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� Non-destructive ultrasonic tests were performed on early age 3D printed concrete.
� Results of the ultrasonic tests were compared with uniaxial compression tests.
� A linear correlation was found between pulse velocity, strength, and stiffness.
� The study stimulates development of online ultrasonic methods for 3D printing.
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3D printing of concrete and related digital fabrication techniques are enjoying rapid growth. For these
technologies to be broadly accepted in structural applications and to be economically competitive, qual-
ity control methods of the process will be required. Additive concrete manufacturing processes are sen-
sitive to process settings and conditions, which calls not only for preprint structural modelling to
establish printability, but also for in-print monitoring to ensure expected properties are indeed achieved.
Non-destructive test methods are highly suitable for this aspect of quality control, as they usually allow
efficient, high frequent digital measurements that require relatively little effort. However, as they gener-
ally do not directly measure the appropriate parameter(s), correlations between non-destructive and
destructive testing have to be established. The preprint structural modelling is based on a number of
time-dependent mechanical properties, including the compressive strength and the Young’s modulus.
If concrete is still in the dormant state, as it often is in 3D concrete printing, these properties require dif-
ficult, time consuming destructive tests to establish. In the present work, the correlation between these
two mechanical properties on the one hand, and the pulse velocity on the other, was studied. A (destruc-
tive) unconfined uniaxial compression test was applied to determine the former, while a (non-
destructive) ultrasonic wave transmission test was used for the latter. As expected from previous
research on a similar mortar, both the compressive strength and the Young’s modulus were found to
increase linearly in a time frame of 5–90 min after extrusion. This is attributed to thixotropic build-up.
Within that time frame, the pulse velocity also grew in a linear fashion. Thus, a simple linear correlation
between the destructive and non-destructive test results could be established. For now, this allows con-
tinuous quality control on simply obtainable control batches. Furthermore, it stimulates the development
of ultrasonic online monitoring methods for the objects during printing.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Presently, a rapidly growing number of innovative case-study
structures is being presented that have been realized through var-
ious forms of additive manufacturing methods of concrete and
cementitious materials. It is increasingly recognized by industry
and clients that these technologies present a serious potential in
terms of optimized material use, reduced labour, and form free-
dom. The focus, by and large, is on delivering proofs of concept
which show the aesthetical and economical potential. In most
cases, extrusion-type methods with a nozzle attached to various
types of moving robots are applied [1–5]. These layer-wise extru-
sion processes are commonly referred to as (3D) concrete printing.
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Some associated technologies are simultaneously under develop-
ment, such as D-Shape (based on binder jetting) [6], Mesh Mould
[7], and Smart Dynamic Casting [8,9]. Digitally Fabricated Concrete
(DFC) is used as a generic term to refer to these innovations. Their
common denominator is the perspective to move towards largely
automated production. The study presented in this paper relates
to 3D Concrete Printing (3DCP) technology under development at
the Eindhoven University of Technology [10].

Owing to the novelty of concrete printing, the structural prop-
erties of the fabricated object, both during and after printing, are
often only globally understood. Significant knowledge gaps still
exists concerning the specific relations between the design, mate-
rial, system, and product. It is known from other 3D printing indus-
tries, these parameters interact heavily and significantly influence
the quality of the fabricated product [11]. Structural collapse dur-
ing printing and layer delamination afterwards are common fail-
ures associated with insufficiently attuned processes. To avoid
such failures to occur, and to prove that the manufactured object
is equal to the design, quality control procedures should be intro-
duced to DFC. As such, the authors suggest a development towards
a system in which:

(1) the manufacturing process is monitored continuously,
(2) the acquired data is used for real-time quality control, and
(3) a closed feedback loop reacts upon the quality control when

required.

Primarily, this concerns a measuring method in line with the
digital nature of the manufacturing process. In conventional con-
crete construction, type testing (e.g. cube compression tests,
slump-flow tests) is a commonly applied instrument to prove cer-
tification compliance and thus to show sufficient quality has been
obtained. However, the continuous nature of the printing process
and the presence of interacting parameters, make such isolated
and destructive tests unsuitable. Instead, an online non-
destructive monitoring system is required, which can measure
properties on every position and moment in the process.

To assess the quality, or structural integrity, of the printed
object based on the online measurements, initial steps towards
the structural analytical and numerical modelling of the 3DCP pro-
cess have been presented [12,13]. These modelling methods aim to
predict the structural performance and possible failure modes of
objects during printing, based on mechanical properties as defined
by the printing process. Further development of modelling meth-
ods will be required to predict other crucial properties, such as
the interface adhesion, which depends on interval time and appli-
cation pressure among others.

Likewise, early examples of online monitoring and feedback
systems were introduced. Lloret et al. adopted a method of simul-
taneous penetrometer tests during extrusion to record the con-
crete strength evolution [8], and formwork pressure and friction
measurements [9], to adjust the robot speed accordingly. Neu-
decker et al. [14] proposed a feedback loop for robotic spraying
of concrete, where 3D scanners measure the surface finish of
the sprayed concrete parts. Wolfs et al. [15] presented a continu-
ous measurement and real-time adjustment of print height nozzle
relative to the print surface (or previous layer) for the 3DCP
system.

This study takes a first step in connecting the structural mod-
elling on 3DCP objects during printing as introduced by the authors
[12] with continuous monitoring of the mechanical properties that
are used in such modelling. In particular, the correlation of param-
eters from a non-destructive test method with potential for online
monitoring, to mechanical properties determined from an appro-
priate destructive test for concrete in the dormant state is
established.
2. Theoretical framework

2.1. Concrete hydration and the 3DCP process

Concrete goes through several stages during 3D printing that
can be organized by its hydration processes and relative to the
printing process. The four stages of hydration are: (1) the initial
hydration directly after mixing, when the cement first comes in
contact with water, (2) the dormant stage in which the cementing
reactions are delayed, and the mechanical properties are mainly
determined by thixotropic build-up attributed to both interparticle
forces and low-rate hydration reactions [16], (3) the setting stage
when cementing reactions accelerate and the materials hardens,
(4) the hardened stage when the cementing reactions decelerate.
On the other hand, 3 stages can be distinguished relative to the
print process: (1) pre-deposition, when the concrete is still in the
print system, (2) post-deposition/in-print, when the concrete is
being printed, (3) after printing, when the print process is finished.
The hydration and print process stages do not necessarily develop
in parallel, rather the extent of that alignment depends heavily on
the particular print material, print system and object design. More-
over, competing requirements may be found in the required per-
formance in each stage.

The pre-deposition stage concerns the material in a fluid, mov-
ing state, while being transported through a system of pump, hose
and nozzle. In this phase, a high workability is desirable to mini-
mize friction, prevent blockage or fracture in the system and guar-
antee extrusion of the desired cross section [17–19]. Furthermore,
considering recent developments in the field of (fibre) reinforce-
ment of 3D printed concrete [20,21], the material should be fluid
enough to compact around such reinforcement and realize proper
bond.

The in-print stage concerns the material in an intermediate and
static state. Here, the extruded concrete should be shape-stable
with a sufficient strength and stiffness development to sustain
the subsequent deposited layers and guarantee stability of the
printed geometry [17,22,23]. Generally, the strength and stiffness
in the dormant phase fulfils this requirement up to a certain object
height, after which the setting stage should initiate to maintain the
desired building rate.

Finally, the concrete is in a solid, hardened state, where suffi-
cient bond strength between the layers is required. If the hydration
process during printing is too quick, or the printing speed too low,
the layers may not longer bond properly, resulting in poor struc-
tural integrity of the printed product [24–26]. Thus, understanding
the transition between stages and the properties of concrete within
each stage is critical to guarantee a robust printing process and a
structurally safe end product.
2.2. Monitoring mechanical properties of early age concrete

A typical print duration in 3DCP is several minutes up to two
hours. With the print materials that are currently being used in
the process, the critical stage during printing is when the concrete
is in the dormant stage. As the structural integrity during printing
can be predicted through analytical and numerical modelling that
have shown it to be highly sensitive to the early age mechanical
properties, monitoring these properties is of particular interest
for quality control. Due to thixotropic build-up in static conditions,
they are time-dependent and develop significantly within the
time-span of a typical printing process (as has been shown by
the authors [12]), but are also expected to rely on a number of
other variables in the print process that are difficult to predict or
control (e.g. induced energy through pumping and system friction,
compaction/density, temperature).



Fig. 1. 3DCP setup, consisting of 4 axis gantry robot, numerical control unit, and
concrete mixer and pump.

R.J.M. Wolfs et al. / Construction and Building Materials 181 (2018) 447–454 449
This requires a measuring method that is easy to perform and
provides a continuous or high frequent measurement output.
Often, empirical tests are applied, e.g. Vicat or penetrometer tests
[27]. Although a correlation with compressive strength or yield
stress may exist [28], such tests are often not continuous, suscep-
tible for manual influence, and of a destructive nature. Considering
the digital workflow of 3D printing and aiming at a high-quality
manufacturing method, non-destructive testing (NDT) methods
are preferred. The use of NDT has already been adopted in other
3D printing industries. Post-process inspection methods based on
e.g. liquid penetration or thermography can be used for quality
control of the end product. Moreover, visual and ultrasonic meth-
ods can also be applied during 3D printing to inspect the properties
and process as the object is being constructed [29].

Ultrasonic measurement methods are of particular interest for
3D concrete printing, as they have already been adopted in the
construction industry to monitor the material development of
(fresh) concrete in a continuous, non-destructive way. These meth-
ods measure the transmission or reflection velocity of sound waves
through a sample at a high frequency. Ultrasonic methods are
applied in concrete manufacturing and construction, for instance
to estimate the strength development of cast concrete so that the
demoulding sequence can be optimized [30], as well as to monitor
extrusion-based slip-form manufacturing [31].

2.3. Ultrasonic pulse velocity test

To be able to use the measured ultrasonic velocity to determine
mechanical properties that can also be directly derived from
destructive testing, a correlation between the targeted parameter
(s) and the measured parameter has to be established.

Generally, the pulse velocity increases as the amount of hydra-
tion products grows, which also holds for the mechanical proper-
ties. However, their rate of development is not necessarily equal.
It was reported by Voigt et al. [32] that certain early hydration
products create a structure which contribute positively to the
propagation of sound waves, but not significantly to the strength
and stiffening behaviour. Moreover, the ultrasound measurements
are dependent on: cement type, aggregates, and presence and
dosage of admixtures like accelerators and superplasticizers
[33,34].

Notwithstanding these dependencies, correlations between
ultrasonic pulse velocity and mechanical properties have been
established, for instance by [32,34–38]. However, they are gener-
ally applied for stages when the concrete has an age of at least sev-
eral hours. Since concrete is in a principally different stage of
development during 3D printing, governed by thixotropy rather
than setting or hardening processes, these relations are not neces-
sarily applicable. Therefore, this study aims to determine a correla-
tion between (i) ultrasonic pulse velocity and Young’s modulus,
and (ii) ultrasonic pulse velocity and compressive strength in a
time frame of 5–90 min after extrusion, for the applied print mor-
tar. Because a correlation between compressive strength and shear
strength development in the dormant stage has already been
established by the authors [12], these correlations between pulse
velocity, Young’s modulus and compressive strength suffice to
check the actual structural development of the material to that
on which a numerical model could be based.

3. Experimental program

3.1. Material and 3D printing system

In this research, a custom designed printable mortar Weber 3D 145-1 was
applied, containing Portland cement (CEM I 52.5 R), siliceous aggregate with a max-
imum particle size of 3 mm, limestone filler, additives, rheology modifiers and a
small amount of polypropylene (PP) fibres. This is an improved version of the mor-
tar introduced by Bos et al. [10] that has since been branded Weber 3D 115-1. The
fresh concrete is extracted after mixing and pumping using the 3DCP setup [10],
which consists of an M-Tec DuoMix 2000 mixer-pump with a linear displacement
pump that feeds concrete through a Ø25 mm, 10 m length hose (Fig. 1). Consistent
mixing speed and pumping frequency are maintained for every test. All experi-
ments were conducted at room temperature T = 21 �C.
3.2. Uniaxial unconfined compression test

Two time-dependent mechanical properties, the Young’s modulus E(t) and the
compressive strength fc(t), were directly determined from an Unconfined Uniaxial
Compression Test (UUCT), custom developed to early age 3D printed concrete.
The details and background to this test have been extensively described in [12].
Some aspects that are crucial to the interpretation of the results, are repeated here.

The compression tests were carried out to determine the mechanical properties
at distinct concrete ages of t = 5, 15, 30, 60 and 90 min. Here t = 0 is defined as the
time of compaction directly after extrusion, i.e. the moment when the concrete is no
longer in motion, approximately 2 min after water and cement first come into con-
tact in the mixer-pump. The time range up to 90 min corresponds to the typical
duration of a 3D printing process.

The early age strength and stiffness properties were derived by UUCT on cylin-
drical concrete samples. The specimen dimensions were designed according to
ASTM D2166 [39]. A cylinder diameter of d = 70 mm and height of h = 140 mmwere
chosen to eliminate particle size effect, and to allow a diagonal shear failure plane
to form. The fresh concrete was extracted into steel cylindrical moulds lined with a
thin sheet of Teflon and compacted for 5 s on a 30 Hz vibration table to realize a
homogeneous sample. Just before testing the sample was carefully demoulded
and the Teflon sheet removed.

The samples were loaded in an INSTRON test rig equipped with a 5 kN load cell
and two stiff cylindrical loading plates with a diameter equal to the specimens. The
tests were performed displacement controlled at a rate of 30 mm/min, chosen to
mimic the loading rate during printing. In total 5 specimens were tested for each
concrete age, resulting in a total of 25 UUCT specimens.

During the test, the compressive force, and the vertical and lateral deformation
were recorded. The deformations were recorded by image analysis. High resolution
(18 MP) photographs were taken during testing, which were post-processed in
National Instruments Vision Builder software.
3.3. Ultrasonic wave transmission test

Simultaneously, a non-destructive ultrasonic wave transmission test (UWTT)
was used to continuously monitor the velocity of sound through a printed sample
in a time span of 5–90 min.

The ultrasonic wave transmission test were performed using compression (P)
waves according to NEN-EN 12504-4 [40]. A commercial available system was used
(type IP8, manufactured by UltraTest GmbH, Germany). The UWTT system (Fig. 2)
consists of a cylindrical concrete sample with diameter d = 50 mm and height h =
50 mm, cast into a silicon mould with high damping properties. On two sides of
the sample a transmitter and receiver are placed with a mutual distance of 40
mm. Four sound absorbers are positioned in the silicon mould to avoid influences
of waves travelling through the mould, bypassing the sample. An ultrasonic pulse
is transmitted every 1 min over a period of at least 90 min. The propagation time
t of the pulse over the wave path l is recorded and used to compute the P-wave



Fig. 2. Ultrasonic wave transmission equipment.

Fig. 4. Average stress–strain relations for each concrete age t = 5–90 min.
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velocity v = l/t through the fresh material. Subsequently, the acceleration v0 was cal-
culated as the first derivate of the P-wave velocity function. Additionally, the sam-
ple temperature was measured continuously during each test.

For each series of uniaxial tests (t = 5–90 min) one parallel ultrasonic test was
performed using the same material batch as extracted from the 3DCP setup, result-
ing in a total of 5 UWTT specimens. Each UWTT sample was compacted by tapping
three times with a rod to realize a homogeneous sample.
4. Results

4.1. Uniaxial unconfined compression

The cylindrical samples were loaded in compression up to 30%
strain. Typical load-displacement curves are shown in Fig. 3 for
concrete age t = 30 min, were the five grey lines represent each
individual test, and the black line indicates their average. Each
load-displacement curve was then translated into a stress-strain
relation, taking into account large deformations of the samples.
The updated cross section, derived by image analysis, was used
to calculate the actual state of stress during the tests. Fig. 4 shows
Fig. 3. Force-displacement diagram of compression test for concrete age t = 30 min.
the average stress-strain relation for each concrete age, t = 5–90
min. The stress-strain data was cut off at 25% strain, after which
the samples were significantly deformed and image analyses pro-
vided unrealistic values.

The unconfined compressive strength fc is defined for each test
as the maximum occurring stress after area correction, and is sum-
marized in Table 1 along with each sample’s Young’s modulus
measured at 5% strain, and density. The Poisson’s ratio, derived
from lateral deformations at 5% strain, appeared to be constant
in the first 90 min and was equal to v = 0.3. Typical failure modes
for the subsequent specimen sets are shown in Fig. 5.

The early age samples (e.g. t = 5 and 15 min) fail by plastic bar-
relling, which generally transform into a brittle shear failure plane
for specimens of older age (e.g. t = 60 and 90 min). The intermedi-
ate samples show a transitional failure behaviour.

In Fig. 6, linear trend lines are presented for both the compres-
sive strength and the elasticity modulus development. For compar-
ison, the results from an earlier study on the previously developed
Weber 3D 115-1 mortar are also shown. Based on the results of the
compression tests, the compressive strength and Young’s modulus
for Weber 3D 145-1 can be defined as a function of concrete age,
given by Eqs. (1) and (2), respectively:

f c tð Þ ¼ 0:314 � tþ 1:109 ð1Þ

E tð Þ ¼ 3:423 � tþ 17:369 ð2Þ
The rate of development of strength and elasticity modulus is

compared in Fig. 7.

4.2. Ultrasonic wave transmission

The ultrasonic pulse velocity was recorded for 5 samples, indi-
cated by the grey lines depicted in Fig. 8-left. The black continuous
line represents the average velocity, which can be approximated by
a linear fit in the studied time frame. Fig. 8-right gives the mea-
sured sample temperatures and wave acceleration. Based on the
results of the ultrasonic tests, the ultrasonic pulse velocity can be
expressed as a function of concrete age, given by Eq. (3):

vp tð Þ ¼ 3:851 � tþ 66:68 ð3Þ
5. Discussion

5.1. UUCT

As expected from previous research, Fig. 4 shows the mechani-
cal properties of the print mortar develop significantly within the



Table 1
Compressive strength, Young’s modulus and density derived from the Uniaxial Unconfined Compression Test, with average values m, standard deviation SD, and relative standard
deviation RSD.

Concrete age [min] Compressive strength fc [kPa] Young’s modulus E [kPa] Density q [kg/m3]

m SD RSD m SD RSD m SD RSD

5 2.777 0.484 17% 35.924665 6.176604 17% 2111.0 8.8 0.4%
15 6.153 0.927 15% 69.3797 8.050724 12% 2191.8 25.1 1.1%
30 10.233 1.477 14% 115.84385 20.10911 17% 2167.2 7.8 0.4%
60 19.350 1.883 10% 225.37703 26.38941 12% 2172.8 11.1 0.5%
90 29.740 4.084 14% 324.85337 54.57381 17% 2229.1 8.0 0.4%

Fig. 5. Failure modes as observed in the compression tests, for concrete age t = 5–90 min.

Fig. 6. Compressive strength development (left) and Young’s modulus development (right) up to 90 min for Weber 3D-145-1 derived from the compression tests. The black
marks indicate the individual test results, and the dashed black line represents a linear fit based on the average test results. For comparison, the dashed grey line represents
the results of a previous study on an earlier developed mortar, Weber 3D 115-1.
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time frame of a typical printing process. Globally, the mortar beha-
viour tested in this study (Weber 3D 145-1) is very similar to that of
the mortar (Weber 3D 115-1) investigated in the previous study
[12]. Both the strength and Young’s modulus increase with con-
crete age, as can be recognized from the increment of the maxi-
mum stress and of the initial slope in the stress-strain relations,
respectively. As in the earlier study, the increases are linear over
time, and maintain an approximately equal rate, as evidenced by
Figs. 6 and 7, respectively. Linear rates of development of fresh
concrete before initial setting are also commonly reported in liter-
ature, measured both destructively [16,41] and non-destructively
[32], although the latter usually refer to concrete older than 2 h,
after which the linear trend no longer holds.

The Weber 3D 145-1 mortar has a lower initiation of early age
strength and modulus of elasticity, but a higher rate of develop-
ment (steeper lines in Fig. 6, initiating from a lower starting point).
The lower initial material stiffness is desirable considering a con-
sistent workability throughout the printing process, as it mini-
mizes the internal system friction and material fracture during
extrusion. The following, relatively rapid, rate of mechanical prop-
erties development is desirable from a buildability perspective, i.e.
the consecutive placement of layers and the overall stability of the
printed geometry.

In addition, a gradual transition in the failure behaviour can be
recognized, from a plastic towards a more brittle behaviour. This is
shown both by the changing of the stress-strain curve that devel-
ops an increasingly distinct peak at higher ages, and by the failure
behaviour illustrated by Fig. 5. A similar failure transition was
reported for various experiments on early age concrete by Mettler
et al.[42]. A further subdivision in the dormant stage of concrete



Fig. 7. Comparison between the strength and stiffness development up to 90 min.
All values are normalized to their maximum average value at t = 90 min.

Fig. 9. Ultrasonic pulse velocity versus compressive strength (in black) and Young’s
modulus (in grey).
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development (as discussed in Section 2.1) could be introduced, but
this falls outside the scope of the current study.

5.2. UWTT

Both the sample temperature and wave acceleration are mostly
constant in the time frame considered (Fig. 8-right). The minor
decrease in the first minutes may be attributed to an initial incre-
ment of temperature before extrusion due to the accumulated heat
in the mixer-pump, and the heat released by initial hydration reac-
tions. After that, the hydration reactions come to a rest and the
sample temperature reaches the ambient value. Logically, the con-
stant wave acceleration should result in a linearly increasing pulse
velocity, which was indeed found (Fig. 8-left). After 90 min, it has
reached a speed of vp = 400 m/s, well below the vp value between
1400 and 1500 m/s, that is typically found as indicator of initial
setting [43,44]. Therefore, it appears the increment of pulse veloc-
ity may be attributed solely to the thixotropic build-up of the
material.

5.3. Correlation of UUCT and UWTT parameters

The results of the destructive UUCT and the non-destructive
UWTT are compared in Fig. 9. As would be expected from the fact
that both show linearly increasing parameters over time, their cor-
relation may be approximated accurately by linear trend lines. The
Fig. 8. Ultrasonic pulse velocity (left), and acceleration and temperature (right), measur
individual test results, and the solid black line indicates their average. The black dash
temperature (right).
relations between the ultrasonic pulse velocity, and both the early
age Young’s modulus (in grey) and compressive strength (in black)
of Weber 3D 145-1, are given by Eqs. (4) and (5), respectively,
which are remarkably more simple than the relations presented
by for instance [35,38] that apply to concrete beyond the time
frame considered here.

E tð Þ ¼ 0:920vp tð Þ � 62:018 ð4Þ

f c tð Þ ¼ 0:084vp tð Þ � 6:163 ð5Þ
As the relation between these tests is now established, the

results of the non-destructive measurements can be used to assess
the structural integrity (or buildability) of 3D printed objects in the
fresh material state.
6. Conclusions

The early age mechanical properties which are required for
structural analysis of a 3D concrete printing process can be deter-
mined directly through destructive tests or indirectly through non-
destructive methods that measure associated variables. In this
study, the correlation between the compressive strength and the
Young’s modulus obtained from unconfined uniaxial compressions
tests, and the pulse velocity taken from ultrasonic wave transmis-
sion tests (all of which are time dependent) in the critical phase for
the printing process, i.e. in the dormant material state up to 90 min
ed in time using the ultrasonic wave transmission test. The grey lines indicate the
ed line represents a linear fit based on the average result (left), and the ambient
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after extrusion, was established for a specific print mortar. Both
destructively determined properties were found to be linearly
related to the non-destructively measured variable. As such, the
ultrasonic wave transmission tests may be deemed a suitable
non-destructive method to characterize the early age properties
of this 3D printed mortar.

A clear transition in material failure behaviour was observed in
the measured stress-strain relations of the destructive compres-
sion test at various concrete ages, and the corresponding failure
modes. However, no significant increase in temperature or acceler-
ation was measured by the ultrasonic tests during the same period,
which indicates that the material is still in its dormant phase.
Therefore, the gradual ‘stiffening’ of the material may be attributed
primarily to the thixotropic build-up, rather than to setting or
hardening.

For now, the findings allow continuous quality control of
mechanical properties during printing on simply obtainable con-
trol batches. Furthermore, it stimulates the development of online
ultrasonic monitoring methods during printing directly upon the
print objects themselves.
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