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Abstract  Traditional construction techniques, such 
as in-situ casting and pre-cast concrete methods, have 
well-established testing protocols for assessing com-
pressive strength and modulus of elasticity, including 

specific procedures for sample preparation and cur-
ing. In contrast, 3D concrete printing currently lacks 
standardized testing protocols, potentially contributing 
to the inconsistent results reported in previous studies. 
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To address this issue, RILEM TC 304-ADC initiated a 
comprehensive interlaboratory study on the mechanical 
properties of 3D printed concrete. This study involves 
30 laboratories worldwide, contributing 34 sets of data, 
with some laboratories testing more than one mix design. 
The compressive strength and modulus of elasticity were 
determined under three distinct conditions: Default, 
where each laboratory printed according to their stand-
ard procedure followed by water bath curing; Deviation 
1, which involved creating a cold joint by increasing the 
time interval between printing layers; and Deviation 2, 
where the standard printing process was used, but the 
specimens were cured under conditions different from 
water bath. Some tests were conducted at two differ-
ent scales based on specimen size—“mortar-scale” and 
“concrete-scale”—to investigate the size effect on com-
pressive strength. Since the mix design remained identi-
cal for both scales, the only variable was the specimen 
size. This paper reports on the findings from the inter-
laboratory study, followed by a detailed investigation into 
the influencing parameters such as extraction location, 
cold joints, number of interlayers, and curing conditions 
on the mechanical properties of the printed concrete. As 

this study includes results from laboratories worldwide, 
its contribution to the development of relevant standard-
ized testing protocols is critical. 

Keywords  Additive manufacturing · Digital 
fabrication · Hardened concrete · Compressive 
strength · Young’s modulus

1  Introduction

3D concrete printing (3DCP) is an emerging con-
struction technology that has potential to revo-
lutionize the construction industry through auto-
mated deposition of concrete without the need for 
traditional formwork. 3DCP differs from traditional 
construction in three major ways: (1) presence of 
interlayers: 3D-printed structures exhibit due to the 
layer-wise deposition of concrete a considerably 
higher number of interlayers than any traditional 
construction technique, leading to more pronounced 
anisotropy and heterogeneity; (2) exposure of con-
crete in plastic state: Unlike traditional methods, 
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where concrete is protected by formwork until it 
sets, 3D printed concrete is exposed to the ambi-
ent right after it exits the nozzle; and (3) higher 
content of fines. While a recent trend of incorpo-
rating large aggregates into printable mixes can 
be observed, such as the CONPrint3D approach at 
TU Dresden, the majority of printable mixtures are 
still fine-grained compositions [1, 2]. Due to these 
differences, the standardized testing procedures 
for concrete used in in-situ casting or pre-casting 
cannot be directly applied to 3DCP without fur-
ther adjustments. Considering that, previous stud-
ies have developed modified testing procedures 
for 3D-printed specimens, specifically conducting 
compressive strength tests in three loading direc-
tions: parallel (U), lateral (V), and perpendicular 
(W) to the print direction, instead of single direc-
tion typically used for cast specimens [3–5]. The 
study by Muthukrishnan et al. [3] reported that the 
compressive strength in the U loading direction was 
the highest, followed by V and then W directions. 
Meanwhile, when testing compressive strength in 
three loading directions, Le et  al. [4] found that 
the compressive strength was similar in U and W 
loading directions but was the lowest in V loading 
directions. In another study by Wolfs et  al. [5] the 

compressive strength in U and V loading direction 
was 29.2  MPa, whereas in W loading direction it 
was 28.5  MPa, indicating no directional depend-
ency. The reasons behind these discrepancies in 
trends remain unclear, and it is difficult to identify 
a specific cause due to the lack of standardization, 
particularly in the specimen preparation procedures. 
Each study employed its own methods, influenced 
by the capabilities of the printing equipment and the 
experience of the authors.

To address this issue, RILEM TC 304-ADC organ-
ized a comprehensive interlaboratory study on the 
mechanical properties of 3D-printed concrete. A 
detailed study plan was distributed to all participants 
to ensure consistency in sample preparation, test-
ing methods, and documentation [6]. Special atten-
tion was given to the anisotropic behavior of printed 
concrete, a characteristic not typically considered in 
conventional cast concrete. While specific guidelines 
were established for sample preparation and testing, 
laboratories had flexibility in selecting mix designs 
and printing parameters in order to obtain insights 
that are valid across the range of printing materi-
als and facilities currently in use. Nevertheless, to 
ensure consistency, certain constraints were imposed. 
The binder was required to be Portland cement-
based. Therefore, alternative binder types such as 
geopolymers or gypsum were not studied. Addition-
ally, structural fibers or any other reinforcement that 
could significantly enhance mechanical properties 
were not permitted. Meanwhile, the laboratories were 
given freedom to choose between a screw-type or a 
pump-based extrusion systems, methods of concrete 
transportation (e.g., pump or manual feeding to the 
extruder), mixing technologies (batch or continu-
ous), etc. As a result, extensive data covering a wide 
range of mix designs and printing parameters were 
produced. Some laboratories also explored promis-
ing multicomponent mixes for printing. In multicom-
ponent mixes, the concrete is typically delivered to 
nozzle in two or more streams: one for the base mix 
and another for buildability-enhancing additives. The 
base mix is formulated to be pumpable with extended 
open time, while additives such as viscosity modi-
fiers, accelerators, and rapid-setting cement slurries 
are used to speed-up the structural build-up [7]. This 
approach allows achieving the rheological proper-
ties required for 3D printing without compromising 
pumpability or buildability. Three laboratories in this 
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Interlaboratory Study (ILS) utilized multicomponent 
mixes to print concrete, allowing for a comparison 
of mechanical properties under compression with 
single-component mixes. In total, the study involved 
30 laboratories worldwide, who contributed 34 sets 
of data, with some laboratories testing multiple mix 
designs. While the study investigated mechanical 
properties in both compression and tension, this paper 
specifically focuses on properties under compression, 
such as compressive strength and modulus of elastic-
ity. The mechanical properties under tension are dis-
cussed in detail in [8], whereas a general overview 
of the testing program and results is presented in [9]. 
The nearly 5,000 individual specimen results have 
been collected in an SQL database that is published in 
[10] and discussed in [11].

This study aims to explore the variation in com-
pressive strength and modulus of elasticity data deter-
mined by different laboratories with their specific mix 
designs and printing parameters. Following this, the 
data is analyzed to investigate the influence of various 
key parameters and practices relevant to characteriz-
ing the mechanical properties of the printed elements. 
They are:

1.	 Extraction location: Ideally, compressive strength 
should be consistent across all extraction loca-
tions. However, variations can occur due to fac-
tors such as a dry print bed, printing issues, and 
inconsistencies in concrete batches during the 
printing process. This study aims to examine 
the occurrence of these variations to determine 
whether the extraction location is a significant 
parameter to be considered while determining the 
mechanical properties under compression.

2.	 Print vs. cast: We investigate to which extent cast 
specimens represent the mechanical properties 
of printed elements. Additionally, we explore the 
influence of 3DCP as a construction technology 
on the mechanical properties under compression.

3.	 Scale factor (or size effect): In traditional cast 
specimens, the influence of specimen dimensions 
on mechanical properties under compression is 
fairly well documented. In 3D-printed specimens, 
increasing the specimen size introduces more 
interlayers, which can further affect the relation-
ship between the specimen size and mechanical 
properties. This study provides essential insights 
into this relationship.

4.	 Cold joints and curing conditions: In large-scale 
printing, intermediate stoppages are likely to 
occur. They may lead to the formation of cold 
joints that can impact the overall integrity of the 
printed element. Moreover, industry and aca-
demia lack standardized curing conditions for 
3D-printed elements. Therefore, this investigation 
explores the effects of cold joints and alternative 
curing methods (beyond the standard water-bath 
curing) on the mechanical properties under com-
pression.

5.	 Modulus of elasticity vs compressive strength: 
The modulus of elasticity of printed concrete has 
been less frequently reported compared to com-
pressive strength. Therefore, this study investi-
gates the influence of interlayers on the modulus 
of elasticity by comparing the printed specimen 
results with those obtained for conventionally 
cast specimens. Additionally, the impact of 3DCP 
technology on the relationship between modulus 
of elasticity and compressive strength is ana-
lyzed.

With a detailed investigation on the influence of 
these key parameters and practices on the mechanical 
properties under compression, this article aims to pro-
vide comprehensive insights not just for the academic 
readers but also for the practitioners. These insights 
will serve as a foundation to create standardized test-
ing procedures which can be eventually leveraged for 
the development of building codes.

2 � Materials and methods

2.1 � Mix design and specimen preparation

All laboratories participated in the interlaboratory 
study used cementitious binders to develop print-
able concrete for determining compressive strength 
and modulus of elasticity. All but three laboratories 
followed 1 K approach, i.e., no addition of any con-
stituents occurred after mixing. In contrast, three lab-
oratories used multicomponent mixes with buildabil-
ity-enhancing additives such as aluminium sulphate 
(accelerator) and thickeners. These three laboratories 
utilized dynamic print head mixers to blend the com-
ponents before extrusion.
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Most laboratories used sand as aggregates, with 
a maximum particle size of approximately 2  mm, 
while some participants used maximum aggregate 
sizes up to 4 or 8 mm, and only one laboratory used 
gravel with a maximum particle size of 16  mm. 
More details on the mix design can be found in [9, 
10]. The laboratories printed walls from which spec-
imens of two different scales were extracted: “mor-
tar-scale” and “concrete-scale”. “Mortar-scale” and 
“concrete-scale” stands for geometries as defined in 
[6]. In terms of shapes, cubes and cylinders were 
tested for compressive strength, and prisms and cyl-
inders were tested for modulus of elasticity [12]. 
The specimens were prepared under three distinct 
conditions: (1) Default: Each lab printed according 
to their standard procedure, followed by water bath 
curing for 28 ± 3 days; (2) Deviation 1: It involved 
creating a cold joint by increasing the time interval 
between printing layers and (3) Deviation 2: Stand-
ard printing process was used, but the specimens 
were cured under conditions different from a water 
bath. More details on the specimen preparation 
techniques can be found in [6, 9]. Specimens that 
significantly deviated from the defined procedure 
were omitted from the analysis. The threshold val-
ues for these deviations are specified in each section 
accordingly.

2.2 � Experimental program

Two types of tests were performed. The first type, 
compressive strength tests, involved specimens that 
were either sawn or core-drilled from printed ele-
ments. Unlike some codes, such as [13] for mor-
tar, the specimens for the compression test were 
not obtained from the remaining halves of broken 
flexural specimens. Three sets of specimens were 
extracted from different locations of the printed 
element (bottom, middle, and top) to evaluate the 
uniformity of compressive mechanical properties 
across various wall locations. To analyze the anisot-
ropy, uniaxial compressive tests were performed in 
three directions: U, V, and W, which correspond to 
longitudinal, lateral, and perpendicular to printing 
directions, respectively. The second test type served 
for determining the modulus of elasticity, aiming to 
measure the stabilized secant modulus of elasticity 
in compression on prismatic and cylinder-shaped 

specimens. The tests were conducted according to 
[12]. More details on the preparation of the speci-
mens and the testing procedures can be found in [6]. 
With the compressive strength and modulus of elas-
ticity data obtained from these tests, various analy-
ses were conducted as shown in Table 1. This table 
also indicates the participation of different laborato-
ries for each type of investigation.

3 � Test results

The laboratories participated in this study used their 
own printable mix designs and printing parameters, 
leading to considerable variations in compressive 
strength and modulus of elasticity data submitted 
for the overarching analysis. This section provides 
an overview of the test results and also discusses, to 
some extent, the variability in data provided by each 
laboratory. This includes the determination and han-
dling of outliers for further analysis. The box and 
whisker plots shown in Figs.  1, 2, 3, 4, 5, 6 and 7 
represent absolute values of compressive strength, 
while Fig.  8 shows absolute values of modulus of 
elasticity. The box-and-whisker plot provides initial 
visualization of average values and variation within 
each series. A ‘series’ refers to data from a specific 
laboratory-material combination. Data points exceed-
ing twice the standard deviation of their series are 
excluded from further analysis and marked as red dots 
in the plot. The horizontal continuous and dashed 
lines represent the average values and twice their 
standard deviations, respectively, for all series. To the 
right of the box-and-whisker plot, a bar chart displays 
the distribution of average values across all series, 
with a black line indicating the normal distribution 
for reference. Below the box-and-whisker plot, a bar 
chart shows the number of specimens (n) from each 
series, including details on those excluded based on 
the two standard deviation threshold. The coefficient 
of variation (CV) for each series is displayed as a per-
centage, followed by details regarding the printing 
material and system information. More details on the 
formatting of the figure can be found in [8].
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3.1 � Observations on compressive strength of printed 
specimens

Figures  1, 2, 3 and 4 represent absolute values of 
compressive strength as provided by the participating 
labs. In most cases, the reasons behind pronounced 
scatterings in the compressive strength data, also 
resulting in outliers, was not explicitly identified. 
However, in some laboratories, premature speci-
men failure, likely caused by eccentric loading, was 

observed, as shown in Fig. 5a. Unlike cast specimens, 
printed specimens must be precisely extracted and 
ground to ensure parallel surfaces and avoid eccen-
tricity during loading. However, achieving a parallel 
surface through grinding is challenging. Some labo-
ratories investigated an alternative approach by add-
ing a thin leveling layer, commonly referred to as 
capping. While this method significantly reduces the 
effort required for grinding, this could still result in 
outliers on an otherwise small scatter, as, in the case 

Table 1   Analysis performed in this article and the respective laboratory participation

Laboratory Focus of the analysis

Com-
pressive 
strength

Modulus 
of Elastic-
ity

3DCP vs 
casting on 
compressive 
strength

Effect of 
cold joint on 
compressive 
strength

Effect of 
specimen 
scale on 
compressive 
strength

Effect of cur-
ing condition 
on compres-
sive strength

Effect of 
extraction 
location on 
compressive 
strength

Relationship 
between modu-
lus of elasticity 
and compres-
sive strength

Lab 01 ✓ ✓ ✓ ✓ ✓ ✓
Lab 02 ✓ ✓ ✓ ✓ ✓
Lab 03 ✓ ✓ ✓ ✓ ✓
Lab 04 ✓ ✓ ✓ ✓ ✓
Lab 05 ✓ ✓ ✓ ✓
Lab 06 ✓ ✓ ✓ ✓
Lab 07 ✓ ✓ ✓ ✓ ✓ ✓
Lab 08 ✓ ✓ ✓ ✓ ✓
Lab 09 ✓ ✓ ✓ ✓
Lab 10 ✓ ✓
Lab 11 ✓ ✓ ✓
Lab 12 ✓ ✓ ✓ ✓
Lab 13 ✓ ✓ ✓ ✓ ✓ ✓
Lab 14 ✓ ✓ ✓
Lab 15 ✓ ✓ ✓ ✓ ✓
Lab 16 ✓ ✓ ✓ ✓ ✓
Lab 17 ✓ ✓
Lab 18 ✓ ✓ ✓ ✓ ✓ ✓
Lab 19 ✓ ✓ ✓ ✓ ✓ ✓
Lab 20 ✓ ✓ ✓
Lab 21 ✓ ✓
Lab 22 ✓ ✓ ✓
Lab 23 ✓ ✓ ✓ ✓ ✓ ✓
Lab 24 ✓ ✓ ✓ ✓ ✓
Lab 25 ✓ ✓ ✓ ✓ ✓ ✓ ✓
Lab 26 ✓ ✓ ✓
Lab 27 ✓ ✓ ✓ ✓
Lab 28 ✓ ✓ ✓ ✓ ✓
Lab 29 ✓ ✓ ✓
Lab 30 ✓ ✓ ✓ ✓ ✓
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Fig. 1   Compressive strength data reported by laboratories for mortar-scale printed specimens in (a) U loading direction (b) V load-
ing direction and (c) W loading direction. These specimens were prepared in Default conditions
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Fig. 2   Compressive strength data reported by laboratories for mortar-scale printed specimens in (a) U loading direction, (b) V load-
ing direction and (c) W loading direction. These specimens were prepared in Deviation 2 conditions
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Fig. 3   Compressive strength data reported by laboratories for mortar-scale printed specimens in (a) U loading direction, (b) V load-
ing direction and (c) W loading direction. These specimens were prepared with cold joints (Deviation 1)
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Fig. 4   Compressive strength data reported by laboratories for concrete-scale printed specimens in (a) U loading direction, (b) V 
loading direction and (c) W loading direction. These specimens were prepared in Default conditions
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of Lab 25a for the mortar-scale tests performed in the 
U-direction performed, Default conditions (Fig. 1a).

With regard to loading direction (Fig.  1), scat-
tering was mostly higher in the V loading direction 
compared to the directions U and W. Printed speci-
mens were typically weakest in the V direction, pos-
sibly because the interlayer defects are aligned along 
this loading direction. However, additional factors 
also contributed to the associated scattering. For 
instance, Lab 05 exhibited the highest scattering in 

the V loading direction (43% CV) compared to U (7% 
CV) and W (4% CV) loading directions. It was found 
that the scattering was also related to the extraction 
location of the specimens. The compressive strength 
of printed specimens extracted from the top, middle, 
and bottom sections were 29.9 MPa, 58.4 MPa, and 
24.2  MPa, respectively, in V loading direction. For 
this laboratory, however, the extraction location did 
not significantly influence the U and W loading direc-
tions. In contrast, in some laboratories, the influence 

Fig. 5   Crack patterns 
observed in printed cubes 
under compression for (a) 
Lab 11 in the U loading 
direction (side view), (b) 
Lab 04 in the V loading 
direction (top view), and 
(c) Lab 24 in the V loading 
direction (side view), high-
lighting premature failure, 
leading to scattering in the 
compressive strength data

Fig. 6   Compressive strength data reported by laboratories for mortar-scale cast specimens. These specimens were prepared with 
default conditions
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of extraction location on compressive strength was 
observed across the two loading directions. The effect 
of extraction location on compressive strength will be 
considered in more detail in the subsequent section.

Following the V loading direction, the scattering 
was observed to be most pronounced in U direction 
according to the average CV. Lab 04 exhibited the 
highest scattering in the U loading direction. Simi-
lar to the V direction, additional factors contributed 
to the scattering. For Lab 04, these were variations 
in the dimensions of the specimens used for testing. 
Specifically, both prisms (40 mm × 40 mm × 160 mm) 
and cube specimens (40  mm × 40  mm × 40  mm) 
were tested. Interestingly, the compressive strength 
values obtained from these prisms were 60% and 
30% higher than those of the cubes in the U and W 
loading directions, respectively. Conversely, for cast 
specimens, the compressive strength of prisms was 
approximately 20% lower than that of cubes. The lat-
ter results is fully in line with our knowledge on the 
effect of the aspect ratio of the specimen on the com-
pressive strength. Thus, the shift in trend from casting 
to 3D printing is notable indeed. Therefore, in subse-
quent sections, the average compressive strength for 
Lab 04 specimens was determined exclusively from 
cube specimens to avoid large scattering in the data. 
Similarly, in the W loading direction, the results from 
Lab 30 showed the highest scatter in cube specimens, 
as indicated by the coefficient of variation (CV), 
likely due to machine-related issues. This is sup-
ported by the lab’s comments on faulty saw blades 
and low scatter observed in the cylindrical specimens 
which were extracted using a core-driller. Data points 
exceeding two standard deviations were excluded 
from further analysis.

Figure  2 shows that curing conditions also have 
a significant effect on the scattering of the data. 
When the curing conditions changed from Default 
to Deviation 2, some laboratories showed a nota-
ble shift in CV. For instance, in Lab 24, the CV 
was reduced from 13 to 5% in the U loading direc-
tion and from 19 to 4% in the V loading direction. 
Here, Deviation 2 signifies water bath for 90  days, 
in contrast to Default of 28 days water bath. While 
a lower CV is generally expected due to the higher 
concrete age, an interesting observation was made 
in the W loading direction. The CV increased from 
10 to 14% with the increase in age. A similar trend 
was observed in other laboratories, such as Lab 05, 
Lab 06, Lab 13, and Lab 19, where the CV reduced 
in the U and V loading directions but increased in 
the W loading direction when curing conditions 
changes from Default to Deviation 2. In these cases, 
the concrete age remained similar to Default, but the 
curing was changed from water bath to ambient cur-
ing. Figure 3 presents the compressive strength data 
for printed specimens containing cold joints. These 
specimens were extracted from the middle section 
of the printed element, minimizing the influence 
of extraction location. Nevertheless, the data from 
various laboratories exhibited greater scatter com-
pared to the Default specimens (without cold joints). 
Meanwhile, when the specimen size was changed 
from mortar-scale to concrete-scale, the CV among 
the compressive strength results decreased across all 
loading directions (Fig. 4). Despite the introduction 
of more interlayers in the concrete-scale specimens 
compared to the mortar specimens, the observed 
scatter was less pronounced. Overall, the observa-
tions suggest that factors such as extraction location, 

Fig. 7   Cross section of 
(a) a cast and (b) a printed 
specimen used for the 
compressive strength testing 
by Lab 28
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Fig. 8   Modulus of elasticity data reported by laboratories for mortar-scale printed specimens in (a) U and (b) W loading directions 
and (c) cast specimens for default curing conditions
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loading direction, specimen scale, cold joints, and 
curing conditions influence the compressive prop-
erties, as anticipated. Given that all laboratories 
adhered to uniform specimen preparation and testing 
procedures in this study, these parameters can now 
be analyzed in greater detail (Sects. 4.1–4.5).

3.2 � Observations on compressive strength of cast 
specimens

Figure  6 shows the compressive strength data pro-
vided by labs for the cast specimens. The variation 
in observed compressive strength is attributed to the 
different mix designs used by individual laboratories. 
However, within each lab, the same mix design was 
used for both casting and printing specimens. In most 
cases, cast specimens exhibited higher compressive 
strength than printed specimens. However, in some 
cases, the opposite trend was observed depending 
on the loading direction, as shown in Fig.  12. The 
variation in compressive strength between cast and 
printed specimens, along with the influence of load-
ing direction on this deviation, is discussed in detail 
in Sect. 4.2. This section also highlights specific labs 
that exhibited trends differing from the typical pat-
tern. As anticipated, nearly all laboratories observed 
lower scattering in the compressive strength data for 
cast specimens compared to printed specimens. This 
is attributed to several factors, including the absence 
of interlayers and less processing of the specimens, 
such as grinding or capping before testing.

However, one lab measured a higher coefficient 
of variation (CV) for cast specimens compared to 
printed specimens. Namely, Lab 28 reported a CV of 
4.6% for the U-direction, 11.8% for the V-direction, 
and 10.5% for the W-direction for printed specimens, 
but 15.7% for the cast specimens). It was found that 
the printable mix used for this study was very stiff, 
causing problems during casting. Figure 7a shows the 
cross-section of the cast specimen exhibiting a higher 
number of visible pores compared to the printed spec-
imen (Fig. 7b), confirming improper compaction dur-
ing casting. Meanwhile, during printing—depending 
on the rheological properties of the mixture—a supe-
rior compaction is provided through pumping and 
extrusion, which reduces the porosity of the printed 
layers. However, in majority of the labs, the poros-
ity of the interlayers offsets this benefits, resulting in 

an overall increase in the porosity of the printed ele-
ments in comparison to the cast counterparts.

3.3 � Observations on the modulus of elasticity data

Figure  8 shows the modulus of elasticity (MOE) 
for both printed and cast specimens obtained in this 
study. It was observed that the average MOE in the 
U direction was higher compared to the W load-
ing direction. Additionally, similar to compres-
sive strength, the average MOE for cast specimens 
exceeded that of printed specimens. While the trend 
of MOE across different laboratories followed a pat-
tern similar to that of compressive strength, the rela-
tionship between MOE and compressive strength 
varied from lab to lab. Section  4.5 investigates this 
interrelationship in detail, emphasizing on the influ-
ence of the interlayers on the relationship between 
MOE and compressive strength.

With regard to scattering, the MOE exhibited 
lower CV values compared to the compressive 
strength data, as detailed in Sect. 3.1. Most likely it 
is due to the testing procedure. In the case of MOE, 
there are multiple checks during the tests that ensure 
the determined values are reliable and repetitive [6]. 
Regardless, there are a few labs that reported high 
scattering in the modulus of elasticity data. The high-
est scattering was observed by Lab 19, with a CV of 
14.9% in U loading direction, 10.7% in W loading 
direction, and 16% in cast specimens. No clear rea-
son for this behavior could be identified. It is worth 
mentioning that the compressive strength data from 
Lab 19 also showed high scatter (see Fig.  1). Over-
all, no data points exceeded the 2-standard-devia-
tions-thresholds, allowing for the inclusion of all data 
points in the further investigation.

4 � Discussion of the results

This section evaluates the test results selected from 
prior observations by correlating two sets of data 
points at a time. The data points are the average com-
pressive strength or modulus of elasticity values of 
laboratory-material series determined for a specific 
parameter variation such as mortar-scale-default cur-
ing and U loading direction. Initially, a linear regres-
sion is calculated between the two sets of data points. 
Cook’s distance (D) is then computed for each data 
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point and any point with D > 1.0, indicating a signifi-
cant influence on the quality of the linear regression, 
is excluded from further analysis. The linear regres-
sion is then recalculated for the remaining data points, 
and any point exceeding two standard deviations is 
also removed. The data points that are removed based 
on Cook’s distance and two standard deviations are 
clearly marked on the corresponding graphs used for 
visualization. For the remaining data points, a linear 
best fit through the origin is computed, assuming pro-
portionality and zero intercept between the two data 
sets. The statistical parameters derived from this fit 
include k, representing the ratio between the data sets, 
R0

2, indicating the degree of correlation and σ repre-
senting the standard deviation. Additionally, a best fit 
line without assuming a zero intercept is also plotted 
using a dashed blue line. The correlation degree for 
this fit is provided as Ri

2 in the graphs. This method-
ology for correlation and outlier exclusion is applied 
consistently throughout the results and discussion 
section except for Sect.  4.5, where the relationship 
between MOE and compressive strength is non-linear.

4.1 � Influence of extraction location on compressive 
strength

In Sect.  3.1, the scattering in compressive strength 
data of various labs was attributed to the extrac-
tion location. Consequently, this section investi-
gates whether the extraction location significantly 
impacts the results across all 30 laboratories. This 
was achieved by correlating the average compressive 
strength of printed specimens from each extraction 
location (bottom, middle, and top) with the bulk aver-
age compressive strength. The term "bulk" refers to 
scenario where the average was calculated using all 
specimens regardless of the extraction location. The 
outliers identified in the previous section were reas-
sessed for the objective of this section. For instance, 
Lab 12 reported nine values of compressive strength 
under the U loading direction and default curing con-
ditions. Among these, one value was previously iden-
tified as an outlier. However, in this section, the data 
from Lab 12 was further categorized based on the 
extraction location, resulting in three datasets: bot-
tom, middle, and top. When the 2STD (two standard 
deviations) method was applied to these subcatego-
ries (as explained in Sect. 3), the value was no longer 
identified as an outlier. More than 10 laboratories in 

each loading direction showcased similar particulari-
ties. To investigate if the previously identified outliers 
need reassessment for correlating extraction location 
and bulk compressive strength, two approaches were 
used:

1.	 No outliers removed: The average compressive 
strength is calculated using all submitted data 
from the laboratories without excluding the outli-
ers identified in the previous section.

2.	 Outliers removed in both: The average compres-
sive strength is calculated for both the bulk data 
and the extraction location data after excluding 
the outliers.

As shown in Figs.  9 and 10, under Default cur-
ing conditions, eliminating the outliers identified in 
the previous section led to a slight enhancement in 
the correlation. Therefore, further analysis utilized 
the approach where outliers were removed from both 
the bulk and extraction location datasets. Regard-
less of the loading direction and extraction loca-
tion, the compressive strength from specific loca-
tions (top, middle, and bottom) were similar to the 
bulk strength. However, some laboratories exhibited 
contrary results. For instance, Lab 05 showed a sig-
nificant reduction in compressive strength in the V 
loading direction. This reduction was particularly evi-
dent in specimens extracted from the top and bottom 
sections of the printed wall. When specimens were 
extracted from the middle section of the printed wall, 
the compressive strength was similar across all the 
loading directions. The average compressive strength 
for Lab 05 for specimens loaded in the V direction 
and extracted from the top, middle, and bottom loca-
tions was 29.96  MPa, 58.40  MPa, and 24.22  MPa, 
respectively. The middle section exhibited more than 
twice the strength compared to the other two extrac-
tion locations, leading to the lab being an outlier in 
all three extraction locations. Meanwhile, the effect of 
extraction location was insignificant in the U and W 
loading directions. The average compressive strength 
of specimens extracted from the middle section was 
approximately 10% higher than those from the top 
section and 5% higher than those from the bottom 
section, for both U and W loading directions. Simi-
larly, the cylindrical specimens from Lab 15 exhib-
ited significant deviations from the average trend in 
the V-loading direction for both the top and bottom 
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Fig. 9   Correlating average compressive strength of mortar-scale specimens extracted from (a) bottom (b) middle and (c) top sections 
of the printed element to the average bulk compressive strength. No outliers were removed while determining the respective average 
compressive strengths. Images from left to right represent U, V, and W loading directions
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Fig. 10   Correlating average compressive strength of mortar-scale specimens extracted from (a) bottom (b) middle and (c) top sec-
tions of the printed element to the average bulk compressive strength. Outliers were removed while determining the respective aver-
age compressive strengths. Images from left to right represent U, V, and W loading directions
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extraction locations. However, for Lab 15, the average 
compressive strength for the bottom extraction loca-
tion was the lowest, but the strongest specimen was 
from the top instead of the middle extraction location, 
as seen in Lab 05. Additionally, the cube specimens 
of Lab 15 showed no significant influence of extrac-
tion location on the compressive strength.

There were also several laboratories that showed 
significant deviation from the average trend in U and 
W loading directions. For example, Lab 26 in the 
W loading direction reported average strengths of 
35.27 MPa, 42.52 MPa, and 50.57 MPa for the bot-
tom, middle, and top extraction locations, respec-
tively. As a result, Lab 26 was excluded from the 
analysis based on a 2STD-criterion for both the top 
and bottom extraction locations. In this lab, the com-
pressive strength was consistently the lowest for the 
bottom specimens across all loading directions. This 
suggests the presence of defects specific to the bot-
tom section of the printed element. Figure  11a pro-
vided by Lab 26 indicates that the printing was done 
on a dry platform, potentially resulting in higher 
moisture loss in the bottom layers, thereby leading 
to lower strength values. Similarly, Lab 16 displayed 
significantly lower compressive strength in the bot-
tom section under the U loading direction, marking 
it as an outlier. However, the bottom specimens did 
not exhibit the lowest strength in the other two load-
ing directions. Interestingly, in the W loading direc-
tion, the lowest compressive strength was found in 

the middle section instead. Figure  11b provided by 
this lab shows that printing was not performed on 
a dry platform as in Lab 26, resulting in the bottom 
specimens not consistently showing the lowest com-
pressive strength. Unlike Lab 16 and Lab 26, the 
compressive strength for Lab 27 was consistently the 
highest when specimens were extracted from the bot-
tom section for all loading directions. Moreover, the 
top specimens consistently exhibited the lowest com-
pressive strength. Further investigation revealed that 
the printing was conducted under conditions where 
the relative humidity (RH) was approximately 20%. 
Therefore, it is likely for the printed object to lose 
moisture to the surroundings, with top layers being 
more susceptible to this effect, which could possibly 
explain the observation. Additionally, low RH could 
lead to a faster stiffening of fresh mixture, worsening 
its extrudability and interlayer bonding while printing 
the top layers, eventually reducing the compressive 
strength of the top section.

Overall, the correlation in compressive strength 
was better for the W loading direction across all 
extraction locations compared to the U and V load-
ing directions. This is expected, as deviations associ-
ated with interlayers are more pronounced in the U 
and V directions. Additionally, within the W load-
ing direction, specimens extracted from the middle 
section showed the best correlation. This resulted in 
more laboratories falling beyond the 2STD-threshold 
for this combination, leading to the exclusion of four 
laboratories from the analysis. The deviation in com-
pressive strength values for these laboratories was 
minimal compared to those excluded in the U and 
V loading directions, so a further investigation was 
deemed unnecessary.

4.2 � Comparison between compressive strength of 
printed and cast specimens

Figure  12 illustrates the relationship between the 
average compressive strength of printed specimens 
in each loading direction and that of the cast speci-
mens. Only mortar-scale cube specimens were uti-
lized for this analysis, as the numbers specimens of 
other shapes and sizes were insufficient to perform a 
reliable correlation. Based on the findings from the 
previous section, the compressive strength of printed 
specimens was calculated by averaging the compres-
sive strength values of specimens from all extraction 

Fig. 11   Print beds used by a Lab 26 and b Lab 16
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locations (bulk dataset). The data was not subdivided 
into different extraction locations.

The compressive strength of printed specimens 
exhibited a fairly good correlation with that of cast 
specimens. Notably, the correlation was stronger for 
the V and W loading directions compared to the U 
loading direction. Approximately 25% of printed 
specimens in the U loading direction exhibited higher 
strength than the cast specimens. However, this 
behavior was less evident in the V and W loading 
directions, where only 5% of the laboratories showed 
printed specimens exhibiting higher strength than 
the cast specimens. This led to a better correlation 
in these two loading directions. Overall, the printed 
specimens showed lower compressive strength than 
cast specimens, with the U loading direction showing 
the least reduction in strength at 8.7%, compared to 
18.2% and 20.3% for the W and V loading directions, 
respectively. This highlights the anisotropic nature of 
3D-printed concrete.

Contrary to the average trend, some laboratories 
reported significantly lower compressive strength for 
printed specimens compared to cast specimens in the 
U loading direction. For example, Lab 19 showed 
approximately 30% lower 28-day strength in the U 
loading direction compared to its cast specimens, 

identifying it as an outlier. Additionally, printed 
specimens in the U loading direction displayed lower 
strength than those in the other two loading directions, 
which deviates from the general trend. However, the 
7-day compressive strength measurements of Lab 19, 
which were taken to address the discrepancy observed 
at 28  days, indicated that the U loading direction 
had higher strength than the other two loading direc-
tions, aligning with the overall trend. Furthermore, it 
was observed that the 28-day compressive strength 
of printed specimens in the U loading direction was 
lower than the strength at 7  days, whereas the com-
pressive strength for the V and W loading directions 
increased over the same period. This suggests that 
the lower 28-day compressive strength in the U load-
ing direction may have been due to faulty specimens 
or testing procedures. As a result, this data point was 
justified as an outlier and excluded from the analysis.

In contrast, Lab 14 exhibited significantly higher 
compressive strength for printed specimens compared 
to cast ones. In the U, V, and W loading directions, the 
printed specimens yielded 70%, 53%, and 68% higher 
values of the compressive strength than those meas-
ured on the cast specimens, respectively, resulting in 
the lab being an outlier for all three loading directions. 
To confirm this contradictory observation, the cast 

Fig. 12   Correlating compressive strength of mortar-scale printed specimens to the cast specimens. These specimens were prepared 
under Default curing conditions. Images from left to right represent U, V, and W loading directions
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specimens were prepared again and tested by Lab 14; 
however, the trend remained the same. Most likely, 
this discrepancy is related to the rheological proper-
ties of the mix used. The spread diameter (according 
to [14]) and static yield stress of the mix were deter-
mined as 160 mm and 1600 Pa, respectively, indicat-
ing a stiff mix that likely led to low compaction during 
casting. This assessment was corroborated by visual 
observations made by the lab members. In the case of 
printing, the material was pumped using a progressive 
cavity pump to a hopper, which provided significant 
compaction. Additionally, the concrete in the hop-
per was vibrated with a poker vibrator to attain the 
rheological properties required for smooth extrusion. 
The compaction was further enhanced in the noz-
zle region, where concrete was “reshaped” to print 
a 50  mm × 20  mm filament from a pumping hose of 
25 mm diameter. The rectangular nozzle ensured the 
printed specimens had the required dimensions with-
out the need for additional horizontally adjacent fila-
ments, unlike in many other laboratories. Moreover, a 
vertical layer offset of 16 mm ensured sufficient inter-
locking between the vertical layers. This combination 
of factors justifies why the printed specimens exhib-
ited higher strength than the cast specimens.

A high static yield stress mix exhibiting higher 
compressive strength for printed specimens than for 
the cast specimens was expected to be common in the 
multiple-component system. Interestingly, only one 
lab out of three that used multiple-component mixes 
reported such behavior. For Lab 07, the printed speci-
mens showed 15% and 9% higher strength than the cast 
specimens in the U and V printing directions, respec-
tively. Meanwhile, in the W loading direction, the 
printed specimens showed 30% higher compressive 
strength than the cast specimens, causing the results to 
be an outlier in this loading direction. The mix used by 
Lab 07 for printing had a static yield stress of 1380 Pa, 
suggesting the mix to be quite stiff, which may cause 
insufficient compaction while casting. Moreover, pre-
paring cast specimens from multicomponent mixes is 
challenging due to both the high static yield stress and 
inadequate vibration during compaction. Unlike single-
component mixes, multicomponent mixes are typically 
deposited into molds from the nozzle of the printer, 
i.e., after print head mixing. The printer is often 
located far from the conventional vibration table used 
for compacting fresh specimens. As a result, concrete 
may begin setting before reaching the vibration table, 

potentially causing defects and reducing strength com-
pared to printed specimens. Although the labs have 
used alternative compaction methods to avoid trans-
porting the concrete-filled molds to a distant vibration 
table, these methods are generally less effective than 
the vibration tables used for single-component mixes.

It can be observed that the compressive strength 
of cast specimens correlates to that of printed speci-
mens, as the R2

0
 values appear to be within acceptable 

limits for concrete mechanical properties. However, it 
should be noted that with the current knowledge it is 
not possible a-priori to define where a certain mate-
rial composition or printing system is positioned, or 
even whether it would fall in- or outside of the outlier 
criteria applied here. A high initial static yield stress 
or rapid setting rate seems to indicate behavior devi-
ating from the average (due to a lack of compaction 
in cast specimens). However, this does not explain all 
outlier results. Therefore, these correlations cannot be 
used to determine engineering properties of a given 
material-printer combination without further con-
sideration. This will be subject of future work of the 
RILEM TC 304-ADC.

4.3 � Effect of scale factor on the compressive strength

In the last two sections, only mortar-scale specimens 
will be addressed. However, the scale of the speci-
men likely affects the compressive strength due to the 
presence of additional interlayers. Since the dimen-
sions of the printed layers are consistent across both 
mortar-scale and concrete-scale specimens, printing 
concrete-scale specimens will result in more interlay-
ers compared to the mortar-scale specimens. There-
fore, this section examines the effect of scale factor 
on the compressive strength. Laboratories that con-
ducted compressive strength tests on both concrete-
scale and mortar-scale specimens under similar print-
ing and curing conditions were analysed. The only 
variable is the size of the specimens. Laboratories 
using two different mix designs for mortar-scale and 
concrete-scale specimens were excluded. Likewise, 
results were omitted from the analysis if the age dif-
ference between the specimens exceeded three days.

Figure  13 presents a comparison between mortar-
scale and concrete-scale specimens in three loading 
directions. It was found that the compressive strength 
of concrete-scale cube-shaped specimens was gener-
ally similar to, or lower than that of the mortar-scale 
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specimens across most laboratories, regardless of the 
loading direction. This trend is consistent with the find-
ings reported in [15] for cast specimens, where com-
pressive strength tends to decrease as specimen size 
increases.

The reduction in compressive strength was sub-
stantial in the U and V loading directions compared 
to the W loading direction. For example, Lab 13 
showed approximately a 10% and 15% decrease in 
compressive strength in the U and V loading direc-
tions, respectively, when the specimen size was 
increased from the mortar-scale to the concrete-
scale. In contrast, the compressive strength differ-
ence between mortar-scale and concrete-scale speci-
mens in W loading direction was insignificant. This 
trend was consistent across multiple laboratories, 
except in Lab 01, where the compressive strength 
of concrete-scale specimens was higher than that 

of mortar in W loading direction. Concrete-scale 
specimens, unlike their mortar counterparts, contain 
vertical interfaces resulting from multiple horizon-
tal layers printed to attain the required dimensions. 
These additional interfaces should decrease the com-
pressive strength of concrete-scale specimens com-
pared to mortar counterparts in W loading direction. 
However, for Lab 01, it was found that it exhibited a 
shift in anisotropic behavior when the specimen size 
was increased from the mortar-scale to the concrete-
scale. The mortar-scale specimens yielded the low-
est compressive strength in the W loading direction 
compared to the U and V directions. However, for 
concrete-scale specimens, the W loading direction 
exhibited the highest compressive strength. To illus-
trate with values, the compressive strength of mortar-
scale specimens in the U, V, and W directions was 
44.23 MPa, 40.21 MPa, and 39.05 MPa, respectively. 

Fig. 13   Comparing compressive strength of mortar-scale printed specimens to the concrete-scale printed specimens in (a) U loading 
direction, (b) V loading direction and (c) W loading direction. These specimens were prepared under default curing conditions
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When the scale was increased to that of concrete, the 
compressive strength in the U, V, and W directions 
was 43.05 MPa, 36.76 MPa, and 48.20 MPa, respec-
tively. This shift in anisotropy in Lab 01 caused the 
concrete-scale specimens to have higher strength than 
their mortar counterparts in the W loading direction. 
A similar shift in anisotropy was also observed in Lab 
13, although to a lesser extent, resulting in mortar-
scale and concrete-scale specimens exhibiting similar 
compressive strengths in the W loading direction.

However, in the other two laboratories, the W load-
ing direction did not show similar effect from the 
change in scale factor. In the case of Lab 18, neither 
scale factor nor loading direction changed the com-
pressive strength of the printed specimen, possibly 
due to the variation in printing strategy compared to 
other laboratories. A slab of 750 mm × 750 mm cross 
section was printed from which both the mortar and 
concrete-scale specimens were extracted for the anal-
ysis. The vertical and horizontal offset used for this 
printing ensured significant merging of the layers. As 
a result, the printed slab most likely behaved like a cast 
specimen which could be associated to the minimal 
variation in compressive strength across different load-
ing directions and scales. On the other hand, Lab 25 
showed an influence of scale factor on the compressive 
strength, but anisotropic behavior was similar for both 
mortar and concrete-scale specimens. In both scales, 
the loading direction V showed the lowest compres-
sive strength. The printing parameter and specimen 
preparation were similar to lab to 1 and 13. Neverthe-
less, the shift in anisotropy was not noticed in this lab 
when the scale was increased from mortar to concrete. 
This implies that the results are not sufficient to draw 
a definitive conclusion about the effect of scale on the 
shift in anisotropy. However, in theory, due to the pres-
ence of additional interfaces, concrete-scale specimens 
should exhibit lower strength compared to mortar-
scale specimens without deviating in their anisotropic 
behavior. Lab 01 is most likely an exception.

When the specimen shape was changed from cube 
to cylinder, the compressive strength of concrete-
scale specimens was found to be similar to or higher 
than that of mortar-scale specimens. This contradicts 
the trend observed in cube specimens (both printed 
and cast [15]) and is likely attributed to the speci-
men extraction method. Since core drilling was used 
to extract cylindrical specimens, the extensive energy 
exerted during the core-drilling process might have 

affected a smaller volume in the mortar-scale speci-
mens to a higher extent compared to the concrete-
scale specimens. As a result, mortar-scale specimens 
are likely to be more vulnerable to damage during 
extraction, leading to a lower compressive strength. 
This hypothesis is supported by data from Lab 18, 
where the compressive strength of concrete-scale 
specimens increased, while the compressive strength 
of mortar-scale specimens decreased substantially 
when the extraction method was changed from saw-
ing (for cubes) to core-drilling (for cylinders).

Overall, it can be concluded that increasing the 
scale of cube-shaped specimens from mortar to con-
crete results in a slight reduction in compressive 
strength, likely due to the presence of additional inter-
layers. This reduction is more pronounced in the U 
and V loading directions compared to the W loading 
direction. Although one lab reported higher strength 
in the W loading direction when scaling up from mor-
tar to concrete, the limited data makes it difficult to 
draw definitive conclusions. Additionally, it was found 
that the extraction method (sawing or core-drilling) 
plays a crucial role and should be carefully considered 
in relation to the specimen scale when characterizing 
the compressive strength of printed elements.

4.4 � Effect of cold joint (Dev 1) and curing condition 
(Dev 2) on the compressive strength

In large-scale construction, it is likely that the delayed 
stacking of layers due to long print path causes 
cold joint between the layers. Thus, understanding 
the impact of cold joints on the performance of the 
printed structure is crucial. This section examines 
the influence of cold joints on compressive strength 
by comparing the average compressive strength of 
printed specimens produced under Default conditions 
(without cold joints) and Deviation 1 conditions (with 
cold joints). For this correlation, only specimens from 
the middle section were considered for the default 
condition, as the cold joint data (Deviation 1) was 
obtained solely from the middle section of the printed 
elements.

Figure 14 shows the correlation between the com-
pressive strength of printed specimens with and with-
out cold joints. Overall, it was found that the effect 
of cold joints was prominent in the U and V load-
ing directions, which are relatively more sensitive 
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to the interlayers compared to the W loading direc-
tion. In the U and V loading directions, the printed 
specimens with cold joints showed lower strength 
than those without, with a reduction of approximately 
10%, whereas the effect of cold joints was found to 
be negligible for the W loading direction. However, in 
the case of Lab 30, a notable exception was observed. 
The compressive strength of specimens prepared with 
cold joints was significantly higher (~ 40%) than that 
of the specimens without cold joints when loaded 
in the V and W loading directions. This contradic-
tion arises from the difficulties encountered by this 
lab during the extraction and preparation of printed 
specimens, as pointed out in Sect.  3.1. These chal-
lenges led to eccentric loading and premature failure 
of printed specimens without cold joints. The lab 
members have confirmed that the extraction process 
was subsequently improved, resulting in specimens 
with cold joints not experiencing the same issues. 
This conclusion is reinforced by the findings from 
concrete-scale specimens tested by Lab 30, which 
revealed lower compressive strength in printed speci-
mens with cold joints compared to those without cold 
joints. Nevertheless, Lab 30 was retained for analy-
sis, as the relationship was not statistically deemed 
an outlier. In contrast, Lab 12 was identified as an 

outlier in the W loading direction based on Cook’s 
distance. The compressive strength of specimens 
with cold joints was found to be approximately 20% 
lower than the default, while the overall correlation 
showed insignificant change. Notably, the reduction 
in compressive strength was most pronounced in the 
W loading direction, which theoretically should be 
the least sensitive direction to cold joints. No attribut-
able reasons were identified for this behavior from the 
available information.

Another significant factor in construction is the cur-
ing conditions. While the compressive strength values 
discussed in previous sections were obtained from 
water-bath curing, this method does not accurately 
represent the hardening behavior of large-scale printed 
elements. To better simulate the conditions during 
large-scale construction, the printed specimens were 
cured under ambient conditions (Deviation 2). These 
were then compared to the printed specimens cured in 
a water bath (Default), as shown in Fig. 15. Since the 
laboratories had the freedom to choose their Deviation 
2 conditions, two laboratories opted for steam curing 
and extended concrete age (91  days in water bath) 
respectively as the Deviation 2 conditions. As these 
conditions do not align with the goal of the analysis, 
these two laboratories were excluded for this section.

Fig. 14   Correlating compressive strength of mortar-scale printed specimens with cold joints to the specimens without cold joints. 
Images from left to right represent U, V and W loading direction



	 Materials and Structures (2025) 58:181181  Page 24 of 30

Vol:. (1234567890)

The temperature and relative humidity during 
ambient curing conditions (Dev 2) varied between 
17 °C–23 °C and 35%–65%, respectively, across the 
laboratories. Despite these variations, the correla-
tion between compressive strengths under two dif-
ferent curing conditions was notably strong in the V 
and W loading directions but comparatively weaker 
in the U loading direction. In the U loading direc-
tion, an approximately equal number of laboratories 
reported higher strength under water bath curing con-
ditions compared to ambient curing conditions, and 
vice versa, causing weaker correlation. The highest 
decrease in compressive strength (26%) from water 
bath to ambient curing conditions was observed in 
Lab 05 under U loading direction. In Lab 05, the cur-
ing temperature remained nearly same, but the rela-
tive humidity was 65% for ambient curing compared 
to 100% for the water bath. Despite other laboratories 
experiencing greater difference in relative humidity, 
they showed smaller decreases in strength compared 
to Lab 05, suggesting that relative humidity alone was 
not the sole factor. The printable mix used by Lab 05 
contained 50 wt% of the binder as slag, known for its 
slow early-age hardening properties. Consequently, 
when the printed elements were exposed to ambient 
conditions with lower humidity, the slow early-age 

hardening caused enhanced moisture loss from the 
specimens. This led to higher reduction in compres-
sive strength under ambient curing conditions than 
water bath. The equally significant reduction in the 
compressive strength observed in other loading direc-
tions corroborates the hypothesis.

In contrast, some laboratories demonstrated an 
increase in compressive strength when the curing 
conditions were changed from water bath to ambi-
ent. Lab 09 showed the highest increment of approxi-
mately 40%. Under water bath, Lab 09 achieved aver-
age compressive strengths of 41.93 MPa, 56.38 MPa, 
and 49.89 MPa in the U, V, and W loading directions, 
respectively. However, under ambient curing condi-
tions, the compressive strengths were 58.65  MPa, 
48.14 MPa, and 55.06 MPa in the U, V, and W load-
ing directions, respectively. This indicates that the 
increase in strength was primarily observed in the U 
and W loading directions. In contrast, the V loading 
direction showed a reduction in compressive strength. 
Interestingly, while the V loading direction exhibited 
the highest strength under water bath curing con-
ditions, it showed the lowest strength under ambi-
ent curing conditions. Similar shifts in anisotropy 
were also observed in 4 out of 10 laboratories when 
the curing conditions were changed. This variability 

Fig. 15   Correlating compressive strength of mortar-scale printed specimens cured in water bath to specimens cured in ambient con-
dition. Images from left to right represent U, V and W loading direction
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suggests that under water bath curing, compressive 
strength can either increase or decrease compared to 
ambient curing depending on the loading direction.

Based on these findings, curing conditions appear 
to influence the anisotropy in printed specimens. 
However, there is significant variation in the ambient 
curing conditions used by different laboratories, and 
only half of the laboratories showed a noticeable shift 
in anisotropy. Therefore, further assessment is nec-
essary to draw definitive conclusions. Furthermore, 
the data suggests that compressive strength obtained 
from standard water-bath curing can be reasonably 
correlated with compressive strength obtained from 
ambient curing, particularly in the V and W loading 
directions. Nonetheless, it’s important to exercise 
caution when dealing with mixes that are sensitive to 
surrounding humidity, as this factor can have a sub-
stantial impact on the results.

4.5 � Influence of 3DCP on the relationship between 
MOE and compressive strength

The fib Model Code 2020 (MC 2020) relates the mod-
ulus of elasticity (MOE) and compressive strength of 
concrete using Eq. 1, where E is MOE in MPa, fc is 
compressive strength in MPa, k is a coefficient that 
depends on the type of aggregate used in the concrete, 
typically ranging from 5000 to 13,000 and n is power 
constant = 3 [16]. However, it is important to note that 
this relationship, as defined by MC 2020, is intended 
for use with aggregates significantly larger than those 
used in this study. Additionally, the presence of inter-
layers in the printed concrete can further influence 
this relationship. Therefore, this study determines the 
values of n and k by fitting the experimental results to 
a non-linear regression model (see Figs. 16 and 17).

Fig. 16   Correlating modulus of elasticity (MOE) with com-
pressive strength of mortar-scale specimens prepared in 
Default condition. Images from left to right represent cast 

specimens and printed specimens tested in U and W loading 
direction. The MOE and compressive strength were deter-
mined using separate specimens
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The laboratories determined compressive strength 
using two types of specimens. The first type included 
specimens that were used to measure the MOE; these 
specimens underwent cyclic pre-loading before their 
compressive strength was measured. The second type 
consisted of specimens that were not used for MOE 
measurements, and the compressive strength values 
from these specimens were discussed in the previous 
sections. Additionally, prismatic specimens were used 
for MOE determination, whereas cube specimens 
were used for the compressive strength measurements 
in the earlier sections. Notably, the aspect ratios of 
these specimens were different in both cases. Table 2 
compares the compressive strength values determined 

(1)MOE = k.f
1

n

c

using the two types of specimens, revealing signifi-
cant variations for some laboratories. Therefore, the 
relationship between the MOE and compressive 
strength was determined for both types of specimens 
as shown in Figs. 16 and 17. It is worth mentioning 
that the number of data points used for the correlation 
differs from what is shown in the table because the 
table includes only the laboratories that determined 
compressive strength using both types of specimens 
for comparison. Some laboratories provided com-
pressive strength data using only one type of speci-
men and thus could not be included in the compari-
son. Furthermore, in Figs. 16 and 17, laboratories that 
tested the compressive strength and MOE with an age 
difference of more than 3 days were excluded, as in 
the previous sections.

Fig. 17   Correlating modulus of elasticity (MOE) with com-
pressive strength of mortar-scale specimens prepared in default 
condition. Images from left to right represent cast specimens 

and printed specimens tested in U and W loading direction. 
The MOE and compressive strength were determined using the 
same specimens
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The MOE demonstrated a stronger correlation 
with compressive strength when specimens were 
tested separately for MOE and compressive strength 
(refer to Fig.  16). This improved correlation was 
observed regardless of differences in aspect ratio 
between the MOE and compressive strength speci-
mens. Meanwhile, when the MOE was related to 
the compressive strength determined using the 
same specimens, the correlation was weaker (see 
Fig.  17), especially for printed specimens. For 

cast specimens, the correlation, indicated by Ri
2, 

was higher when the same specimens were used 
to determine both MOE and compressive strength. 
However, this relationship became almost linear, 
possibly due to the lack of data in the high compres-
sive strength range (> 90  MPa). Given the strong 
correlation and the broader data range, Fig. 16 was 
selected for further analysis. Compared to cast spec-
imens, the k values increased for printed specimens 
in the U loading direction but decreased in the W 

Table 2   Average compressive strength and standard deviation determined using specimens which were used to measure the modulus 
of elasticity and the specimens which were used solely to measure compressive strength

Lab number Compressive 
strength—MOE 
specimens
(MPa)

Standard deviation—
MOE specimens
(MPa)

Compressive 
strength
(MPa)

Standard 
deviation
(MPa)

Difference in com-
pressive strengths
(%)

Difference in 
standard devia-
tion
(%)

Cast specimens
01 52.7 3.8 33.1 0.9 − 59.5 − 327.4
02 34.9 2.1 35.8 1.3 2.4 − 51.8
04 51.9 2.0 49.8 3.7 − 4.1 46.8
07 36.6 2.1 54.6 2.4 32.8 16.3
08 38.4 11.6 59.6 1.3 35.5 − 755.8
15 39.8 4.7 42.2 5.6 5.7 15.7
19 82.5 9.6 120.1 3.0 31.3 − 217.8
23 53.4 5.6 67.6 2.5 21.0 − 120.7
25 40.3 0.3 40.3 3.8 0.1 91.1
Printed specimens (U loading direction)
01 34.8 2.3 44.2 2.8 21.1 17.8
02 37.2 0.7 35.0 3.5 − 6.4 77.7
03 80.4 16.4 38.1 6.1 − 111.0 − 169.1
04 43.0 1.8 38.7 9.2 − 10.9 79.8
07 35.4 2.8 63.1 2.5 43.7 − 16.2
08 25.2 2.4 46.8 8.8 46.1 71.5
15 37.1 5.8 33.5 4.1 − 10.7 − 42.6
19 95.5 19.7 88.2 3.6 − 8.2 − 445.1
25 41.1 1.0 44.7 1.9 8.1 46.3
25_b 23.3 4.2 20.2 1.9 − 15.1 − 114.3
25_c 65.6 2.6 50.7 7.1 − 29.3 63.1
28_a 88.3 16.5 109.8 5.1 19.5 − 227.1
Printed specimens (W loading direction)
01 27.8 3.9 39.1 3.6 28.5 − 6.7
02 31.4 0.5 30.2 1.9 − 4.1 72.6
04 39.2 5.5 38.0 4.9 − 3.1 − 11.6
07 49.6 1.6 70.8 3.7 29.9 55.0
08 36.8 2.2 31.6 2.2 − 16.4 1.2
15 28.9 7.4 28.4 3.4 − 1.4 − 117.9
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direction. Meanwhile, the n values also increased 
for both loading directions, with a more pronounced 
increase in the U direction. Physically, the k and n 
values can be interpreted as indicators of the hetero-
geneity in the concrete mix. To elaborate, in lower 
strength mixes, where there is a greater difference 
in properties between the matrix and aggregates 
(indicating more heterogeneity), the slope (k) tends 
to be higher. In contrast, in higher compressive 
strength mixes, where the differences in properties 
are less pronounced and the material is more homo-
geneous, the ratio between the MOE and compres-
sive strength (the slope k) decreases. These varying 
slopes at different compressive strengths ultimately 
lead to a non-linear relationship between MOE and 
compressive strength, which is characterized by 
the value of n. Therefore, any observed changes in 
the n and k values between cast and printed speci-
mens can likely be attributed to the heterogeneity 
introduced during the 3D printing process. This 
includes factors like the presence of interlayers as 
the mix and curing conditions were kept constant 
for both cast and printed specimens. It was found 
that the addition of interlayers adversely affected 
the MOE more than the compressive strength, as 
shown in Fig. 16. For example, to achieve an MOE 
of 44,000 MPa, cast specimens required a compres-
sive strength of around 90  MPa, whereas printed 
specimens needed approximately 120 MPa.

It can be reasonably concluded that the relation-
ship between MOE and compressive strength differs 
between cast and printed specimens. The current data 
suggests that 3D printing has a more pronounced 
negative impact on MOE, particularly in the high 
compressive strength range, compared to compres-
sive strength itself. As a result, achieving a specific 
MOE in printed specimens would require a mix with 
higher compressive strength compared to cast speci-
mens. However, further investigation with more data 
points is necessary before drawing any definitive 
conclusions.

5 � Conclusions

In this RILEM Interlaboratory Study, the compres-
sive strength and modulus of elasticity of printed 
concrete were analyzed and discussed. The influ-
ence of 3D printing process, including the presence 

of interlayers, on these properties was examined 
by comparing printed and cast specimens. Addi-
tionally, the study assessed the impact of practical 
issues within printed specimens, such as the pres-
ence of cold joints and shifts in curing conditions 
from standard water bath to ambient curing. The 
key conclusions and corresponding recommenda-
tions from this study are outlined below. These con-
clusions are based on trends observed by averaging 
the compressive properties determined by various 
laboratories. While it is probable that new materi-
als and processing parameters will follow similar 
trends, this cannot be assured.

1.	 The extraction location of the specimens from 
the printed parts did not significantly impact 
the compressive strength. However, caution is 
advised in cases where irregularities are more 
likely at certain locations, such as the bottom 
section due to dry print beds or top section due 
to surrounding conditions with low humidity. In 
these instances, samples taken from the middle 
section tend to provide a more accurate charac-
terization.

2.	 The compressive strength of the cast specimens 
showed a fairly good correlation with that of 
the printed specimens. Approximately a 25% 
reduction in compressive strength was observed 
in the V and W loading directions when the mix 
was printed instead of casting. The reduction 
was lowest in the U loading direction, which, 
however, also exhibited a lower degree of cor-
relation.

3.	 In most cases, cast specimens yielded higher 
compressive strength than printed specimens. 
However, in  situations where printable con-
crete was very stiff, potentially leading to issues 
with uniform compaction, an opposite trend was 
observed.

4.	 The scale of the printed specimens (mortar-
scale or concrete-scale) influenced the compres-
sive strength. Larger specimens (concrete-scale) 
generally exhibited lower compressive strength 
compared to smaller, mortar-scale specimens, 
consistent with trends observed in traditional cast 
concrete. However, when the extraction method 
was changed to core-drilling, the concrete-scale 
specimens exhibited higher strength than the 
mortar-scale specimens, contradicting the previ-
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ous trend. Therefore, careful consideration must 
be given to specimen size and extraction tech-
nique when characterizing the strength of printed 
parts.

5.	 The compressive strength of printed specimens 
with cold joints showed a strong correlation 
with the compressive strength of printed speci-
mens without cold joints. This suggests that the 
effect of cold joints on compressive strength can 
be reasonably predicted using available com-
pressive strength data from default conditions. 
The difference in compressive strength between 
specimens with and without cold joints was most 
pronounced in the V loading direction and least 
significant in the W loading direction.

6.	 When curing conditions were changed from water 
bath to ambient curing, no significant change in 
compressive strength was observed. However, the 
degree of correlation, indicated by R2, was high 
for the W and V loading directions (~ 0.90) but 
lower for the U loading direction (~ 0.70). Simi-
lar to the effect of cold joints, the compressive 
strength of printed specimens under ambient cur-
ing conditions can be predicted using available 
data from water bath curing, though caution is 
advised when interpreting results for the U load-
ing direction.

7.	 The interlayers introduced during the 3D print-
ing process had a more pronounced effect on the 
modulus of elasticity of the specimens than on 
the compressive strength. Although additional 
data is needed to draw definitive conclusions, 
the current findings suggest that to achieve the 
same modulus of elasticity, concrete needs to be 
designed for a higher compressive strength when 
printed compared to when it is cast.

Lastly, the TC 304-ADC intends to develop 
RILEM Recommendations to determine the mechani-
cal properties of 3D-printed concrete based on the 
Study Plan, the results of this study, and the evalua-
tion of the applied experimental procedures, as pre-
sented in this article and the associated papers and 
data sets [8–10].
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