.05 and
0.01 by mass of the concrete flow rate, respectively. The
three components can be adjusted throughout the pro-
cess depending on room conditions, with the accelerator
dominating strength buildup behavior and the thickener
dominating initial yield stress, which governs the fila-
ment shape.46 Be aware that the maximum aggregate
size of the material used within this study is below
4 mm; therefore, the cement-based material used in this
research may be defined as “high-strength mortar.”
However, the term “concrete” is preferred throughout
this manuscript, as commonly used in the literature
on 3DPC.

The flexural tensile and compressive strengths of the
3DPC were determined at 7, 14, and 28 days by testing
three cast concrete specimens (160 � 40 � 40 mm3) at
each concrete age, according to EN 1015-11:2020.47 The
specimens were printed and cured in laboratory environ-
ment with a temperature of 20� and a humidity of 45%.
The flexural tensile strength fctm,fl was determined by
three-point bending tests (Figure 4a,b), and the compres-
sive strength fcm was obtained from uniaxial compression
tests on the broken pieces of the three-point bending tests
(Figure 4c).

The compressive strength of the concrete fcm is deter-
mined by:

f cm ¼Fmax

b lp
, ð1Þ

where lp is the width of the loading plate (40 mm).
The flexural tensile strength of the concrete fctm,fl is

determined by:

f ctm,fl ¼
3
2
Fmax l

b h2
, ð2Þ

where Fmax is the maximum load of the three-point bend-
ing test, l is the distance between the supports (100 mm
± 0.5 mm), and h and b are the depth (40 mm) and the
width (40 mm) of the concrete specimen, respectively.
The tensile strength fctm of 3DPC is estimated based on
the flexural tensile strength according to Eurocode 248 as:

2470 LICCIARDELLO ET AL.
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f ctm,fl ¼ max 1:6� h
1000

� �
f ctm; f ctm

� �
,

f ctm ¼ min
f ctm,fl

1:6� h=1000ð Þð Þ ; f ctm,fl

� �
,

ð3Þ

where h is the total member depth and fctm is the mean
tensile strength. Table 1 compiles the flexural tensile
strength fctm,fl, the compressive strength fcm, and the esti-
mated tensile strength fctm of the specimens tested at
7, 14, and 28 days according to EN 1015-11:2020.47 The
averages of the estimated tensile strength fctm are 6.15,
6.86, and 8.14 MPa at 7, 14, and 28 days, respectively,
with an average ratio fcm/fctm of about 9, which is in the
same range as expected for conventional cast concrete
(fcm/fctm ’ 10 for uniaxial compression test). It should be
noted that tensile strength back-calculated from the flex-
ural tensile strength and the double-punch tests are sig-
nificantly higher and lower, respectively, as observed in
Soto et al.49

2.2 | Specimens

The specimens were produced at ETH Zurich using a
robotic arm equipped with a printing nozzle and cured in
a laboratory environment with a temperature of 20� and
a humidity of 45%. Detailed information on the printing

setup can be found in Refs. 1,34. To be able to produce
the 3DPC specimens for MSST with the dimensions
100 � 100 � 400 mm3 as specified for the standard slant
shear test by Ref. 28, but with several concrete layer incli-
nations (Figure 2), they were cut out of 3DPC walls of
100 mm thickness and variable height and length
(Figure 5a). A single printed concrete layer was formed
by a 25 mm wide filament and 7 mm thick print-path,
that is, the 100 mm wall width consisted of four adjacent
parallel filaments (Figure 5a,b) printed using a suitable
print path. To consider a certain tolerance of possible
interruption during the production of 3DPC elements, a
cold joint with 30 min time gap, referred to in the follow-
ing as Cold Joint-30, was introduced at approximately
half height of the 3DPC specimens (indicated as a dotted
black line in Figure 5c) by pausing the printing. The sur-
face of Cold Joint-30 was essentially smooth, as it was not
subjected to any treatment.

The specimens, cut from the 3DPC walls (Figure 5c),
consisted of 3DPC prisms 400 mm high with a
100 � 100 mm2 square cross-section, with different con-
crete layer inclinations α = 0�, 30�, 60�, 75� and 90�

(Figure 6) and Cold Joint-30 at half height. The real
dimensions of the specimens varied from 398 to 405 mm
coefficient of variation (CoV 0.93%), from 96 to 106 mm
(CoV 4.9%) and from 106 to 119 mm (CoV 5.5%) consid-
ering the height, the length, and the width, respectively.

FIGURE 4 Concrete beam test: (a) specimen; (b) three-point bending test; and (c) compression test.

TABLE 1 Flexural tensile strength

fctm,fl, compressive strength fcm, and

estimated tensile strength fctm of the 3D

printed concrete.

Concrete age fctm,fl
a (MPa) fcm

a (MPa) fctm
b (MPa) fcm/fctm (-)

7 days 9.6 57.7 6.15 9.4

14 days 10.7 63.7 6.86 9.3

28 days 12.7 66.2 8.14 8.1

aAccording to EN 1015-11:2020.47
bAccording to Eurocode 2.48
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(c) 

(a) (b) 

FIGURE 5 (a) 3D printed concrete walls with Cold Joint-30; (b) specimen cross-section; and (c) example of the cutting layout of the

specimens.

(a) (b) (c) (d) (e) 

FIGURE 6 3D printed

concrete specimens with different

concrete layer inclinations to the

horizontal plane: (a) 0�; (b) 30�;
(c) 60�; (d) 75�; and (e) 90�.

2472 LICCIARDELLO ET AL.
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The nominal dimensions of the specimens are used to
determine the cross-sectional areas in the following. For
each interlayer inclination (α = 0�, 30�, 60�, 75�, and
90�), three groups of three specimens each were tested at
7, 14, and 28 days after the printing, resulting in a total of
45 prisms. Table 2 summarizes the experimental cam-
paign, including the specimen designation, indicating the
type of production (P for 3DPC), the concrete layer incli-
nation (α), the time gap in hours of the cold joint (0.5),
the finishing of the surface (N for normal = no treat-
ment), and the concrete age at testing. Note that in the
present study, only layer inclination and concrete age

were varied, but future test campaigns addressing the
effect of further parameters are planned.

Figure 7 shows the horizontal and inclined sections (par-
allel to printed layers) of the tested specimens with concrete
layer inclinations α = 0� … 75� (Figure 7a) and vertical con-
crete layer inclinations (α = 90�; see Figure 7b). Due to the
fabrication process, the two external faces of the 3DPC speci-
mens that had not been cut exhibited wavy surfaces caused
by the printed concrete layers (Figure 7). Furthermore, it
should be noted that the 3DPC specimens were not fully
solid but internal voids were located between the filaments
(print-paths), that is, three vertical wavy interfaces formed

TABLE 2 Overview of the experimental campaign. Specimen designation: production (P = 3D printed concrete [3DPC])-inclination-time

gap (in hours)-surface finishing (N = normal, no interface treatment)-concrete age (days).

Designation
Number of
tests (�)

Production
(�)

Inclination
α (�)

Time
gap (h)

Surface
finishing (�)

Concrete
age (days)

P-00-0.5-N-07 3 3DPC 0 0.5 Normal 7

P-00-0.5-N-14 3 3DPC 0 0.5 Normal 14

P-00-0.5-N-28 3 3DPC 0 0.5 Normal 28

P-30-0.5-N-07 3 3DPC 30 0.5 Normal 7

P-30-0.5-N-14 3 3DPC 30 0.5 Normal 14

P-30-0.5-N-28 3 3DPC 30 0.5 Normal 28

P-60-0.5-N-07 3 3DPC 60 0.5 Normal 7

P-60-0.5-N-14 3 3DPC 60 0.5 Normal 14

P-60-0.5-N-28 3 3DPC 60 0.5 Normal 28

P-75-0.5-N-07 3 3DPC 75 0.5 Normal 7

P-75-0.5-N-14 3 3DPC 75 0.5 Normal 14

P-75-0.5-N-28 3 3DPC 75 0.5 Normal 28

P-90-0.5-N-07 3 3DPC 90 0.5 Normal 7

P-90-0.5-N-14 3 3DPC 90 0.5 Normal 14

P-90-0.5-N-28 3 3DPC 90 0.5 Normal 28

(a) (b)

FIGURE 7 Sections in horizontal and inclined planes and geometric parameters to calculate the effective areas (Ah,eff and An,eff) of the

specimens. (a) α = 0�, 30�, 60�, and 75�; (b) α = 90�.
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by the contact of two wavy surfaces (Figure 7a,b) each. This
was a consequence of the choice to use a small extruder
radius as commonly required for the printing of complex
geometries.34,35 Consequently, a reduced or effective cross-
sectional area of each specimen is taken into account to
estimate the 3DPC strength, accounting for the fact that
the internal voids and all surface waves do not contribute
to the strength (white shaded areas in section 1-1 of
Figure 7). While the wave radius is variable due to printing
imperfections, an average wave radius equal to the targeted
7 mm concrete layer thickness was considered for simplic-
ity. Two effective cross-sectional areas are distinguished:
(i) the effective horizontal area AH,eff, that is, corresponding
to the cross-section perpendicular to applied vertical force
F (sections 1-1 and 3-3), and (ii) the effective slanting area
An,eff, which corresponds to the cross-sections contained in
the inclined interface planes n (section 2-2), see Figure 7a.

The effective horizontal area AH,eff and the effective
slanting area An,eff for the specimens with concrete layer
inclinations α = 0� … 75� are given by:

AH,eff ¼A �B � 1� t
d

� �
,

An,eff ¼A �B � 1
cosα

� t
d

� �
,

ð4Þ

respectively, where A and B are the nominal dimensions
of the cross-section (equal to 100 mm), t is the thickness
(7 mm), and d the width (25 mm) of the filament, and α
is the concrete layer inclination to the horizontal plane in
the slant shear test specimen.

The effective horizontal area AH,90,eff (section 3-3) for
the specimens with a vertical concrete layer inclination
(α = 90�) is calculated by:

Ar,tot ¼A
t
�B
d
� t2�πt2

4

� �
¼A �B � t

d
1�π

4

� �

AH,90,eff ¼A �B�Ar,tot ¼A �B � 1� t
d

1�π

4

� �h i
,

ð5Þ

where Ar,tot is the total area of the voids between the four
parallel vertical layers created by the print-paths
(Figure 5b).

2.3 | Test setup

Figure 8 shows the test setup of the MSST for 3DPC,
which essentially is a uniaxial compression test on 3DPC
prisms (400 � 100 � 100 mm3) with different concrete
layer inclinations. The 3DPC tests were carried out using a
servo-hydraulic universal testing machine with a capacity
of 1600 kN. The 3DPC specimens were placed in a vertical
position (Figure 8) and subjected to axial compression in
displacement control with a rate of 0.2 mm/min.

3 | RESULTS

Figure 1 shows the stresses on a horizontal and on an
inclined section of the 3DPC specimens subjected to a
vertical compressive force F: σv are the vertical stresses
(normal stresses on a horizontal plane), while σn and τtn
are the normal and shear stresses acting on the interface
section between 3DPC layers, inclined at an angle α to
the horizontal, respectively. These stresses are calculated
as follows:

FIGURE 8 Test setup of the

modified slant shear test for 3D

printed concrete.
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σv ¼ F
AH,eff

α¼ 0�…75�ð Þ

σv ¼ F
AH,90,eff

α¼ 90�ð Þ,
ð6Þ

σn ¼ σv cos2α, ð7Þ

τtn ¼ σv sinαcosα, ð8Þ

where AH,eff and AH,90,eff are the effective horizontal areas
calculated according to Equations (4) or (5) depending on
the concrete layer inclinations.

Table 3 and Figure 9 show the mean stresses (the
standard deviation is reported in parentheses) in the hori-
zontal and inclined planes (σv,m, σn,m, and τtn,m) for the
peak compression force Fmax obtained from the three
tested specimens of each series for a given concrete layer
inclination and concrete age (excluding those with no
representative results, for example, due to excessive
imperfections). Depending on the layer inclination, two
different failure modes were observed (see Table 3):
(i) matrix failure (Figure 10a,b,e), and (ii) layer interface
failure. While the specimens with layer inclinations of 0�,
30�, and 90� exhibited matrix failures, layer interface fail-
ures occurred at the Cold Joint-30 of the specimens with

TABLE 3 Modified slant shear test results: maximum force Fmax, mean vertical stresses σv,m, mean normal σn,m, and mean shear

stresses τtn,m in the interfaces between concrete layers. Shading highlights specimens with layer interface failure. Standard deviation “().”

α (�) Designation (-) Days (-) Failure Fmax (kN) σv,m (MPa) σn,m (MPa) τtn,m (MPa)

0 P-00-0.5-N-07 7 days Matrix 462.86 (5.70) �57.66 (2.51) �57.66 (2.51) -

P-00-0.5-N-14 14 days Matrix 543.24 (14.89) �68.49 (1.75) �68.49 (1.75) -

P-00-0.5-N-28 28 days Matrix 412.64 (25.94) �53.47 (2.90) �53.47 (2.90) -

30 P-30-0.5-N-07 7 days Matrix 528.03 (13.56) �65.66 (0.81) �49.24 (0.61) 28.43 (0.35)

P-30-0.5-N-14 14 days Matrix 681.22 (10.97) �85.78 (1.25) �64.34 (0.94) 37.14 (0.54)

P-30-0.5-N-28 28 days Matrix 621.97 (35.69) �78.99 (3.19) �59.24 (2.39) 34.20 (1.38)

60 P-60-0.5-N-07 7 days Layer interface 469.76 (71.56) �58.52 (9.02) �14.63 (2.25) 25.34 (3.90)

P-60-0.5-N-14a 14 days Layer interface 633.33 (�) �77.86 (�) �19.46 (�) 33.71 (�)

P-60-0.5-N-28 28 days Layer interface 510.15 (85.38) �64.16 (11.11) �16.04 (2.78) 27.78 (4.81)

75 P-75-0.5-N-07 7 days Layer interface 443.88 (18.38) �56.25 (1.57) �3.77 (0.11) 14.06 (0.39)

P-75-0.5-N-14 14 days Layer interface 584.63 (4.35) �73.52 (2.74) �4.92 (0.18) 18.38 (0.69)

P-75-0.5-N-28 28 days Layer interface 496.89 (95.84) �62.27 (11.76) �4.17 (0.79) 15.57 (2.94)

90 P-90-0.5-N-07 7 days Matrix 640.33 (14.29) �55.00 (1.44) - -

P-90-0.5-N-14 14 days Matrix 647.12 (50.72) �59.36 (4.52) - -

P-90-0.5-N-28 28 days Matrix 665.40 (14.13) �59.29 (2.69) - -

aOnly one specimen with acceptable result (see Appendix A).

FIGURE 9 Mean stresses for different concrete layer inclinations: (a) mean vertical stress σv,m; (b) mean normal stresses σn,m in the

inclined planes; (c) mean shear stresses τtn,m in the inclined planes.
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concrete layer inclinations of 60� (Figure 10c) and 75�

(Figure 10d), see also Table 3.
The maximum mean normal stress σv,m (Figure 9a)

ranged from �55 to �65, �60 to �85, and �53 to
�78 MPa at 7, 14, and 28 days after the printing, respec-
tively, indicating that the 3DPC had gained its full
strength 14 days after the printing. While about 80% of
the maximum strength was already reached at 7 days, the
experimentally observed 3DPC strength at an age of
28 days was slightly lower than at 14 days. Apart from
experimental scatter, this unexpected result can be attrib-
uted to the imperfections and irregularities in the cuts
and printing patterns, which were generally more pro-
nounced in the specimens tested at 28 days than in those
tested at other concrete ages. Furthermore, for the speci-
mens with horizontal concrete layers (α = 0�), the print-
ing imperfections in the faces of force application (the
load application faces lacked smoothness and uniformity
since they were not cut) also affected the bearing capacity
since the four parallel filaments (Figure 5b) were not uni-
formly loaded, causing certain stress concentrations.
Therefore, a significantly lower strength (reduction of
about 10%, 20%, and 30% at 7, 14, and 28 days, respec-
tively) was observed compared to the specimens with
α = 30� (Figure 10b), which also failed by crushing of the
concrete matrix. The specimens with vertical concrete
layers (α = 90�) also exhibited an appreciably lower
strength (reduction of about 15%, 30%, and 25% at 7, 14,
and 28 days, respectively) than those with α = 30�. In
this case, the concrete matrix failure was accompanied by
a debonding in the vertical layer interfaces, similar to
failures by laminar splitting common in compression
tests on high-strength concrete cylinders (see Figure 10e).

Figure 9b,c compare the mean normal and shear
stresses (σn,m and τtn,m) in the inclined planes for the dif-
ferent layer inclinations, obtained from the applied

vertical stress by Equations (7) and (8), respectively.
These stresses are mainly relevant for the specimens with
α = 60� and 75�, which failed by the concrete layer inter-
face (Figure 10c,d), as they allow to define the strength
parameters (the angle of friction and the cohesion) of the
assumed Coulomb failure criterion of the interfaces (see
Section 4). From the results, it is concluded that a 30-min
time gap between the printing of the concrete layers was
enough to reduce the interface strength in specimens
with 60� and 75� layer inclinations. This result does not
depend on other factors that may influence the strength
(such as roughness and curing conditions, among others)
since failure occurred consistently at the Cold Joint-30
and not at other joints. However, this study does not
allow to draw conclusions on the influence of the time
gap, as the experimental campaign did not include sam-
ples without no or with longer gap (e.g., 24 h), nor can
the results be directly used for other 3DPC processes.

In addition, it should be observed that horizontal fric-
tion between the specimen and the top/bottom bearing
faces, which is caused by the difference in Poisson ratio,
may influence the strength and the failure modes of the
specimens.50–52 It has been experimentally demonstrated
that frictional restraint causes an increase of the strength,
which instead reduces by increasing the height-to-width
ratio, up to a value of 2, beyond which the strength is no
longer affected by confinement.50,51 Moreover, it has
been proven that under normal friction between the
plates and the specimen, the frictional force is the reason
for the inclination of the plane of failure. The triaxially
confined regions develop in the specimens at a 45� incli-
nation, with a height equal to half the width of the speci-
men.50,51 The confined area comprises most of the
specimen for small heights, while its area is relatively
smaller for higher height-to-width ratios. As a result,
specimens with layer inclinations of 0�, 30�, and 60� are

(a) α = 0° (b) α = 30° (c) α = 60° (d) α = 75° (e) α = 90°

FIGURE 10 Typical failure

modes for different layer

inclinations.
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not influenced by confinement, as the distance between
the loading plate and the Cold Joint-30 is greater than the
width of the specimen. However, the failure mode shown
in Figure 10e evidences the presence of frictional forces
at the ends of the specimen, which cause confinement in
the load introduction zones, leading to inclined failures
in the concrete. This effect is known and accepted in
standard concrete tests to determine the reference
strength of concrete. It is expected that the strength in
the confined zones will be higher; however, this effect is
mitigated for higher h/d ratios (h/d = 2 is established for
the standard size of cylinder concrete tests). Moreover,
according to Figure 10e, it can be seen that the inclined
failure plane caused by the confinement at the ends has
an angle greater than 75� with respect to the horizontal
(critical angle for specimens with slenderness h/d = 4).
Therefore, an unquantified influence of this confinement
to determine a reference strength of 3DPC, including
both compressive failures at the matrix or failure at the
concrete layer interface (critical for 30 min cold joint at
75�), is acceptable for the authors.

4 | DISCUSSION OF RESULTS AND
DERIVATION OF A FAILURE
CRITERION FOR 3DPC

In this section, the failure modes are analyzed, and a
Mohr's envelope is proposed to characterize the load-
bearing capacity of 3DPC elements, including the influence
of the layer joints and the cold joint. In addition, some
aspects relevant for a design basis of 3DPC are commented.

4.1 | Failure modes

As mentioned in Section 3, two different failure modes of
3DPC were observed in the MSST: (i) matrix failure
(Figure 10a,b,e), and (ii) layer interface
failure (Figure 10c,d). Both failure modes exhibited a brit-
tle behavior with a sudden drop in the load-bearing
capacity after the maximum load was reached. The
matrix failure in 3DPC has the same nature as in cast
concrete. However, the anisotropy caused by the printing
process may result in a premature layer interface failure
depending on the orientation of the layer joints, as exper-
imentally observed. The influence of the 3DPC anisot-
ropy is quantified in the following by analyzing the
normal σn and shear τtn stresses acting on the concrete
layer interfaces at failure observed in the MSST for the
different layer inclinations α, noting that layer interface
failure depends on these stresses and the strength of the
interface. Assuming a Coulomb failure criterion for the

joints, the strength of the layer interface is defined by its
angle of friction φi and cohesion ci. The differences
between these parameters and the angle of (internal) fric-
tion φc and cohesion cc of the concrete matrix, respec-
tively, have received little attention in the literature to
date, despite the fact that they may differ considerably. In
particular, the properties of the concrete layer joints may
be affected by the interruption of the printing production
(dry or cold joint, time gap of the cold joint), by treatment
of the layer surface or by the use of adhesives.

4.2 | Failure criterion of 3DPC

In the following, a failure criterion is defined as a general
Mohr's envelope enclosing all stress states that do not
cause failure of 3DPC. This envelope is equivalent to
yield conditions such as Von Mises and Tresca (incom-
pressible material) or Prager and Drucker (compressible
material) established in limit analysis of isotropic mate-
rials. Limit analysis of concrete structures53 commonly
relies on a modified Coulomb yield condition (Figure 11),
which is a special case of Mohr's envelope complement-
ing Coulomb's failure criterion

Y ¼j τ j þσ tan φð Þ� c¼ 0, ð9Þ

by a tension cut-off

σ< f ct, ð10Þ

accounting for the limited tensile strength of concrete.
Note that the latter is often neglected in design
(i.e., assuming fct = 0). Whereas the dash-dotted lines in
Figure 11 apply for general loading, the dashed lines cor-
respond to a compressive failure either in uniaxial or
biaxial compression (with the third principal stress equal
to zero). Hence, the modified Coulomb yield condition
for cases of plane stress is defined by the combination of
the dashed and the solid lines. This modified Coulomb
yield condition is adopted in the following for the con-
crete matrix failure.

Due to the anisotropy caused by the layer interfaces,
3DPC may behave differently than cast concrete. How-
ever, limit analysis can still be applied to 3DPC by
enhancing the yield condition to account for the layer
interfaces. To this end, the general Mohr's envelope for
3DPC is defined in the following by complementing the
modified Coulomb yield condition of the concrete matrix
by a Coulomb failure criterion of the layer joints
(Figure 12), using appropriate values for the angle of fric-
tion φi and the cohesion ci accounting for the joint type
and treatment.

LICCIARDELLO ET AL. 2477
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Figure 12 shows the resulting general Mohr's enve-
lopes (boundary of the shaded areas) of 3DPC in plane
stress with cold joints (Figure 12a) and dry joints
(Figure 12b), respectively. The latter, which is assumed to

lack cohesion (ci = 0) in the layer interface, is a lower
bound limit of the failure criterion of cold joints. The
modified Coulomb yield condition of the concrete matrix
is cut-off by the Coulomb failure criteria of the layer

FIGURE 11 Modified

Coulomb failure criterion for cast

concrete (dashed lines apply to

plane stress). Note that for cast

concrete typically: tanφ = 3/4, that

is, c = fc/4. Figure adapted from

Ref. 29

FIGURE 12 Mohr's envelope as failure criterion for 3D printed concrete: (a) cold joint of the concrete layer interface; (b) dry joint of

the concrete layer interface.
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joints. Both curves intersect in Points A and B, which
identify the critical angles αcrA and αcrB defining the
limits between the two failure modes, that is, matrix and
layer interface failure. In uniaxial compression (in the
MSST), any stress state acting on a plane (on the layer
interface) with an inclination α to the plane subjected to
the principal compressive stress (to the horizontal plane)
lies on the straight line τ = �σ tan(α), as the pole of
Mohr's circle of stresses corresponds to the origin
(σ = τ = 0). Hence, layer interface failure will govern in
a MSST for layer joint inclinations in the critical range
αcrA < α < αcrB, while matrix failures are expected for
flatter (α < αcrA) as well as steeper (α > αcrB) layer inter-
face inclinations, see Figure 12a. In the latter cases, the
compressive strength fc of the concrete matrix will be
reached in uniaxial compression (such as in the MSST).
On the other hand, for layer inclinations in the critical
range αcrA < α < αcrB, a reduced peak compressive stress
will be attained, as the layer interface fails at a uniaxial
compressive stress smaller than fc. Based on the strength
and failure modes observed in the MSST for the different
layer interface inclinations, the general Mohr's envelope
of the 3DPC can thus be obtained. Note that a possible
non-zero tensile strength of the modified Coulomb yield
condition of the matrix is irrelevant as long as no uniaxial
or biaxial stress states are considered.

4.3 | Discussion of experimental results

Figure 13 shows the general Mohr's envelopes of 3DPC
obtained from the MSSTs performed at 7, 14, and 28 days
after the printing, by evaluating the experimental results
accounting for the observed failure modes and the layer
inclination α. Accordingly, the modified Coulomb yield
condition of the concrete matrix is obtained from (i) the
average of the peak compressive stress (σv = �fc) in the
specimens exhibiting matrix failure (α = 0�, 30�, and
90�), (ii) the tensile strength of the concrete matrix,
which is estimated as fct = fc/10 based on the results
obtained from the three-point bending tests (see Table 1),
and (iii) the angle of (internal) friction, with the corre-
sponding Mohr's circles given by:

σþ f c
2

� �2

þ τ2 ¼ f c
4

2

σ� f ctþ
cc� f ct tanφc

tan π=4ð Þ� φc=2ð Þð Þ
� 	2

þ τ2

¼ cc� f ct tanφc

tan π=4ð Þ� φc=2ð Þð Þ
� �2

ð11Þ

Note that compressive stresses are negative, but fc is
defined as positive. On the other hand, the Coulomb fail-
ure criterion of the layer joints was derived (by linear
regression) from the stress states (σn and τtn) in the joint
at the peak load of the specimens exhibiting layer inter-
face failures (α = 60� and 75�), that is,

τtn ¼ ci�σn � tan φið Þ ð12Þ

Be aware that in the evaluation, the cohesion of the
concrete matrix cc is calculated from the experimental
results by assuming that the angle of internal friction of

FIGURE 13 Experimental general Mohr's envelopes of 3D

printed concrete obtained from the average values of experimental

results (see Tables 3 and 4) at different concrete age: (a) 7 days;

(b) 14 days; and (c) 28 days.
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the matrix corresponds to that of the layer interfaces,
φc = φi, rather than considering tan(φc) = 0.75 or
cc = fc/4 as commonly used for cast concrete (Figure 11).

Table 4 summarizes the resulting parameters that
define the general Mohr's envelopes of the 3DPC plotted
in Figure 13; note that the cohesion cc of the matrix is
smaller than fc/4 (which would result with tan(φc) =
0.75) and fci is the (fictitious) uniaxial compressive
strength for cohesive layer joints (ci >0) in arbitrary
directions, which is obtained from the Mohr's circle that
is tangent to the Coulomb failure criterion of the layer
joints (see Figure 12a and see Section 4.4), that is,

f ci ¼
2ci cosφi

1� sinφi
: ð13Þ

The critical angles αcrA and αcrB, identified by Point
A and Point B (Figure 12), are approximately 60� and
75�, respectively, for the specimens tested at 7, 14, and
28 days (Table 4). The angle of friction φi of the con-
crete layer interface is relatively high, approximately
46�, similar to the value obtained by other researchers
for the concrete matrix of 3DPC26,27 and irrespective of
the concrete age, indicating that the layer joints,
including the Cold Joint-30, did not significantly affect
the angle of friction. On the other hand, while the
cohesion ci of the concrete layer interfaces—ranging
between 10.2 and 13.3 MPa—was not significantly
affected by concrete age, it was roughly 10% smaller
than the cohesion of the concrete matrix cc at the same
age (obtained with φc = φi). Due to this lower cohesion,
the layer interfaces cause a slight anisotropy in the
strength of 3DPC. Regarding the tensile strength of
3DPC, the obtained strength parameters of the layer
interfaces do not correspond to a smaller value than
the assumed tensile strength (fct = fc/10 < ci�cot(φi)),
see Table 4. However, direct-tensile tests on the inter-
faces would be required to validate the interface tensile
strength.

As all layer interface failures occurred along the Cold
Joint-30 (30 min time gap), it can be concluded that the
regular layer joints had a higher strength than the cold
joints; the latter caused the layer interface failures in the
specimens with α = 60� and 75� (Figure 10c,d), hence

the corresponding reduction of the peak compressive
stress by about 10%–20% compared to the specimens with
α = 30� (matrix failure).

4.4 | Implications for the design of 3DPC

This study addresses the definition of the 3DPC strength
in plane stress by proposing a Mohr's envelope as failure
criterion, including a practical test to determine the
required strength parameters and an experimental cam-
paign validating the suitability. As the orientation of the
layer joints is typically known at the design stage,
the strength of the 3DPC can be directly verified using the
general Mohr's envelope. On the other hand, if the layer
joint orientation has not been defined yet or the (computa-
tional) model cannot account for anisotropy, the 3DPC
can be modeled conservatively as an isotropic material
with a reduced compressive strength fci (see Table 4), cor-
responding to that obtained with the strength parameters
of the layer joints; note that this corresponds to the
assumption of potential layer joints in arbitrary directions.

This study thus contributes to establish a design basis
for 3DPC, which, however, needs to cover further aspects,
particularly related to dimensioning criteria, manufactur-
ing/printing process, execution, quality control, and main-
tenance. Specifically, safety factors associated with the
mechanical models and the required 3DPC strength need
to be defined. As the experimental data collected in the
presented study are insufficient to this end, it is essential
that other researchers eventually adopt the proposed
methodology and increase the volume of available data.

5 | CONCLUSIONS

Nowadays, due to the lack of practical design principles,
3DPC is mainly used as non-load-bearing rather than
structural element. In fact, due to the printing process,
the 3DPC elements are made of concrete layers, which
induce a certain anisotropy in the material, and thus, the
standard tests used for cast concrete are not sufficient.
This study demonstrates the great potential of the MSST
to assess the load-bearing capacity of 3DPC to take into

TABLE 4 Experimental parameters of the 3DPC resistance domains at 7, 14, and 28 days shown in Figure 13. Parameters are obtained

from the average values of the results.

Days fc (MPa) fci (MPa) fct = fc/10 (MPa) ci (MPa) cc (MPa) φc = φi (�) ci�cot(φi) (MPa) αcrA (�) αcrB (�)

7 59.4 50.4 5.9 10.2 12.0 46.1 9.8 59.6 76.4

14 71.2 66.1 7.1 13.2 14.2 46.5 12.5 62.6 73.9

28 63.9 55.5 6.4 11.3 13.0 45.8 11.0 60.1 75.7
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account the anisotropy of the material. MSST is a simple
test and allows determining the main parameters that
govern the strength of 3DPC: the compressive strength of
the concrete matrix, the cohesion, and the angle of fric-
tion of the concrete layer interfaces.

A total of 45 3DPC specimens were tested with different
concrete layer inclinations to the horizontal plane (α = 0�,
30�, 60�, 75�, and 90�) and at different 3DP concrete ages
(7, 14, and 28 days). Each specimen had a cold joint
(30 min time gap) to investigate the effects of the interrup-
tion of the printing process on the mechanical properties.

In the experimental campaign, two different failure
modes were observed depending on the layer inclination:
(i) matrix failure (for concrete layer inclination α = 0�,
30�, and 90�) and (ii) layer interface failure (for layer
inclinations α = 60� and 75�), which occurred at the Cold
Joint-30, that turned out to be a weak point. The speci-
mens that failed in the layer interface exhibited a reduced
strength of about 10%–20% compared to those that exhib-
ited matrix failures. This result is independent of other
parameters that may influence the strength (such as
roughness and curing conditions, among others) since
the failure occurred exactly at the Cold Joint-30 and not
randomly at another joint. On the other hand, the scope
of this study also does not allow conclusions to be drawn
on the degree of influence of the time gap, as this experi-
mental campaign did not include specimens with con-
crete layers with no or longer time gaps (e.g., 24 h), nor
can the results be directly used for other 3DPC processes.

Based on the experimental observations, a general
Mohr's envelope is proposed for defining the strength of
3DPC elements in plane stress, which is a prerequisite for
a safe design. The proposed general Mohr's envelope is
highly practical, as it is based on the established modified
Coulomb yield condition for cast concrete, which is
adopted for the printed concrete matrix and enhanced by
a Coulomb failure criterion for the layer joints. The latter
cuts off the modified Coulomb yield criterion of the con-
crete matrix, intersecting it in two points that define the
critical angles αcrA and αcrB, which delimit the critical
range of layer inclinations αcrA < α < αcrB (with respect
to the plane subjected to the principal compressive stress)
for which layer interface failures cause a strength reduc-
tion compared to the matrix failure. The peak stresses
σn,m and τtn,m observed in the specimens with α = 60�

and 75� (exhibiting layer interface failure) were used to
define the strength parameters (the angle of friction and
the cohesion) of the Coulomb failure criterion of the
layer joints. The 3DPC elements (all with a 30 min cold
joint) exhibited critical angles of αcrA = 60� and
αcrB = 75�, and an angle of friction of approximately
φi = 46�, similar to that of the concrete matrix documen-
ted in recent studies by other authors. However, the
cohesion of the concrete layer interfaces, governed by

the cold joint, was about 10% lower than that of the con-
crete matrix. Further research is needed to investigate the
effect of a longer time gap and to increase the amount of
available data in order to determine safety factors, which
are required to design load-bearing 3DPC elements.

As a final remark, the 3DPC material gained its full
strength (60 … 80 MPa) at 14 days after the printing, and
about 80% of the maximum strength (55 … 65 MPa) at
7 days.
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NOTATION
A width of the 3DPC specimens
AH,eff effective horizontal area
An,eff effective slanting area
AH,90,eff effective horizontal area for specimen with

vertical concrete layer
Ar,tot total area of the voids
B thickness of the 3DPC specimens
b width of the concrete specimen
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ci cohesion of the interface
cc cohesion of the matrix
d width of the layer
fc compressive strength
fci fictitious uniaxial compressive strength for

cohesive layer joints
fct tensile strength
fct,fl flexural tensile strength
Fmax maximum load
h depth of the concrete specimen
l distance between the axis of the support rollers
lp width of the loading plate
t thickness of the layer
α concrete layer inclination to the horizontal

plane
αcr, critical angle to define the limits between the

two failure modes: matrix and layer interface
failure

φc angle of friction of the matrix
φi angle of friction of the interface
σv vertical stresses
σn normal stresses
τtn shear stresses
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APPENDIX A

Tables A1 and A2 reports the results of all the material tests on the 3D printed concrete to derive the compressive
strength fcm and the flexural tensile strength fctm,fl. Table A3 reports all the results obtained from the MSST.

TABLE A1 Compressive strength

results of 3D printed concrete.
Compressive strength

Concrete age fc-1 (MPa) fc-2 (MPa) fc-3 (MPa) fcm (MPa) σ (MPa)

7 days a 47.9a 58.4 57.9 57.7 1.34

b 46.4a 55.8 58.8

14 days a 66.6 62.9 62.8 63.7 2.20

b 63.4 65.7 60.5

28 days a 64.6 67.1 69.3 66.2 2.31

b 63.1 65.1 67.9

aSpecimens excluded from the average.

TABLE A2 Flexural tensile strength results of 3D printed concrete.

Flexural tensile strength

Concrete age fct,fl-1 (MPa) fct,fl-2 (MPa) fct,fl-3 (MPa) fctm,fl (MPa) σ (MPa)

7 days 8.5 10.1 10.1 9.6 0.92

14 days 9.0 11.4 11.7 10.7 1.48

28 days 12.6 12.4 13.2 12.7 0.42

TABLE A3 Modified slant shear test results: maximum force Fmax, vertical stresses σv, normal σn, and shear stresses τtn in the interfaces

between concrete layers.

Concrete age Specimen no. α (�) Failure (�) Fmax (kN) σv (MPa) σn (MPa) τtn(MPa)

7 days 1 0 Concrete 462.74 54.78 54.78 -

2 0 Concrete 457.23 58.79 58.79 -

3 0 Concrete 468.62 59.41 59.41 -

14 days 1 0 Concrete 526.55 66.59 66.59 -

2 0 Concrete 555.15 70.03 70.03 -

3 0 Concrete 548.02 68.86 68.86 -

28 days 1 0 Concrete 390.11 51.43 51.43 -

2 0 Concrete 441.00 56.78 56.78 -

3 0 Concrete 406.81 52.19 52.19 -

7 days 1 30 Concrete 541.40 65.99 49.49 28.57

2 30 Concrete 528.41 66.24 49.68 28.68

3 30 Concrete 514.29 64.73 48.55 28.03

14 days 1 30 Concrete 688.97 86.67 65.00 37.53

2 30 Concrete 673.46 84.90 63.67 36.76

28 days 1 30 Concrete 647.20 81.25 60.94 35.18

2 30 Concrete 596.73 76.74 57.55 33.23

3a 30 Concrete 512.23 63.95 47.96 27.69

(Continues)
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TABLE A3 (Continued)

Concrete age Specimen no. α (�) Failure (�) Fmax (kN) σv (MPa) σn (MPa) τtn(MPa)

7 days 1 60 Interface CJ30 419.16 52.14 13.04 22.58

2b 60 Concrete 470.61 60.67 15.17 26.27

3 60 Interface CJ30 520.36 64.89 16.22 28.10

14 days 1 60 Interface CJ30 633.33 77.86 19.46 33.71

2b 60 Concrete 602.48 73.43 18.36 31.80

28 days 1b 60 Concrete 420.72 53.73 13.43 23.26

2 60 Interface CJ30 449.77 56.30 14.08 24.38

3 60 Interface CJ30 570.52 72.02 18.01 31.19

7 days 1a 75 Interface CJ30 336.66 41.39 2.77 10.35

2 75 Interface CJ30 430.88 55.14 3.69 13.79

3 75 Interface CJ30 456.88 57.37 3.84 14.34

14 days 1 75 Interface CJ30 587.70 75.46 5.05 18.86

2a 75 Interface CJ30 438.80 51.29 3.44 12.82

3 75 Interface CJ30 581.55 71.58 4.79 17.89

28 days 1 75 Interface CJ30 409.26 52.37 3.51 13.09

2 75 Interface CJ30 599.23 75.27 5.04 18.82

3 75 Interface CJ30 482.18 59.18 3.96 14.80

7 days 1 90 Compression + sliding 627.95 53.64 0.00 0.00

2 90 Compression + sliding 655.97 56.50 0.00 0.00

3 90 Compression 637.06 54.87 0.00 0.00

14 days 1 90 Compression 666.68 60.90 0.00 0.00

2 90 Compression + sliding 589.54 54.28 0.00 0.00

3 90 Compression 685.15 62.90 0.00 0.00

28 days 1 90 Compression 655.41 57.39 0.00 0.00

2a 90 Compression 565.23 50.93 0.00 0.00

3 90 Compression 675.39 61.19 0.00 0.00

aResults excluded from the average due to excessive imperfection.
bResults excluded from the average due to concrete matrix failure.
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