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A B S T R A C T   

Both industry and academia are rapidly developing processes, materials, and projects to explore the potential of 
extrusion-layering additive manufacturing of cementitious materials, generally known as 3D concrete printing 
(3DCP). Because the lack of supportive formwork makes objects prone to failure during printing, a key aspect 
remains the so-called ‘buildability’, a qualitative descriptor to indicate the resistance against such failures. 
Obviously, the material characteristics of the applied print mortar are an important (although not sole) 
parameter to determine buildability. However, it is not yet clear which material properties are the most suitable, 
and how they should be determined experimentally. In literature, a range of approaches has been suggested, but 
comparative studies are very few in number and limited in scope. This paper presents a juxtaposition of fresh 
material characterisation methods by subjecting four different mortars to a range of tests related to buildability, 
including rotational rheometry, unconfined uniaxial compression tests, direct shear tests, and ultrasonic wave 
transmission tests. For reference, some hardened state properties were also determined, and a printing trial was 
performed on one mixture. Significant differences between the mixtures were found, including different devel-
opment characteristics, even though three of the four mixtures were composed of different proportions of the 
same 4 dry materials. Furthermore, it was shown that strength values from different experiments could only be 
correlated by assuming significant friction angles associated with Mohr-Coulomb failure behaviour. We propose 
this could be established relatively easily through a novel method, by combining rheometry-shear and uniaxial 
compression test results. The data seem to indicate this would be a valid approach. Normalized but physically 
different parameters, such as compressive strength and pulse velocity, could not be consistently correlated. Their 
proportions are time and mixture-dependent, which adds significant complexity to quality control and the 
development of generalized methods to characterize and compare buildability of cementitious mortars.   

1. Introduction 

The development of additive manufacturing of cementitious mate-
rials (AMoC) according to the layer extrusion technology, popularly 
known as 3D concrete printing, is progressing rapidly around the globe. 
Both industry and academia are developing processes, materials, and 
projects to explore the potential of this manufacturing method. Recent 
dedicated publications such as [1–3] provide up-to-date overview of 
developments. Newly realized projects include a range of houses and 
similar structures by different manufacturers [4–7], a 2-storey office 
building [8], street furniture [9], art installations, and a telecommuni-
cation tower [10]. 

Noting that objects are prone to collapse during printing, it was 

already observed in some of the earliest publications on this technology 
[11], that ‘buildability’ is an important and new parameter to determine 
the suitability of a material-process combination for printing. Because 
in-print failure can be induced both by material and by stability failure, 
as shown by Wolfs et al. [12], it has become clear that buildability not 
only relates to time-dependent material properties, but is also deter-
mined by process as well as object characteristics, including shape, size, 
print head speed en print path order. Nevertheless, material properties 
are obviously at the core of the buildability determination. 

In literature, however, there is confusion over the interpretation of 
the stress state in layer extruded freshly printed concrete (which is 
related to material failure). Furthermore, there does not seem to be 
consensus as to which quantitative material properties and associated 
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experimental methods are suitable for buildability analysis. Rather, a 
range of different theoretical models and experimental procedures is 
applied. A major cause of this multitude of approaches is the transitory 
nature of the printable mortars that develop from (usually highly) 
viscous fluids into (initially highly pliable) solids in a time span of the 
same order as a typical printing session (several minutes to several 
hours). As a consequence, the issue can be approached both from a fluid 
mechanics and from a solid mechanics point of view, and in any case will 
need to take a time-dependency into account [13]. We will elaborate on 
this in Section 2. Until now, very little attention has been paid to 
comparing the experimental methods. Therefore, it is yet unknown 
whether they can be correlated nor which one provides the most 
adequate buildability descriptor. 

This paper presents a juxtaposition of fresh material characterisation 
methods by subjecting four different cementitious mortars to a range of 
tests related to buildability, including rotational rheometry, unconfined 
uniaxial compression tests, direct shear tests, and ultrasonic wave 
transmission tests. For reference, some hardened state properties were 
also determined, and a printing trial was performed on one mixture. The 
experimental program and the applied mixtures are presented in Section 
3. The results of hardened state tests and a printing trial are briefly 
presented here as well, but an in-depth discussion is omitted as it is 
outside the main scope of this contribution. The fresh state experimental 
methods are detailed in Section 4. The individual results of these tests 
are discussed in Section 5, while in Section 6 we compare and discuss 
their absolute values and relative rates of development – both of which 
we find to be different in the various experiments. 

2. Buildability 

2.1. Benchmark geometries 

The most straightforward approach to determine buildability is 
through the printing of benchmark geometries, as suggested by Nerella 
et al. [14] and Bester et al. [15], for instance. Whereas this has the 
advantage that it takes all influences into account and is relatively easy 
to perform, it has limited predictive value for other geometries and 
provides very few handholds for comparisons between available mor-
tars, particularly considering recent research has shown that even 
printing the same mortar on different, but similar, print facilities results 
in differences in the properties of the printed product [16]. Rather, it 
seems such methods could be very useful for quality control. 

To overcome such situationally dependent evaluations, quantitative 
approaches based on measurable physical properties are being devel-
oped. An extensive discussion and overview can be found in Section 6.1 
of [13]. The primary issues relevant to the discussion in the current 
paper are summarized and extended in the remainder of this section. 

2.2. Stress state and material failure 

Generally, two in-print failure modes are recognized: material failure 
(plastic yielding resulting in flow) or stability failure (buckling; dis-
cussed in the subsequent section 2.3.) [12,17,18]. This means that at 
least two material properties need to be determined: a strength property 
to determine a material failure criterion, and a rigidity property to 
determine a stability failure threshold. Considering that printable mor-
tars are usually fast-setting or thixotropic, both of these properties are 
often subject to a considerable increase in the time frame of printing. 
Often, a linear relation is considered sufficiently accurate [12,19–21], 
but exponential [17,22], exponential-decaying [23], and bi-linear re-
lations [24] have also been suggested for improved quantification ac-
curacy. These differences are partly due to a variance in mortar 
behaviour (and thus in suitability of a certain model for a certain 
mortar), and partly to a still developing understanding of buildability 
modelling. In rheology-based models, the time-dependency is generally 
indicated as the (linear or exponential) structuration rate Athix, 

combined by Kruger et al. [24] with the introduced concept of the 
reflocculation rate Rthix. In addition, the loading regime is time depen-
dent as well, as it increases with each additional added layer. As a result, 
the load is a step function of time (with each step corresponding to a new 
layer), but this is usually simplified to a linear increase [25]. 

To assess whether material failure will occur, the strength property 
needs to be compared to a governing stress state. Commonly, the stress 
state in a wall-type 3DCP object is considered to correspond to a uniaxial 
compression state, in which the single non-zero stress component is the 
result of the self-weight of the material stacked on top of it, as in Eq. (1), 
where ρ is the material specific mass, g the gravitational acceleration 
constant, and h(t) the time-dependent print object height above the 
point under consideration. Generally, the vertical build rate h(t) of the 
object is considered constant. The critical, most highly stressed area in 
the object would then obviously be the lowest point in the object, 
directly above the print surface. 

σ1 = ρgh(t); σ2 = σ3 = 0 (1) 

For several reasons, however, the actual internal stress state is more 
complex. Therefore, the identification of the critical area for material 
failure is not as straightforward, nor uniform, as Eq. (1) suggests. First of 
all, as argued in Ref. [13], several additional loads may act on the print 
object, including vertical pressure and horizontal drag from the depo-
sition of the print filament, transverse pressures from possible support 
materials, and eccentricities from unevenly distributed filaments 
(illustrated in Fig. 1). Only the effects of the latter have been seriously 
studied [26]. 

More fundamentally though, it should be noted that even without 
these additional loads, the stress state within the object during printing 
is unlikely to be one of uniaxial compression, as this could only be the 
case if the support is frictionless [25,27]. But in reality, the friction 
between the print surface and the print object can generally not be 
neglected, as can easily be established by tilting a print surface with 
fresh printed concrete and noticing that it will not immediately slide 
[28]. The support friction results in confining stresses, as illustrated in 
Fig. 2. For a transverse section of a print wall, it was shown by Kruger 
et al. [27] that bi-axial stresses occur over a significant area, particularly 
at the bottom. Considering that the ratio of wall length to wall height is 
often much larger than the ratio of wall width to wall height (l/h > w/h, 
because l > w), the effect of confinement will actually be even more 
pronounced in the longitudinal direction. This arguably justifies an 
assumption of plain strain conditions near the bottom of the wall, of 
which the longitudinal stress component (direction x in Fig. 2) would 
write as Eq. (2), with Poisson ratio ν(t) and static friction μS(t) which 
would both need to be established besides the material strength [25]. 

σxx = ν(t)σzz(1+ μs(t)) (2) 

Considering the actual geometries applied in 3DCP, with walls of 
various aspect ratios and curvatures, the assumption of pure longitudi-
nal confinement will be invalid in significant areas of the print object. 
This will inevitably require numerical methods such as Finite Element 
Modelling (FEM) to establish the actual stress distribution and to iden-
tify the areas critical for material failure. 

Several strength definitions have been proposed as material failure 
criterion, usually directly linked to an experimental method. One of the 
earliest suggested approaches was to determine the static shear yield 
stress from an assumed state of pure shear in rotational rheometry, take 
this as the material failure criterion and compare it to the uniaxial 
compression component, as in Eq. (3) [22]. For pure shear, this could be 
considered either a Tresca or a von Mises approach, as they yield the 
same result. But the stress state in a printed wall loaded in self-weight, 
does not correspond to pure shear. Thus, it was proposed to correct 
the maximum shear stress by a factor of √3, Eq. (4), which entails the 
proportion between the von Mises failure stress in pure shear and uni-
axial tension, and then compare it to the uniaxial compression 
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component [17,19]. This, however, assumes symmetrical strengths in 
compression and tension, i.e. an ideal plastic material, which does not 
seem to apply to cementitious mortars (see below in this subsection), 
and furthermore ignores the complexities of the stress state in the wall as 
described above. In case of unconfined uniaxial compression, the 
maximum shear stress that occurs is only half that of the compression 
stress, τmax = ½σ1 (combined with a normal stress of σn = ½σ1). In case 
of confining compressive stresses, the proportion between shear and 
compression further decreases, τmax ≤ ½σ1, to an extent dependent on 
the level of confinement [27]. These considerations lead to Eq. (5). 
Essentially, this is the Tresca criterion, where the factor β is determined 
by the largest and smallest principal stresses. Unless one of the 
maximum principle stresses is tensile (which is unlikely in this case), β 
≤ ½. Thus, Eqs. (3) and (4) generally overestimate the magnitude of the 
equivalently induced shear stress resulting from a normal load appli-
cation, thereby overestimating material failure. Consequently, predic-
tive models employing these equations will underestimate buildability 
performance. However, even Eq. (5) is still conservative as it ignores the 
fact that confining stresses may increase the shear resistance, as assumed 
in Mohr-Coulomb theory, which has been suggested for fresh printable 
mortars as well [12,29]. In that case, Eq. (5) should be extended into Eq. 
(6), where ϕ is the angle of internal friction (or: friction angle) and τC is 
the Mohr-Coulomb cohesion (usually cohesion is presented with symbol 

C, but here we opt for τC to clarify this represents a shear strength). For 
unconfined compression Eq. (6) reduces to τC = ½σ1(1 − tan ϕ(t)). 

τy(t)≥ σ1(t)  with  σ1(t) = ρgh(t) (3)  

τy(t)≥
σ1(t)

̅̅̅
3

√ ≈ 0.577σ1(t) (4)  

τy(t)≥ βσ1(t) with  β=½(1 − α)  and  α=
σ3

σ1
(5)  

τy(t)≥ βσ1(t) − (σ1(t) − βσ1(t)) ⋅ tan ϕ(t) = τC (6) 

Considering the strong asymmetry in tensile and compressive yield 
strength found by Jacquet et al. [30], this seems more appropriate than a 
plastic criterion such as von Mises. The advantage, furthermore, is that it 
allows to consider the effects of multiaxial stress states on the initiation 
of failure. As this entails the determination of failure at different com-
binations of principle stress to determine ϕ, it generally requires more 
extensive experimental work by direct shear testing with increasing 
vertical static loads [12], or through tri-axial testing [20]. Both these 
methods originate from geotechnical research. Recently a more conve-
nient slow penetration test has been presented Reiter et al. [18], but it 
was concluded that such a test still needs calibration and could lose 

Fig. 1. Potential loads acting on a wall while being printed, in addition to self-weight.  

Fig. 2. Areas with varies stress states in a section of printed wall. Area I is unaffected by confinement by the support surface friction, while area III is influenced by 
confinement in both x- and y-direction. Areas II and IV are affected by confinement in one direction, the x- and y-direction, respectively. 
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accuracy when failure is friction (rather than plasticity) dominated. In 
section 6, we will argue a combination of rotational rheometry and 
unconfined uniaxial testing can also be used to determine ϕ. 

Recognizing that the Tresca shear strength criterion as in Eq. (5) may 
also be considered a limit case for Mohr-Coulomb theory as Eq. (6) with 
a friction angle of θ = 0◦, and considering the extensive testing required 
to obtain a complete set of experimental parameters for a Mohr- 
Coulomb model, Kruger et al. [25] argued that to determine the lower 
boundaries of material failure in 3DCP fresh state modelling, the static 
shear yield strength obtained from rotational rheometry could also be 
used. 

Another approach is to directly compare an experimental compres-
sive strength to the self-weight load in a print object. This amounts to a 
maximum normal stress approach (Rankine). For this, unconfined uni-
axial compression tests (UUCT) [31] as well as squeeze-flow tests have 
been suggested [22]. The validity and accuracy of this approach depend 
on the level of agreement between the stress state within the experiment 
and in the object during printing. Considering the observations dis-
cussed above, we expect neither one to agree very well as the UUCT will 
underestimate the orthogonal (confinement) contributions, while the 
squeeze flow test due to its low aspect ratio will likely overestimate 
them. 

Recently, alternative methods have been proposed to obtain material 
failure strengths for the various models, such as deriving the static shear 
yield stress from the formation of droplets at the exit of a vertically 
oriented extrusion mouth [32], or the tensile strength based on a very 
similar method [30]. 

Generally, the peak load values acquired in testing are used. How-
ever, Reiter et al. [18] noted that pre-failure deformation only remains 
stable to a shear stress of approximately 1/3

rd of the static yield stress, 
and therefore suggested an additional safety factor of γdef = 3 to the 
loading side. 

Establishing which failure criterion is most appropriate, is not a 
trivial task due to the time dependency of the material behaviour and 
the print geometry, the differences in 3D print mortar behaviour, the 
scatter in results and sensitivity of print mortars to process parameters, 
the effort required for many of the suggested experiments and printing 
itself, and the difficulty to accurately measure deformations on wet 
printed concrete. As a result, there is still relatively little appropriate 
data available. 

Nevertheless, there are some indications that favour a Mohr- 
Coulomb criterion. On a microscale level, the shear resistance in fresh 
concrete was found to stem from interparticle friction [33]. Several 
studies in the field of 3DCP have furthermore found the shear resistance 
of fresh mortar to be dependent on the magnitude of the simultaneously 
acting normal force [12,20,29]. In addition, a comparison by Jayathi-
lakage et al. [34] showed that a Mohr-Coulomb model predicted the 
number of layers to failure in printing experiments much better than a 
prediction based on the von Mises criterion. However, the extent of 
available data is still scarce. 

2.3. Stability failure 

To determine a rigidity parameter on the other hand, the number of 
proposed approaches has been much more limited. Wolfs et al. [12] 
measured an apparent Young’s modulus E from UUCT on cast cylinders, 
which was subsequently used in a Finite Element Model to predict 
collapse by buckling. Stability criteria presented by Suiker [23] and 
Roussel [17] are also based on this material property. Later, it was 
shown it could also be obtained from tri-axial testing [20]. 

A disadvantage of this experiment is that it is not performed on 
actually printed material, which could result in inaccuracies, e.g. 
through a lack of compaction or different shear regimes. Jayathilakage 
et al. [34] addressed this by performing the compression test on linear 
printed samples instead. Although this eliminates the differences be-
tween cast and printed material, it might result in an overestimation of E 

because of confinement in the longitudinal direction. Alternatively, in 
Ref. [30] a method is presented to derive the apparent Young’s modulus 
from assessing the deformation of a horizontally free extruded filament. 
Although this obviates the need for more elaborate testing equipment, it 
does introduce significant complexities regarding time dependent ef-
fects and the stress state, and also does not allow the evaluation over 
time intervals longer than directly after extrusion. 

Alternatively, it is possible to obtain the dynamic Young’s modulus 
Edyn from ultrasonic wave transmission tests through Eq. (7). This 
experiment is much easier to perform than an UUCT and provides 
continuous measurements. However, it relies on the Poisson ration of 
the material, which would need to be established from other experi-
ments like the UUCT, or be estimated from available experimental data. 
In addition, due to the extremely small displacements applied in this 
test, the dynamic Young’s modulus is not necessarily equal to the static 
Young’s modulus [35]. Therefore, a calibration as e.g. performed in 
Ref. [36] will remain necessary to obtain useable rigidity data from this 
experiment. 

Edyn(t) = kρv(t)2
, ⋅with⋅k =

(1 + ν)(1 − 2ν)
1 − ν (7)  

2.4. Correlations between fresh state material experiments 

Published studies indicate that the initial material strengths of 
printable mortars, determined through either of the aforementioned 
methods, usually ranges between 1 and 10 kPa, see also [22,24,31, 
37–39]. The rate of development is highly dependent on the mortar 
type, a typical order of magnitude for non-accelerated mixtures would 
be 0.05–0.5 kPa/min between 0 and 60 min (but, as indicated, not 
necessarily linear). 

Recently, some studies were presented in which both rheological and 
mechanical tests had been performed on printable cementitious mortars. 
Zhang et al. [40] studied 5 mixtures, amongst others by rotational 
rheometry (RR) at 0, 15, and 30 min of age, and (load controlled) UUCT 
up to 60 min of age. The flow value of the mixtures was also determined 
at increasing age. The UUCT compressive strength develops from 0 to 2 
kPa over 0–30 min for 4 mixtures, whereas the rheological static yield 
stress varies between 0.02 and 0.1 kPa at t = 0, and develops to values 
ranging from 0.03 to 0.15 at 30 min (it should be noted that these values 
are very low, and it is questionable whether these mixtures can actually 
be printed). Remarkably, the mixture that showed hardly any UUCT 
compressive strength increase, showed the most RR static yield strength 
increase, whereas a mixture with hardly any static yield strength (hardly 
0.03 kPa at 30 min), showed a moderate compressive strength (in-
crease). The fifth mixture was significantly stronger in green strength, 
developing from 1.5 to 4.5 kPa in the first 15 min, but the static yield 
strength only developed from approximately 0.16 to 0.19 kPa. A com-
parison of flow value to green compressive strength clearly showed 
these properties could not be correlated. 

Another multi-method study by Panda et al. [41] compared results 
on 2 different mixtures from a displacement controlled UUCT to static 
yield stress determined from RR at ages up to 150 min. Both mixtures 
developed their static shear yield stress from 4 to 14 kPa and their UUCT 
compressive strength from 5 to 35 kPa. Initially, this development can 
be approximated as linear (up to 40 min), while thereafter it becomes 
exponential. Although the authors claim a good correlation between the 
results from both experiments, the results actually only support the 
observation that both developments are linear at first and exponential 
on the longer term, as the development rate (normalized strength in-
crease) of the compressive strength is almost double that of the static 
shear yield stress. 

Moeini et al. [42] compared mini slump-flow, static yield stress and 
storage modulus evolutions from plate rheometry and concluded that 
different methods inform the understanding different aspects of 
printability. 
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The preceding overview shows that a wide variety of approaches 
towards buildability in 3DCP exists. They differ both in their charac-
terisation of the critical stress states in the print object, and the exper-
imental methods applied to obtain the relevant properties to define the 
failure criteria. Importantly, it seems that the experimental methods do 
not necessarily yield quantitatively similar results, particularly with 
regard to the rate of development of properties in the time frame of 
printing. The following sections present further experimental research to 
clarify these issues. 

3. Experimental program and mixtures 

A high-performance printable mortar, initially designed and devel-
oped by Stellenbosch University (SU) [43], was recreated at the TU 
Eindhoven (TU/e) and subjected to a wide range of fresh state experi-
mental tests associated with buildability properties as discussed in the 
previous section. This mixture is henceforth referred to as ‘A’. In addi-
tion, a more limited experimental program was also performed on a 
selection of three other mixtures, one of which was the commercially 
available print mortar Weber 3D 145-2 (‘B’ in the current paper), while 
two were based on designs available from literature and here designated 
as ‘C’ and ‘D’. The applied mortar compositions and design sources are 
listed in Table 1. 

Besides the fresh state experiments, several additional experiments 
were also performed to further characterize the materials, such as a 
printing trial and mechanical tests on hardened specimens. These results 
are just briefly mentioned in the paragraphs below for reference, but not 
further elaborated as they do not directly contribute to the discussion at 
hand in this paper. Mixtures A, C, and D were recreated as far as possible 
with the locally available materials. Constituent materials with prop-
erties that approximately correspond to that used for mixture A in 
Ref. [25] were sourced and employed throughout the research. There-
fore, deviations in constituent material properties used in this study 
compared to those used in the respective original mixtures are possible, 
but care has been taken to minimize variance. 

Table 2 provides an overview of the fresh state experimental pro-
gram per mixture. The direct shear test was only performed on mixture 
A, as this is a very elaborate experiment to undertake. The number in-
dicates the number of batches that were tested in the respective exper-
iment. The experimental program was performed in the period 
September 2018–February 2019. 

Composition A is highly thixotropic and flows readily when agitated, 
but re-flocculates rapidly after cessation of agitation. This results in a 
high rate of pre-sheared yield stress restoration that is ideal for concrete 
printing applications. The mortar constituent quantities are given in 
Table 1 and follow roughly a 2:4:1 cement, sand and water ratio. A 
modified polycarboxylate superplasticizer (SP; Chryso Fluid Premia 
320) was employed to obtain the desired workability and thixotropy 
behaviour. Although the mortar’s quantities are based on [25], the 
constituents do slightly differ at the microscopic scale since they were 
sourced from different suppliers (viz., originally from South Africa but in 

this study from Europe). Consequently, it was found that roughly half 
the superplasticizer dosage from Ref. [25] yielded the desired work-
ability properties for this printable mortar. ENCI Heidelberg Cement 
CEM I 52.5 R Portland cement was used with a water to cement ratio of 
0.45 to obtain high mechanical strengths in the hardened concrete state. 
Vliegasunie B.V. Class N fly ash together with Chryso silica fume was 
used as extenders to further aid in obtaining optimum workability and 
thixotropy properties. Common potable tap water was used throughout 
this research when preparing mortar batches. Sand with a maximum 
grain size of 2 mm was used (rather than 4.75 mm in the original 
design), a limit dictated by the characteristics of the TU/e 3DCP facility. 
The mortar mix comprises a fineness modulus (FM) of 1.46 and can 
therefore be characterised as a particularly fine mix due to having a 
small mean particle size. The grading curve presented in Fig. 3 shows 
that this mixture corresponds exceptionally well to Fuller’s ideal grading 
(scaled to 100% at 2 mm particle size) for particle sizes below 300 μm. 
This is not entirely the case for particle sizes ranging between 300 and 
2000 μm, with the largest deviation of 20.5% occurring at 600 μm. 
Notwithstanding, the mix in general demonstrates a continuously 
graded particle size distribution profile that, as a whole, corresponds 
well to Fuller’s ideal grading for maximum particle packing density. 

A fresh mortar sample was prepared for each test conducted in this 
research. The dry mixture was mechanically mixed using a Hobart mixer 
for roughly two minutes until it was observed to be homogenous. Water 
was added at a low rate while mechanical mixing continued, after which 
the mix was further mechanically mixed for roughly one minute. Lastly, 
the superplasticizer was added at a slow rate for even distribution of the 
chemical throughout the mortar. After adding the superplasticizer, the 
mortar was mixed for a further two minutes and was then ready to be 
used for testing. 

Table 1 
Compositions and origins of printable mortars applied in this study.  

Mixture Design 
source and 
designation 

Composition as applied in the current study, in [kg/m3] 
unless otherwise noted 

Cement Fly 
Ash 

Silica 
Fume 

Sand 
(0–2 
mm) 

SP Water 

A Standard 
HPC in [25] 

579 165 83 1167 12.2 261 

B Weber 3D 
145-2 

(undisclosed, commercial composition) 16%a 

C SFPM in [44] 540 0 60 1357 1.0 259 
D Mix A in [45] 378 206 206 1312 10.3 134  

a % of the total mixture weight. 

Table 2 
Overview of experimental program per mixture: fresh state tests related to 
buildability and limited additional tests mostly pertaining to hardened state 
mechanical properties. The numbers indicate the number of batches prepared 
for each experiment.  

Fresh state experiments (cfr. Section 4) Mixture 

A B C D 

Vicat Test 1 1 1 1 
Mini Slump Cone Test 1 1 1 1 
Rotational Rheometry (RR) 1 1 1 1 
Direct Shear Test (DST) 2 – – – 
Unconfined Uniaxial Compression Test 

(UUCT) 
4 2 2 2 

Ultrasonic Wave Transmission Test 
(UWTT) 

2 × 2 + 1 ×
1a 

1 ×
2a 

1 ×
2a 

1 ×
2a  

a Second number refers to number of samples from batch. 

Fig. 3. Printable mortar mixture A grading compared to Fuller’s ideal contin-
uous grading. 
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For comparison, three other mixtures were tested. Mixture B, the 
commercially available Weber 3D 145-2, was selected because of its 
extensive use by the TU/e, ease of preparation and compatibility with 
the applied experiments, and available experimental benchmark data 
([20]). In this study, batches were prepared by premixing the dry ma-
terial in a Hobart mixer for 1 min, gradually adding the water, and 
continue mixing for a minimum of 5 min. 

The two other mixtures C and D were taken from literature and 
selected based on their overall performance as printable material, the 
level of detail in which their composition was published, and their 
reproducibility (i.e. in terms of availability of materials such as additives 
and additional cementitious materials). Still, the reproduced versions of 
these mixtures have been slightly modified to match availability of 
materials, and the materials have been sourced from other suppliers 
than the ones in the original publications, which may lead to slightly 
different performances. 

A printing trial on mixture A showed very good buildability. A 1 m 
high, 250 mm diameter cylinder was printed in less than 16 min, as 
shown in Fig. 4. Further tests on hardened specimens included density 

measurements, as well as 3-point bending and compressive tests ac-
cording to EN 196-1 [46], on cast and printed (only mixture A) speci-
mens. The results are summarized in Table 3. 

4. Experimental methods 

4.1. Vicat penetration and mini slump-cone tests 

The Vicat and slump-cone tests are standard test methods for fresh 
concretes and mortars. The former determines the initial set time of the 
mortar, while the latter provides an indication of its flow behaviour. 
During this study, Vicat penetration tests were performed according to 
the EN 196-3 [48]. The initial set time is reached when the penetration 
depth measures 34 ± 1 mm. Slump-cone tests were performed according 
to ASTM C143 [49]. The cone height was 65 mm, while the upper and 
lower diameters were 40 and 90 mm respectively. The slump was 
determined directly after mixing. 

4.2. Rotational rheometry (RR) 

The rheology test protocol developed by Kruger et al. [24], which 
comprises a bi-linear thixotropy model, was employed in this research. 
In addition to the structuration rate (Athix) described earlier, the model 
captures the physical re-flocculation thixotropy mechanism (Rthix) that 
indicates a material’s degree of thixotropy. This information is benefi-
cial for 3DCP where a material’s microstructure is broken (de-floccu-
lated) due to pumping pressure. After the material exits the nozzle, and 
thus the agitation halts, Brownian motion causes rapid re-flocculation of 
particles to restore equilibrium, i.e. the original pre-sheared micro-
structure. Not only is Rthix indicative of potential pumpability and 
extrudability performance, but it is also critical in achieving proper 
buildability performance at high vertical building rates [50]. 

A set of material stress growth tests were performed on a Schlei-
binger Viskomat XL rheometer, using a single-batch approach to obtain 
the bi-linear yield stress evolution profile. The shear rate γ applied by the 
rheometer was calculated with Eq. (8), where Ω is the angular velocity of 
the rheometer vane [rev/s] and ro and ri are the outer and inner radii of 
the rheometer container and vane, respectively. A shear rate of 1 s− 1 was 
adopted consistently throughout as it has been successfully employed in 
previous research [24]. For the ro = 82.5 mm and ri = 34.5 mm, as 
applied in this research, this yields Ω = 0.2 rev/s. 

γ=
Ω.2π.ri

ro − ri
(8) 

These tests were performed with 0, 10, 20, 30, 40, 50, 60, 90, 120 s 
resting time intervals between tests to allow time for re-flocculation 
after agitation and thus accurate measuring of thixotropy, specifically 
Rthix. Athix, which mainly results from a chemical process, is captured 

Fig. 4. A 250 mm diameter circular hollow column was printed to empirically 
determine the mortar’s buildability performance. 

Table 3 
Summarized results of hardened state tests.  

Property Mixture 

A B C D 

Density [kg/m3] 2157 2065 2076 2137 
Flexural strength [N/mm2] Cast 7 days 7.0 4.7 5.1 5.4  

14 days 7.2 5.3 5.3 5.8  
28 days 7.3 5.8 5.3 6.9 

printed, dir. Ia 7 days 8.8 – – – 
Compressive strength [N/mm2] Cast 7 days 47.5 33.4 37.5 39.6  

14 days 50.4 37.4 39.3 43.2  
28 days 48.4 39.4 38.7 46.0 

printed, dir. Ia 7 days 47.1 – – – 
printed, dir. IIa 7 days 56.9 – – –  

a As defined by Ref. [47]. 
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using longer resting time intervals between stress growth tests of 1200, 
2400, and 3600 s (or 20, 40, and 60 min). Note that these intervals 
should not be assumed as fixed, but rather recommended intervals to 
capture thixotropy behaviour in the time frame relevant to 3DCP. For 
each test conducted, the static and dynamic yield shear stresses were 
determined according to Eq. (9), where τy,RR is the equivalent yield shear 
stress based on the measured torque T, and ri and hv are the vane radius 
and height, respectively. The static yield stress is captured as the largest 
stress value measured from a stress growth test and the dynamic yield 
stress as the lowest value. These values were then plotted for both time 
interval ranges according to Ref. [24] and Rthix and Athix subsequently 
determined to yield the bi-linear thixotropy model. The test protocol is 
provided in Table 4. 

τy,RR =
T

(2π.ri
3)*

(
hv
ri
+ 2

3

) (9) 

Initially, five litres of mortar was prepared according to the meth-
odology presented in Section 3. Immediately thereafter, the mortar was 
transported and placed into the rheometer’s container for rheology 
testing to commence. A 6-bladed vane probe together with an anti-wall 
slippage cage was used, and a shear duration of 60 s was applied, which 
ideally should resemble the time it takes a material to be transported 
from the pump to the nozzle. 

4.3. Direct shear test (DST) 

Direct shear tests were performed using a shear box set-up detailed in 
Ref. [12], and based on the ASTM D3080 [51]. This test allows to 
calculate the cohesion C and angle of internal friction ϕ of the material. 
The set-up generates a shear surface through the middle of 40 mm high 
specimens, with a diameter of 70 mm. After filling the shear box, they 
were compacted for 10 s on a 30 Hz vibrating table. The specimens were 
loaded with additional vertical weights corresponding to 0, 10 and 20 N. 
Including the self-weight and assuming a density of approximately 2000 
kg/m3, this resulted in compressive stresses of respectively 0.40, 2.99, 
and 5.59 kPa on the shear surface. The tests were performed displace-
ment controlled, at 15 mm/min (0.25 mm/s) horizontally, on a Schenck 
RM100 test rig with a 100 kN load cell. The friction in the set-up was 
determined by performing a test without mortar specimen, and the 
obtained force reading was subtracted from the experimental results. An 
updated cross-section was used to calculate the stresses due to the large 
deformations pertinent in the test, as described here [12]. The DST was 
performed for mortar ages t = 0, 15, 30 and 45 min. 

4.4. Unconfined uniaxial compression test (UUCT) 

The Unconfined Uniaxial Compression Test (UUCT) can be used to 
obtain two mechanical properties: the compressive strength fc,UUCT and 
the rigidity Ec,UUCT expressed as apparent Young’s modulus at 5% strain. 
The experiment was performed as in Ref. [12], where it is extensively 
described. Cylindrical samples of 140 mm height and 70 mm diameter, 
based on the ASTM D2166 [52], were subjected to a displacement 
controlled compression test, at a rate of 30 mm/min (0.5 mm/s), in an 
Instron universal test rig equipped with a 5 kN load cell. After mixing, 
semi-circular cylindrical moulds were filled with fresh mortar halfway, 
subsequently compacted by vibration for 10 s at 30 Hz, filled entirely 
and vibrated again for the same time. The vibration compaction is 
required to ensure proper filling of the mould and intends to achieve a 
structuration breakdown to ensure comparable starting conditions for 
each of the samples. The tested mortar ages were 0, 15, 30, 60, and 90 
min. The compression force and vertical deformation were taken 
directly from the data registration by the test rig. The lateral deforma-
tion, required to determine the actual cross section as it increases during 
the test, was measured optically by analyzing high resolution (18 MP) 
photos taken every 5 s with a DSLR camera. For this, Vision Builder 
software developed by National Instruments was used. The method was 
calibrated with the use of grid-paper. The compressive strength was 
determined from the force measurements and the actual specimen cross 
section at each time during the test. 

4.5. Ultrasonic wave transmission test (UWTT) 

Ultrasonic wave transmission tests (UWTT) were performed ac-
cording to NEN-EN 12504-4 [53], using compression waves. This 
method was applied to printable mortars previously by Wolfs et al. [36]. 
The tests were executed in an IP8 type system from UltraTest GmbH, 
which features silicon moulds with an inner diameter of d = 50 mm and 
a height of h = 50 mm, into which the specimens were cast and com-
pacted by tapping three times with a rod to homogenize the sample. The 
moulds are equipped with a transmitter and receiver at a 40 mm dis-
tance. Due to the difficulties associated with the determination of the 
(time dependent) mortar Poisson ratio, which in any case would require 
input from another test (i.e. the UUCT), it was opted for in the current 
study to present only results based on the compression wave velocity vP, 
which was simply obtained from the travel length l (40 mm) divided by 
the time t of a pulse sent every minute for the testing time of 120 min (v 
= l/t). Nevertheless, it is important to note that the pulse velocity should 
be considered a rigidity parameter (not a strength parameter). 

5. Experimental results and discussion 

5.1. General 

The experimental results of all fresh state experiments have been 
tabulated in Tables App.1a – 1d, represented in the Appendix. 

Before further discussing the results of the mixtures in the various 
experiments, the scatter in obtained data should be noted, which 
occurred regardless of the efforts to prepare each batch in an identical 
manner. In cases, the highest value of a studied property reaches several 
times the lowest value of that property at very early age (e.g. t = 0 min). 
At longer time intervals, around t > 60 min, these differences seem to 
decrease, but in cases nevertheless remain formidable. Future research 
would benefit from larger sample sizes. For now, we should be careful in 
the quantitative interpretation and comparison of results. Rather, we 
will focus on trends of development instead. 

The initial set times of the published mixture designs A, C, and D, are 
fairly similar, ranging from 2:30 to 2:50 h. The commercial mixture B 
has a longer setting time at 3:40 h. In the source literature of the mixture 
designs, only for mixture C an initial setting time is provided, namely 
5:35 h. This may very well be related to the raw material sourcing, 

Table 4 
Rheology test protocol employed to determine static shear yield stresses at 
subsequent ages, as well the reflocculation and structuration rates Rthix and Athix. 
During shearing, the shear rate is always kept at 1 s− 1 for 60 s.  

Concrete age after 
mixing [min:s] 

Resting time 
interval [min:s] 

Action; Result 

00:00–01:00 – Transport material to rheometer 
01:00–02:00 0:00 (initial) Stress growth test; obtain initial static 

and dynamic yield stress for shear 
stress evolution curve. 

02:10–03:10 0:10 Stress growth tests; obtain static shear 
yield stress, plot against time interval, 
to determine Rthix. 

03:30–04:30 0:20 
05:00–06:00 0:30 
06:40–07:40 0:40 
08:30–09:30 0:50 
10:30–11:30 0:60 
13:00–14:00 1:30 
16:00–17:00 2:00 
37:00–38:00 20:00 Stress growth test; obtain static yield 

stress, plot against time interval, to 
determine Athix. 

78:00–79:00 40:00 
139:00–140:00 60:00  
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although it could also partially be due to the difference in test method (i. 
e. the penetrometer test according to the ASTM C403 [54]). In any case, 
this seems to confirm that the mixtures A, C, and D, although derived 

from published mixture designs, should be considered more or less as 
separate materials from their originals (this does not apply to mixture B, 
the Weber 3D 145-2). 

The slump behaviour varies significantly, from 5 to 49 mm (or 
7.7–75.4% of the cone height). 

5.2. Rotational rheometry 

The development of static shear yield stress τy,RR over time, deter-
mined from rotational rheometry, is given in Fig. 5 for the time frame of 
0–120 s, while Fig. 6 covers the range of 0–40 min (mixture A was too 
stiff to measure at 60 min, this time interval was therefore omitted from 
the study). The bi-linear shear yield stress evolution curves are depicted 
in Fig. 7 and the corresponding rheological parameters given in Table 5. 
From Fig. 7 it can be observed that Mixtures A, B and D demonstrate 
typical thixotropy material behaviour widely employed for 3D concrete 
printing applications. Mixture C, however, is not thixotropic, with an 
initial rheopexy behaviour followed by consequent breakdown of the 
microstructure. This behaviour yielded a negative Rthix value, which 
quantifies the material as non-thixotropic. Mixture A achieved the 
largest Rthix value of 6.6 Pa/s, which is also typically obtained when the 
mixture is prepared at SU [24] and associated with significant thixot-
ropy behaviour. Mixture D follows with 3.3 Pa/s, while Mixture B shows 
little re-flocculation at 0.9 Pa/s recovery. 

Mixture C, which does not demonstrate thixotropy behaviour, pos-
sesses the largest initial static yield shear stress of 3.18 kPa. This de-
creases to 1.89 kPa after 20 min and then increases again to 4.59 kPa 
after 40 min resting time. This mixture further possesses the largest 
dynamic yield shear stress value of 1.45 kPa, and may therefore expe-
rience complication with material pumping and transport. In contrast, 
Mixture D has the lowest dynamic yield shear stress of 0.04 kPa, and 
may present difficulty with filament shape retention after extrusion. 

Fig. 5. Static yield shear stress results obtained from rotational rheometry 
testing for intervals ranging between 0 and 120 s. 

Fig. 6. Static yield shear stress results obtained from rotational rheometry 
testing for intervals ranging between 0 and 40 min. 

Fig. 7. Bi-linear yield stress models depicting the static yield shear stress evolution for Mixtures A to D as a function of time after extrusion or deposition. Curves 
developed according to methodology depicted in Ref. [24]. 

Table 5 
Summary of the bi-linear yield stress model parameters obtained from rotational 
rheometry testing according to the methodology in Ref. [24].   

A B C D 

τy,s,ini [kPa] 1.11 1.05 3.18 0.63 
τy,d,ini [kPa] 0.38 0.50 1.45 0.04 
Rthix [Pa/s] 6.60 0.90 − 4.90 3.30 
Athix [Pa/s] 3.10 1.40 0.60 2.59  
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Mixtures A and B possess similar static and dynamic yield shear stress 
values, which are typical for proper pumping, extrusion and building in 
3D concrete printing applications [55]. Mixture A further comprises the 
largest structuration rate (Athix) of 3.1 Pa/s, which is exceptionally high 
compared to that generally measured at SU [55]. This may be ascribed to 
the rapid setting cement employed in this research in contrast to the 
normal setting cement used at SU. Nevertheless, all mixtures comprise 
an Athix value larger than 0.5 Pa/s, which is associated with highly 
thixotropic materials according to Ref. [56] for the case of 
self-compacting concrete. 

From the static yield shear stress evolution curves, Mixture A depicts 
the overall best rheological performance. Not only does the material 
present the largest Rthix and Athix values, but also possess adequate static 
and dynamic yield stresses for buildability requirements. Mixtures B and 
D follow, however, Mixture D presents inadequate static and dynamic 
yield shear stresses, which may result in filament shape retention and 
buildability issues. Although Mixture B is not highly thixotropic, it does 
seem to present sufficient evidence that overall good 3D printing per-
formance will be obtained. Mixture C, which is not thixotropic, is ex-
pected to yield the worst 3D printing performance based on the 
rheological characterisation of the materials, with high yield stress 
values indicating potential problems with pumping while a low struc-
turation rate pertains to poor buildability. 

5.3. Direct shear test 

The direct shear test was only performed on mixture A. The shear- 
normal stress results are depicted in Fig. 8 for normal forces of 1.5 N, 
11.5 N and 21.5 N over a time period of 45 min. The cohesion and angle 
of internal friction, derived from the aforementioned results, are 
depicted in Fig. 9. 

The cohesion was found to be rather low initially, almost five times 
less than that as typically found at SU [15]. However, the development 
rate was found to be much faster, on average close to three times. This 
can likely be ascribed to the use of rapid instead of normal setting 
cement. Upon closer inspection of the cohesion development, it is 
noteworthy that while the increase is modest between t = 0 and t = 30, it 
seems to accelerate after t = 30, as the increase measured from there to t 
= 45 is considerably higher, see Fig. 8. Considering the very clear 
bi-linear tendency shown by mixture A in the UWTT (cfr. Section 5.5.), 
we assume that the cohesion development of this mixture, too, should be 
of bi-linear nature, with an initial branch for t ≤ 30 min, and a second 
branch for t ≥ 30 min. Thus, the cohesion function of time becomes as 
Eq. (9). Incidentally, a similar discontinuity was also found in the UUCT 
(cfr. Section 5.4), resulting in bi-linear models for both compressive 
strength and apparent Young’s modulus development. 

The average angle of friction ϕ of 33.6◦ agrees very well with the 

average of 34.5◦ measured at SU [15]. For t = 0 min, the calculation of ϕ 
was only based on the results at 1.5 N and 11.5 N normal load, as the 
results at 21.5 N are unexpectedly high and their inclusion would have 
resulted in improbable friction angle of ϕ > 45◦. Earlier research (on 
mortars similar or equal to mixture B) showed the angle of internal 
friction may be subject to a very high scatter, but showed no clear trend 
of development in the time frame up to 90 min [12,20]. Therefore, the 
results on mixture A here may themselves be considered not unlikely, 
but could nevertheless deviate significantly from the true average would 
this experiment be repeated many times over. We thus present the angle 
of internal friction merely as the average over the interval t = 0–45 min, 
but note more extensive experimental work would be required to 
determine a statistically reliable value for this parameter. The equation 
for Mohr-Coulomb shear strength thus becomes as Eq. (11), with τC,A(t) 
as Eq. (10). 

τC,A(t)=
{

0.145t + 1.86 for 0 < t ≤ 30 min
0.375t − 5.15 for t ≥ 30 min [kPa] (10)  

τy,A(t)= τC,A(t)+ σn⋅tan(33.6◦) [kPa] (11)  

5.4. Unconfined uniaxial compression test 

From the UUCT, compressive stress-strain diagrams can be obtained 
per age and mixture, as shown in Fig. 10a – d. Fig. 11a and b compare 
the development of strength and rigidity over time. 

The experiment shows comparable trends both in terms of 
compressive strength and rigidity. Mixtures A and C start with higher 
initial values, and also develop faster than mixtures B and D. At t = 90 
min, a clear distinction has developed for both properties. From high to 
low this is: A, C, D, and B. In comparison to values reported in literature 
for printable mixtures in general (cfr. Section 2.4), mixtures A and C are 
particularly strong and rigid, while B and D fall in a common range. 

Of the trialed mixtures, UUCT data in literature is only available for 
the mixture B (Weber 3D 145-2). Wolfs et al. [20] performed UUCT tests 
in the same experimental set-up, as well as tri-axial compression tests 
(TCT), which for a confining stress of σc = 0 amounts to the same but 
with a smaller specimen of height h = 50 mm and diameter Ø = 25 mm. 
Contrary to the UUCT, the TCT specimens were not compacted before 
testing (the specimen size allows this). Over t = 0 to t = 90 min, they 
found a linear development of both the compressive strength and the 
apparent Young’s modulus. On average, the former grew from approx-
imately 2 to 30 kPa in UUCT and 4 to 20 kPa in TCT, while the latter 
increased from 10 to 300 kPa in UUCT and 40 to 200 kPa in TCT (the 
difference in the UUCT and TCT results was attributed to the compaction 
of the UUCT specimens as well as the size dependent effect of defects). 
We found comparable values in the present study, namely fc,UUCT =

Fig. 8. Average direct shear stress responses obtained for respective normal 
forces of 1.5 N, 11.5 N and 21.5 N (normal stress σn = 0.39, 2.99, and 5.59 kPa 
respectively) at time intervals ranging from 0 to 45 min for Mixture A. 

Fig. 9. Cohesion and angle of internal friction as a function of time, obtained 
from the results for Mixture A in Fig. 8, over a period of 45 min. 
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3.3–26.4 kPa and Ec,UUCT = 32–297 kPa in individual specimens. A study 
[36] on the similar mixture Weber 3D 145-1 reports comparable values. 

In the current experiment, linear trend lines fit well for both prop-
erties for mixtures B, C and D. For mixture A, however, this is not the 
case (a linear trend results in a negative initial strength, which is obvi-
ously impossible). Up until around 30 min, the rates of development of A 
and C are similar, but at that time mixture A seems to accelerate and 
clearly outpace the strength increment of mixture C. Considering also 
the results of the UWTT discussed in the next subsection, as well as DST 
results presented in Section 5.3, it is suggested the behaviour of mixture 
A is best described by a bi-linear relation with an initial trend from t =
0 to t = 30 min, and a subsequent trend from t = 30 to t = 90 min, as 
presented in Fig. 11. The fit of the initial trend is still rather poor, but 
this is due to the small number of samples in the range in combination 
with the high natural scatter in extremely fresh mortar. 

Eqs. (12) and (13) present the average time-dependent strength and 
Young’s modulus relations with the respective mixture dependent pa-
rameters listed in Table 6 (note that Figs. 10 and 11 represent batch 
results). 

fc,UUCT,n(t) = ant + bn
[
kPa

]

with  n = mixture  A,  B,  C,  or  D
(12)  

Ec,UUCT,n(t) = cnt + dn
[
kPa

]

with  n = mixture  A, B, C, or  D
(13) 

With regard to the stress-strain curves and their development from t 
= 0 to t = 90, it is noteworthy that the strain at peak stress in 
commercially supplied mixture B is decidedly higher (i.e. the rigidity is 
lower) than in the recreated mixtures A, C, and D. 

5.5. Ultrasonic wave transmission test 

The wave velocity vP against time for the mixtures, resulting from the 
UWTT, is presented in Fig. 12. 

As for the UUCT, literature only reports data for mixture B. In 
Ref. [20] it is reported that the wave velocity develops from 100 to 440 
m/s over a time frame of 0–90 min, while [36] reports 60–440 m/s for 
Weber 3D 145-1. The current study finds comparable velocities of 
40–340 m/s for 0–90 min (note that the time scale in Fig. 12 runs to 120 
min). 

Remarkably, the initial wave velocity is clearly higher in mixture C 
than in the other three mixtures which start out at very similar values – 
which does not agree entirely with the UUCT in which both mixtures A 
and C started off higher than B and D. After 120 min, however, the order 
is the same as resulted from the UUCT: A, C, B, D (but the differences are 
not as clear at 90 min in the UWT as they are in the UUCT). 

Although the curves are not entirely straight, linear trend lines fit the 
development of mixtures B and C extremely well (r2 ≥ 0.990). Mixture 
D, on the other hand, is better described by exponential fit curves 
(resulting in r2 = 0.995 and 0.987 instead of r2 = 0.948 and 0.955; the 

Fig. 10. a – d. UUCT stress-strain diagrams for mixtures A, B, C, and D, respectively.  

F.P. Bos et al.                                                                                                                                                                                                                                    



Cement and Concrete Composites 120 (2021) 104024

11

latter values have not been presented in the graph). 
Mixture A in batch 6 quite clearly shows a bi-linear development. 

And indeed, a single linear fit results in an impossible negative initial 
value, while an exponential fit results in deviations of 40–50% of the 
measured value at t = 120 min (both these options have not been rep-
resented in the graph). A bi-linear approach (as already mentioned in 
the previous Sections) with one branch from t = 0 to t = 30 and a second 
one from t = 30 onwards, results in an excellent fit, particularly of the 

2nd branch (r2 ≥ 0.999). 
Batches A.2 and A.3 provide a less smooth result, but nevertheless a 

similar bi-linear characteristic. It gives extremely low readings until 
approximately t = 45 min, after that a rapid jump occurs up to the level 
at which batch 1 is at (v = 300–350 m/s), and from there on a regular 
linear trend is observed, even more steep than the A.6 b samples. 

6. Juxtaposing fresh material characterisation methods 

6.1. Absolute and normalized results comparison 

In this study, we have determined the development of up to 3 
strength parameters over time for the 4 mixtures: the static shear yield 
stress from rheometry τy,s,RR, the Mohr-Coulomb cohesion τC,DST from 
DST (only for mixture A; note that this is also a shear strength), and the 
unconfined uniaxial compression strength fc,UUCT from UUCT. 

The shear strengths τy,s,RR and τC,DST can be compared directly, as 
they both suppose pure shear conditions. The obtained compressive 

Fig. 11. a, b. Compressive strength (a) and rigidity (b) over time.  

Table 6 
(Bi-)linear parameters for the functions of compressive strength and E-modulus 
of the UUCT, based on average values.  

n an bn cn dn 

A for t ≤ 30 min 0.781 8.54 11.9 97.2 
for t ≥ 30 min 1.927 − 23.6 34.4 − 629 

B  0.167 1.91 1.89 25.1 
C  0.582 16.6 13.1 108 
D  0.368 4.64 5.68 69.1  
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strength from UUCT can easily be recalculated in an equivalent shear 
strength through Eq. (5), yielding τeq,UUCT = ½fc,UUCT, where fc,UUCT =

σ1. If we assume this pure shear conditions indeed hold in RR and DST 
(which they may not entirely, due to details in the geometry and set-up) 
as well as a Tresca failure criterion, these shear strength values could be 
compared directly. However, the results obtained from the DST for 
mixture A, in particular the average friction angle of ϕave = 33.6◦, 
indicate that this would considerably overestimate the equivalent shear 
stress corresponding to material failure (note that tan(33.6◦) = 0.66). To 
obtain an appropriate comparison, the effect of the friction angle asso-
ciated with Mohr-Coulomb behaviour cannot be ignored and has to 
incorporated, i.e. by using Eq. (6) to calculate an equivalent cohesion τC, 

eq,UUCT. Since ϕ(t) has actually been determined for mixture A, such an 
approach to juxtapose τy,s,RR, τC,eq.UUCT and τC,DST would be feasible. 

However, since no friction angle ϕ was available for mixtures B, C, 
and D, an alternative was required. Given that the RR and the UUCT 
together provide two τ,σn combinations, namely τ = τy,s,RR and σn = 0 in 
the RR, while τ = ½fc,UUCT = σn in the UUCT, a friction angle ϕ can 
actually be calculated through Eq. (14), by joining the results of these 
tests. This approach has been adopted for all mixtures, and for mixture A 
the results were compared to the DST results. Fig. 13 illustrates this, for t 
= 30 min; the comparison itself is discussed in Section 6.2. 

Fig. 12. Ultrasonic wave transmission speed over time.  

Fig. 13. Determination of the friction angle from DST (in red), and from a combination of RR (blue circle at the origin) and UUCT (large blue circle), for mixture A, t 
= 30 min. All stress values in [kPa]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

F.P. Bos et al.                                                                                                                                                                                                                                    



Cement and Concrete Composites 120 (2021) 104024

13

tan ϕ(t)=
τeq,UUCT − τy,s,RR

σn
=
½fc,UUCT − τy,s,RR

½fc,UUCT
(14) 

Importantly, this does not allow an evaluation of a RR-to-UUCT 
correlation anymore, as it actually presupposes this. Considering that 
(a) the pure shear strength values for mixture A showed reasonable 
agreement, and (b) significant differences between shear strengths arise 
when assuming Tresca behaviour instead (i.e. ϕ = 0◦), this approach has 
been followed, see further discussion in Section 6.2. 

In addition to the strength parameters, two other parameters have 
been determined that are both related to the material rigidity, but have a 
different physical nature: the apparent Young’s modulus at 5% strain Ec, 

UUCT from UUCT, and the pulse velocity vP from UWTT. These cannot be 
compared directly, but rather have to rely on normalisation. In the an-
alyses in this paper we choose to normalize to the average values cor-
responding to t = 0 min, for two major reasons. First of all, it is a value 
that all tests have in common. Secondly, this allows to clearly show the 
rate of development of the various parameters from the start, and thus 
helps to discern the differences between the tests. The results are pre-
sented in Fig. 15a – d. These analyses have been performed per mixture, 
but it should be noted that they only provide a comparison of rates of 
development, not of absolute values (for those the reader is referred to 
Section 5). 

6.2. Absolute comparison of shear strengths 

Through Eq. (14), the friction angles have been calculated for each of 
the tested time intervals (Table 7a). Linear interpolation was applied 
when the experimental time intervals of RR and UUCT did not coincide. 
The absolute developments of pure shear strength of mixture A are 
presented in Fig. 14. 

Overall, the pure shear strengths develop at a reasonably comparable 
pace, although noticeable differences occur, e.g. between t = 10 and 30 
min. This may be associated with the differences in orientation of the 
shear planes in the three different tests, the scatter in measurement of 
the friction angle in DST as well as deviations from the pure stress states 
assumed in both the RR and UUCT, e.g. through non-homogenous shear 
distributions in the former or support confinement in the latter. Further 
experimental research will be required to definitely establish degree of 
correlation, but based on these results we preliminarily assume it to 
hold. Thus, friction angles have also been calculated for mixtures B, C, 
and D, and results listed in Table 7b. 

Very globally speaking, it may be observed that the friction angles of 
mixtures A and D are more or less comparable, while those of mixture B 
are lower, and of mixture C are higher. The large friction angles of 
mixture C are a consequence of the rheopexy behaviour of this mixture 
observed in RR, which did not coincide with a lack of development of the 
fc,UUCT. The obtained friction angles of mixture B are comparable to 

values reported for an earlier mixture design by the same manufacturer, 
Weber 3D 115-1 [12], but significantly higher than the values of ϕ =
1◦-7◦ reported for the same material Weber 3D 145-2 in another, triaxial 
experimental setup [20]. This may be caused by differences in specimen 
preparation between the uniaxial and triaxial test setups, as also sug-
gested by Wolfs et al. [20] upon finding significant differences between 
both tests within the same study. 

From these data it has to be concluded that, for the studied mixtures, 
shear strength values of rheometry testing and unconfined uniaxial 
compression tests can only be correlated by assuming a non-zero friction 
angle ϕ ∕= 0◦, i.e. Mohr-Coulomb behaviour. This may also explain 
deviating data from different tests presented by Zhang et al. [40] and 
Panda et al. [41], and discussed in Section 2.4. As a consequence, the 
determination of the friction angle would be essential to obtain accurate 
buildability models. Although further research is required for final 
conclusions, the data suggest that a combination of RR and UUCT testing 
may be used to establish ϕ, which may arguably be less arduous than 
DST and has the advantage that the apparent Young’s modulus can also 
be determined from these tests. A limitation to this approach is the 
maximum time interval at which RR is still possible. A further compli-
cation lies in the fact that both RR and UUCT approaches characterize 
dominantly uniaxial stress states in the fresh material, as opposed to bi- 
and triaxial stress states in 3D printed layers, given their typically small 
height to width aspect ratio [27]. The comparative approach of this 
contribution illuminates the respective characterisation approaches and 
their level of agreement, yet continued efforts are recommended toward 
understanding the resistance in the failure layer toward improved ac-
curacy in buildability prediction, due to the complex stress states. 

6.3. Relative comparison of normalized parameters 

The unit-independent comparison of the parameter development 
from the tests (i.e. relative to the measurement at t = 0 min) is shown in 
Fig. 15a – d. 

In mixture A, the rates of development for the UUCT parameters 
(both fc and Ec) and the DST are comparable. The rate of development of 
vP on the other hand is initially much slower, while for τy,s,RR it is 
considerably higher (but seems to converge again at larger time in-
tervals). By t = 30 min, the initial value of τRR has increased more than 6- 
fold, while this has barely doubled for vP. 

In mixture B, these proportions are completely different. Now, the 

Table 7a 
Determination and comparison of friction angles and equivalent shear cohesion 
for mixture A. Values in italics indicate interpolated values. Note that the 
identical values of column τy,s,RR and τC,eq,UUCT do not constitute an experi-
mentally found correlation but are the consequence of the correlating them 
through the calculated value of ϕRR-UUCT. The comparisons of interest are rather 
between ϕRR-UUCT and ϕDST, and between τC,eq,UUCT and τC,DST. Considering the 
scatter in experimental results, particularly for measured ϕ, these results are 
considered to be in reasonable agreement.  

time t =
[min] 

τy,s,RR = τC,eq, 

UUCT [kPa] 
½fc,UUCT 

[kPa] 
ϕRR-UUCT 

[◦] 
ϕDST 

[◦] 
τC,DST 

[kPa] 

0 1.11 4.09 36.1 40.3 1.75 
15 5.81 10.5 24.1 26.5 4.26 
20 7.37 12.3 21.8 – – 
30 7.91 15.8 26.5 28.6 6.11 
40 8.45 26.7 34.4 – – 
45 – – – 39.0 11.7 
60 – 48.6 – – –  

Fig. 14. Comparison of pure shear strength (cohesion) development based on 
DST and RR-UUCT combination. 
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pulse velocity develops much faster than the other parameters, partic-
ularly in the first 40 min. After that, its rate actually drops below that of 
the UUCT parameters, so that at 90 min the Ec,UUCT and vP have achieved 
an almost equal development. The data seems to suggest that the vP 
might develop more slowly at greater time intervals. 

Yet another picture is drawn by the results of mixture C. Contrary to 
the other tests, both parameters from the UUCT, fc,UUCT and Ec,UUCT run 
wide apart. The vP develops comparably to the fc,UUCT, while τRR stays 
far behind due to the observed initial rheopexy behaviour. 

In mixture D, again another set of development rates is found. This 
time, the rate of vP corresponds fairly well to that of the UUCT 

parameters, while (like in mixture A) the τRR develops approximately 
2.5 times as fast, indicating a strongly decreasing friction angle. 

This comparison clearly shows that normalized rates of development 
of different physical parameters cannot easily be correlated in a gener-
alized manner. Their proportions are time and mixture-dependent. It 
does not seem possible to deduct some global qualitative statements 
(such as ‘static shear yield stress from RR always develop faster than 
compressive strength from UUCT’). This adds significant complexity to 
the development of generalized methods to characterize and compare 
buildability of cementitious mortars. 

Table 7b 
Determination of friction angles and equivalent shear cohesion for mixtures B, C, and D. Values in italics indicate interpolated values.  

time t =
[min] 

Mixture B Mixture C Mixture D 

τy,s,RR = τC,eq,UUCT 

[kPa] 
½fc,UUCT 

[kPa] 
ϕRR-UUCT 

[◦] 
τy,s,RR = τC,eq,UUCT 

[kPa] 
½fc,UUCT 

[kPa] 
ϕRR-UUCT 

[◦] 
τy,s,RR = τC,eq,UUCT 

[kPa] 
½fc,UUCT 

[kPa] 
ϕRR-UUCT 

[◦] 

0 1.0 1.66 20.2 3.18 10.1 34.4 0.63 2.44 36.6 
15 1.28 2.57 26.6 2.21 11.2 38.7 2.33 4.92 27.8 
20 1.36 3.08 29.2 1.89 12.5 40.3 2.89 6.05 27.6 
30 2.86 4.10 16.8 3.24 15.1 38.1 4.87 8.30 22.5 
40 4.36 5.25 9.6 4.59 19.4 37.3 6.84 14.2 27.4 
60 – 7.55 – – – – – 26.1 –  

Fig. 15. a – d. Comparison of rate of developments of various parameters, normalized to their initial values at t = 0, for mixtures A – D.  
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7. Conclusions 

An extensive experimental program was performed in which four 
different printable cementitious mortars were subjected to a range of 
test methods commonly used for the characterisation of fresh properties 
related to buildability. The results were compared to evaluate to which 
extent it might be possible to correlate them. 

Although (strength) values were found in the ranges reported in 
literature on printable cementitious mortars, significant differences 
were found between the mixtures, even though three of the four mix-
tures were composed of different proportions of the same 4 dry mate-
rials. Even for the same mixture, the scatter between batches is 
considerable. Between the tested mixtures, not only did the values and 
development rates differ, but so did their development characteristic: 
linear, bi-linear, and exponential behaviour was found. 

A comparison of absolute shear strength values from rheometry and 
direct shear testing, and compressive strength from unconfined uniaxial 
compressive tests, showed that they can only be correlated by assuming 
significant friction angles associated with Mohr-Coulomb failure 
behaviour. As a consequence, the determination of the friction angle 
would be essential to obtain accurate buildability models, although it 
would not be needed for lower limit (conservative) approaches. We 
propose this could be established relatively easily through a novel 
method, by combining rheometry-shear and uniaxial compression test 
results. The data seem to indicate this would be a valid approach, 
although more extensive experimental results should be generated to 

arrive at a final conclusion. 
The relative comparison of physically different parameters 

(strengths, but also the apparent Young’s modulus and pulse velocity) 
showed that normalized rates of development of different physical pa-
rameters cannot easily be correlated in a generalized manner. Their 
proportions are time and mixture-dependent. This adds significant 
complexity to the development of pragmatic on-site quality control 
methods and of generalized approaches to characterize and compare 
buildability of cementitious mortars. 
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Appendix 

The experimental results are tabulated in Tables App.1a – 1d. Throughout these tables, dyn. = dynamic and ave. = average.  

Table App.1a 
Summarized results for mixture A.  

Mixture A Batch A.6 Vicat initial set time [hrs:min] 2:50 Slump (mini cone) [mm] 14 

Test Parameter Symbol & Unit Batch Time (short) [s]  

0 10 20 30 40 50 60 90 120 

RR Static shear yield stress τy,s,RR [kPa] A.1 1.11 0.49 0.51 0.61 0.66 0.72 0.83 0.83 1.29  
Dyn. shear yield stress τy,d,RR [kPa] A.1 0.38 0.39 0.39 0.42 0.51 0.56 0.61 0.70 0.77   

Time (long) [min] 
0 5 10 15 20 30 40 45 60 90 

Static shear yield stress τy,s,RR [kPa] A.1 1.11 – – – 7.37 – 8.45 – – – 
Dyn. shear yield stress τy,d,RR [kPa] A.1 0.38 – – – 12.2 – – – – – 

DST Shear strength at 1.5 N τ1.5,DST [kPa] A.2 2.19 – – 4.31 – 6.79 – 14.0 – – 
A.3 2.75 – – 3.81 – 5.81 – 8.98 – – 
ave. 2.47 – – 4.06 - 6.30 - 11.5 - - 

Shear strength at 11.5 N τ11.5,DST [kPa] A.2 5.62 – – 6.87 – 7.26 – 16.6 – – 
A.3 3.72 – – 6.18 – 8.42 – 13.9 – – 
ave. 4.67 – – 6.53 - 7.78 - 15.2 - - 

Shear strength at 21.5 N τ21.5,DST [kPa] A.2 8.26 – – 6.17 – 9.38 – 16.7 – – 
A.3 8.69 – – 7.14 – 8.88 – 14.7 – – 
ave. 8.48 – – 6.66 - 9.13 - 15.7 - - 

Cohesion C [kPa] ave. 1.75 – – 4.26 - 6.11 - 11.7 - - 
Internal fric-tion angle ϕ [◦] ave. 40.3 – – 26.5 - 28.6 - 39.0 - - 

UUCT Compressive strength [kPa] fc,UUCT [kPa] A.4 14.8 – – 33.6 – 46.9 – – 106 138 
A.5 3.24 – – 10.4 – 27.9 – – 92.9 150 
A.6 12.1 – – 30.3 – 26.6 – – 103 149 
A.7 2.60 – – 9.62 – 24.9 – – 85.8 153 
ave. 8.17 – – 21.0 – 31.6 – – 97.2 147 

Apparent E-modulus, 5% strain Ec,UUCT [kPa] A.4 206 – – 418 – 667 – – 1736 2854 
A.5 87.3 – – 138 – 427 – – 932 2372 
A.6 154 – – 344 – 386 – – 1656 2802 
A.7 45.7 – – 121 – 371 – – 913 234 
ave. 123 – – 255 – 463 – – 131 260 

UWTT Pulse speed vP [m/s] A.2.1 – 28.0 31.1 34.4 54.4 46.5 122 157 478 867 
A.2.2 – – – – – 50.0 53.7 183 497 911 

(continued on next page) 
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Table App.1a (continued ) 

Mixture A Batch A.6 Vicat initial set time [hrs:min] 2:50 Slump (mini cone) [mm] 14 

Test Parameter Symbol & Unit Batch Time (short) [s]  

0 10 20 30 40 50 60 90 120 

A.3.1 – – – – – – 57.8 71.2 489 – 
A.6.1 37.7 69.4 76.3 85.4 97.2 137 220 268 413 721 
A.6.2 66.5 73.8 81.3 92.0 105 141 215 259 401 706 
ave. 52.1 57.1 62.9 70.6 85.5 93.6 134 188 456 801   

Table App.1b 
Summarized results for mixture B.  

Mixture B Batch B.2 Vicat initial set time [hrs:min] 3:40 Slump (mini cone) [mm] 21 

Test Parameter Symbol & Unit Batch Time (short) [s]  

0 10 20 30 40 50 60 90 120 

RR Static shear yield stress τy,s,RR [kPa] B.1 1.05 0.63 0.66 0.63 0.68 0.68 0.68 0.59 0.72  
Dyn. shear yield stress τy,d,RR [kPa] B.1 0.50 0.48 0.46 0.44 0.43 0.42 0.42 0.42 0.46   

Time (long) [min] 
0 5 10 15 20 30 40 45 60 90 

Static shear yield stress τy,s,RR [kPa] B.1 1.05 – – – 1.36 – 4.36 – – – 
Dyn. shear yield stress τy,d,RR [kPa] B.1 0.50 – – – 0.46 – 0.78 – – – 

UUCT Compressive strength [kPa] fc,UUCT [kPa] B.2 4.41 – – 7.40 – 11.7 – – 22.1 38.6 
B.3 2.23 – – 2.85 – 4.68 – – 7.97 14.3 
ave. 3.32 - - 5.13 - 8.20 - - 15.1 26.4 

Apparent E-modulus, 5% strain Ec,UUCT [kPa] B.2 44.9 – – 110 – 147 – – 305 414 
B.3 20.0 – – 46.2 – 64.2 – – 113 180 
ave. 32.5 - - 78.3 - 106 - - 209 297 

UWTT Pulse speed vP [m/s] B.2.1 30.6 79 103 124 142 173 201 214 249 333 
B.2.2 50.0 91 113 134 153 186 214 227 263 353 
ave. 40.3 84.8 108 129 147 180 207 220 256 343   

Table App.1c 
Summarized results for mixture C.  

Mixture C Batch C.2 Vicat initial set time [hrs:min] 2:30 Slump (mini cone) [mm] 5 

Test Parameter Symbol & Unit Batch Time (short) [s]  

0 10 20 30 40 50 60 90 120 

RR Static shear yield stress τy,s,RR [kPa] C.1 3.18 1.73 1.30 1.00 0.86 0.81 0.72 0.91 1.07  
Dyn. shear yield stress τy,d,RR [kPa] C.1 1.45 1.06 0.80 0.66 0.57 0.50 0.47 0.49 0.67   

Time (long) [min] 
0 5 10 15 20 30 40 45 60 90 

Static shear yield stress τy,s,RR [kPa] C.1 3.18 – – – 1.89 – 4.59 – – – 
Dyn. shear yield stress τy,d,RR [kPa] C.1 1.45 – – – 0.63 – 0.79 – – – 

UUCT Compressive strength [kPa] fc,UUCT [kPa] C.2 28.3 – – 25.1 – 35.4 – – 69.0 72.0 
C.3 12.0 – – 19.8 – 24.8 – – 42.8 63.6 
ave. 20.2 – – 22.4 – 30.1 – – 55.9 67.8 

Apparent E-modulus, 5% strain Ec,UUCT [kPa] C.2 383 – – 387 – 591 – – 1117 1348 
C.3 89.2 – – 265 – 389 – – 689.3 1191 
ave. 236 – – 326 – 490 – – 903 1269 

UWTT Pulse speed vP [m/s] C.2.1 159 209 253 286 314 365 415 442 523 690 
C.2.2 129 185 225 252 276 315 341 366 437 584 
ave. 144 197 239 269 295 340 378 404 480 637   

Table App.1d 
Summarized results for mixture D.  

Mixture D Batch D.2 Vicat initial set time [hrs:min] 2:40 Slump (mini cone) [mm] 49 

Test Parameter Symbol & Unit Batch Time (short) [s]  

0 10 20 30 40 50 60 90 120 

(continued on next page) 
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Table App.1d (continued ) 

Mixture D Batch D.2 Vicat initial set time [hrs:min] 2:40 Slump (mini cone) [mm] 49 

Test Parameter Symbol & Unit Batch Time (short) [s]  

0 10 20 30 40 50 60 90 120 

RR Static shear yield stress τy,s,RR [kPa] D.1 0.63 0.17 0.15 0.17 0.20 0.24 0.29 0.38 0.48  
Dyn. shear yield stress τy,d,RR [kPa] D.1 0.04 0.03 0.04 0.4 0.5 0.6 0.7 0.7 0.9   

Time (long) [min] 
0 5 10 15 20 30 40 45 60 90 

Static shear yield stress τy,s,RR [kPa] D.1 0.63 – – – 2.89 – 6.84 – – – 
Dyn. shear yield stress τy,d,RR [kPa] D.1 0.04 – – – 0.24 – 0.83 – – – 

UUCT Compres-sive strength [kPa] fc,UUCT [kPa] D.2 n/a – – 8.77 – 16.8 – – 27.7 42.4 
D.3 4.88 – – 10.9 – 16.3 – – 22.5 34.9 
ave. 4.88 - - 9.84 - 16.6 - - 25.1 38.7 

Apparent E-modulus, 5% strain Ec,UUCT [kPa] D.2 n/a – – 120 – 242 – – 476 566 
D.3 82.5 – – 137 – 232 – – 403 566 
ave. 82.5 - - 128 - 237 - - 440 566 

UWTT Pulse speed vP [m/s] D.3.1 97.9 99.0 102 101 110 130 159 176 236 387 
D.3.2 37.4 78.4 80.2 82.1 87.3 103 127 142 193 316 
ave. 67.6 88.7 91.0 91.6 98.8 116 143 159 214 351  
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