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Abstract. Additive manufacturing of concrete structures is a novel and emerging technology. Free

contouring in civil engineering, which allows for entirely new designs, is a significant advantage. In

the future, lower construction costs are expected with increased construction speeds and decreasing

required materials and workers. However, architects and civil engineers rely on a certain quality of

execution to fulfil construction standards. Although several techniques and approaches demonstrate

the advantages, quality control during printing is highly challenging and rarely applied. Due to the

continuous mixing process commonly used in 3D concrete printing, it is impossible to exclude varia-

tions in the dry mixture or water content, and a test sample cannot be taken as a representative sample

for the whole structure. Although mortar properties vary only locally, a defect in one layer during

printing could affect the entire integrity of the whole structure . Therefore, real-time process monitor-

ing is required to record and document the printing process.

At the Bundesanstalt für Materialforschung und -prüfung (BAM) a new test rig for the additive man-

ufacturing of concrete is built. The primary purpose is measuring and monitoring the properties of a

mortar during the printing process.

The following study investigates an approach for calculating yield stress and plastic viscosity based on

experimentally recorded pressure data. The calculations assume that fresh mortar behaves as a Bing-

ham fluid and that the Buckingham-Reiner-equation is applicable. A test setup consisting of rigid pipes

with integrated pressure sensors at different positions is utilized.

Monitoring the printing process with different sensors is crucial for the quality control of an ongoing

process.

Introduction

For 3D concrete printing (3DCP), it is a common approach to continuously mix fresh mortar and bring

it into a hose. The hose leads to a nozzle which is connected to a mechanical system so the material

can be placed in different layers for building up a structure. Different case studies show multiple

accomplishments in this field. Most of them were focusing on building representative elements [1, 2].

Salet et al. have presented a case study where an infrastructural element, a bridge for pedestrians, was

built [3]. Also in fields of building houses, 3DCP is of high interest because of the possibility to save

human resources and time [4]. Today, 3DCP is a tiny niche market and large-scale application remains

questionable because no standards exist so far. To change that, standards need to be developed and a

quality control of the constant mixing process is required, because a single sample of material cannot

be taken as representative, if mixing happens continuously.

As an approach to a continuousmonitoring system of the freshmortar, multiple sensors were integrated

into a rigid pipe, which can be placed at the side of the printer itself [5]. In a first step, pressure and

temperature are observed in multiple positions. Assuming that the mortar for 3DCP behaves as a

Bingham fluid, it can be assumed further, that plug flow occurs in the tube and that the Buckingham-

Reiner equation (as shown in Eq. (1)) could be applicable [6, 7]. The Buckingham-Reiner equation

says that the volume flow Q in m3s−1 can be calculated if the pressure loss �P in kgms−2 for a tube
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with a known geometry in terms of length l in m and inner radius rpipe in m, the plastic viscosity � in

kgm−1s−1 and the minimum pressure p in kgms−2 which is needed for flow are known.
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Furthermore, Sakuta et al. have proposed to calculate the rheological properties from different states

of volume flow rate [8]. With the aim of doing that, � = P1Q2

P2Q1
and " = P2

P1
have been introduced. With
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and the assumption of two states of volume flow, they showed that Eq. (1) could be

written as shown in Eq. (2).
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Tattersall et al. also have shown the relation of yield stress � in kgm−1s−2, pressure loss in kgms−2,

length of the pipe l in m and radius of the pipe rpipe in m as seen in Eq. 3 [6]. Hence, if � can be

calculated from Eq. (2), further calculations on rheological parameters are possible.
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In the following, an experimental setup is introduced to investigate, if the Buckingham-Reiner equa-

tion could be a suitable approach for quality control in 3DCP.

Design of Experiments

With the scope of investigations on a non-reactive mortar, a setup was built that allows pumping in a

circuit. The pump is a ’m-tec duomix connect’ which consists of a reservoir for dry material, a mixing

unit where water is added and the mortar is mixed, a reservoir for fresh mortar and a worm pump

which pumps the material into a hose. To ensure that the material is mixed homogeneously and vari-

ations in water content can be minimised, the internal mixing unit was not in use. The material was

prepared in a batch mixer and was filled manually into the reservoir of the pump. Going downstream,

the pipe consists of flexible and rigid elements, which were connected by mortar couplings. Around

0.7m downstream of the pump, a temperature sensor (PT100) was integrated. After a short, flexible

hose, a rigid steel pipe with 4 pressure sensors followed. To avoid mechanical damage, the pressure

sensors are protected by a diaphragm seal. The steel pipe consists of two straight pipes, one with the

length of 2.5m and the second with a length of 1m, connected with a pipe bend of 90�. After a second

pipe bend, another flexible hose and another PT100 were placed. The distance between the sensors

composes of the pipe length, the couplings and the sensor modules and can be seen in Fig. 1. The

flexible hose is connected to the top of the pump reservoir to lead the material back and to close the

circuit. The inner diameter of the hole supply system, rigid pipes and flexible tubes, is 25mm, with

slight variations were mortar couplings are in use. The radius of the pipe bend is 200mm.

To avoid hydration during the experiments, different non-reactive mixes based on uncompacted lime-

stone powder were used. Natural river sand was used as fine aggregate in different size fractions. To

achieve variations in rheological properties, water content was changed for each mixture. The com-

position can be seen in table 1. Penetration tests have shown no variations in 24 hours, so the material

can be classified as non reactive and suitable for the experiments of this study [5].

To characterise material properties, additional experiments has been performed. Air content has been

determined according to DIN EN 1015-7 [9]. Before air content measurements were performed, the

sample container was used to weigh the material with a known volume and determine the density

of the mortar. For determination of the rheological properties of the limestone mortars, a sample of

material was taken before the pumping experiments. The sample was analysed with a ’Schleibinger

Viscomat NT’ with basket cell setup. The experiments were performed as suggested in [10]. To allow
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Fig. 1: Sketch of the experimental setup [5]

for a comparison with conventional test methods, the spread flow was determined according to DIN

EN 1015-3 [11].

Table 1: Composition of non-reactive limestone mixtures for pumping tests

Mixture Mix A Mix B Mix C Mix D Mix E

Limestone powder in [kg] per [m3] 650

Micro silica in [kg] per [m3]
Elkem Microsilica®940U

45.5

Sand (0.1 ... 0.5)mm in [kg] per [m3] 780.2

Sand (0.5 ... 1.0)mm in [kg] per [m3] 350.1

Water in [kg] per [m3] 308.8 313 325 273 330

Superplasticiser in [kg] per [m3]
MasterGlenium Sky 591

3.77 2.48 3.77

Starch-based stabiliser in [kg] per [m3]
Foxcrete S 100-F

0.65

To acquire data on volume flow, the mass flow was calculated manually by weighing the output

of material during a period of time for different levels of pump speed during the experiment. The

time was taken by a stopwatch. The volume flow itself was calculated afterwards from the determined

density of the material.

Pressure and temperature data was acquired and monitored continuously and automatically. The data

acquisition system consists of the sensors, a repeater power supply which transmitted the signal from

4...20mA to 2...10V, (respectively a temperature transmitter for the PT100, which was configured to

transmit 0...50 �C to 0...10V) and a NI USB 6210. The data acquisition device (DAQ) was connected

to a computer which runs a LabVIEW program. The Data is saved with a sampling rate of 10Hz

In the beginning of the pumping procedure, a low viscous limestone suspension was filled into the

pump to avoid mechanical damage of the worm pump. After the reservoir was empty, the limestone

mortar was inserted. To minimize the effect of the suspension, the circuit of the tube system was kept

open in the beginning and the suspension was obtained until just limestone mortar was taken from

the outlet. Afterwards, the system outlet is placed into the storage container of the pump to enable

pumping in a circuit. During the experiments, different levels of pump speed were applied. The mass
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flow was measured for 20%, 50% and 80% of pump speed. In Fig. 2 the data for one experiment is

visualised as an example. The area which is marked up green is where the system got filled up with

limestone suspension and mortar. Afterwards, a pumping procedure with varying pumping speed was

performed. Higher pump speed leads to higher volume flow, which corresponds to a higher pressure

inside of the system. The pump speed was increased gradually up to 80%. Afterwards, the pump speed

was decreased and increased in an alternating way. For that experiment, the same pattern was repeated

three times. The variation of pump speed can be seen clearly in the signals of the pressure sensors.

At the end of data acquisition, the blue markup indicates the flow measurements. The acquisition

of volume flow always happened at the end of the experiments. Also, a fast increase in temperature

sensor T1 can be noticed, that occurs always shortly after switching on the worm pump. Also, after a

short period of time, the temperature at the second temperature sensor T2 increases slightly. During

pumping, heat is generated due to friction in the worm pump, and which heats up the pumping section.

Consequently, the heat transfer to the mortar is higher when the pump is stopped, and the temperature

of the mortar is increasing. The short temperature increase is recorded by the sensors as soon as the

pumping continues.

Fig. 2: Example for pressure and temperature data on a pumptest

Discussion of Experimental Results

Uncertainty of measurement. To allow a quantification of the uncertainty of measurement it is re-

ferred to the Guide to the Expression of Uncertainty in Measurement (GUM) [12]. The calculations

of the uncertainty of the system are performed according to type B evaluation of standard uncertainty.

First, the temperature sensors are to be considered. The uncertainty of the PT100 with a class of toler-

ance A can be found in DIN EN 60751 [13]. Expanded uncertainties of other devices are taken from

corresponding data sheets. The extended uncertainty of the pressure sensors calculates toUP = 0:2 bar
and the uncertainty of the temperature sensors to UT = 0:6K. A summary of the uncertainties of the

different devices is given in Table 2. According to GUM, the combined standard uncertainty is cal-

culated as shown in Eq. 4 [12]. For the pressure drop from one sensor to another, this leads to a

standard uncertainty of u�P = 0:14 bar. The standard uncertainty of the distance between two pres-
sure sensors is assumed to be ul = 0:01m. If length of the pipe is taken into account and the pressure

drop per meter is calculated, the uncertainty of the measurements for pipe section A calculates to

u�P/lA = 0:05 bar/m.
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Considering a coverage factor of k = 2, the expanded uncertainty is givenwithU�P/l = 0:1 bar/m.

Respectively for sectionB of the system, the expanded uncertainty calculates toU�P/lB = 0:24 bar/m.

u2
c(y) =

NX
i=1

�
�f

�xi

�
u2(xi) (4)

Table 2: List of expanded uncertainties, standard uncertanties and coverage factor

Device Expanded Uncertainty U Coverage factor k Standard Uncertainty u

DAQ 229�V 3 76.33�V
Temperature transmitter 0.125K 2 0.0625K

PT100 0.19K 2 0.095K

Power Repeater Supply 0.01 bar 2 0.005 bar

Pressure Sensors 0.2 bar 2 0.1 bar

Summary of testing. The different results for density, flow table testing and the results from

viscomat-tests are listed in table 3 and will be compared to the calculations done on pressure loss and

volume flow measurements.

Table 3: Summary of external testing

Mixture Mix A Mix B Mix C Mix D Mix E

Density [kg m−3] 2072 2072 2107 2085 2107

Air content [%] 2.9% 3.1% 2.8% 1.1% 4.0%

Flow table testing [mm] 115/214.25 122/225.5 116.25/217.25 105/197 148.8/248.75

Yield stress [Pa] 195.6 119 149.6 239.1 14.43

Plast. Viscosity [Pa s] 3.76 4.07 4.51 3.19 5.43

Pressure loss is determined for the same time when the flow measurements were performed. The

pressure loss between the for pressure sensors is normalised by the length of the individual pipes to

allow for a better comparison. To exclude influence due to starting and stopping the pump, the mean

value of the plateau that evolved was taken for calculations, but the first and the last second were not

considered. In table 4 the variations of pressure loss at the two steel pipes and the taken volume flow

measurements are listed. The distance between P1 and P2 is referred to as section A, respectively the

distance between P3 and P4 as section B. The percentage of pump speed can be identified by the index

as well. As it would be expected, the data shows that pressure loss is rising corresponding to a rising

volume flow. It is seen, that the pressure losses vary for pipe A and pipe B, even though they are

normalized for the length of the pipe. It is assumed that the bend of the pipe is influencing the flow

profile in the pipe, which would have an impact on the pressure level in P3, right behind the bend.

Comparing of yield stress.With given values for pressure loss between two sensors measured in

a straight and rigid pipe, � and " can be calculated according to [6]. If those are known, the calculation
of � can be done by solving Eq. (2). It is an obvious constraint that, if plug flow occurs, � = rplug/rpipe
has to be larger than 0 and lower than 1, because of the geometry of the pipe. If � is calculated, the

calculation of �0 and � can be performed.

These calculations are performed numerically by a simple python code. The results for the calculation

of yield stress can be seen in Fig. 3. The viscomat data, seen in 3, is applied to the x-axis, the y-axis

shows the calculated yield stress. In Fig. 3 the data is plotted in different sub-figures for different

variations of pump speed and pipe sections. It is expected, that the results of the calculated yield stress

correlate to the measurements from the viscomat.
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Table 4: Summary of sensor data during volume flow measurements

Mixture Mix A Mix B Mix C Mix D Mix E

�PA;20% [bar] 0.39 0.36 0.35 0.41 0.15

�PA;50% [bar] 0.41 0.39 0.37 0.47 0.18

�PA;80% [bar] 0.43 0.43 0.43 0.53 0.21

�PB;20% [bar] 0.27 0.27 0.22 0.28 0.14

�PB;50% [bar] 0.30 0.30 0.25 0.22 0.16

�PB;80% [bar] 0.29 0.35 0.29 0.27 0.17

Q20% [dm3s−1] 0.074 0.087 0.083 0.021 0.087

Q50% [dm3s−1] 0.087 0.089 0.100 0.028 0.116

Q80% [dm3s−1] 0.095 0.13 0.140 0.035 0.146

Temperature T1 [�C] 33.4 36.8 33.6 44.7 30.6

Temperature T2 [�C] 28.0 36.6 33.4 30.7 29.1

Apparently in most of the sub-figures, the correlation betweenmost of the calculations and the data

from the ’Viscomat NT’ is not sufficient. Nevertheless, the results shown in Fig 3 e) seem to have a

good indication of yield stress. These values are calculated for the longer pipe A with a distance

between the sensors of 2.67m and the higher variation in pump speed from 20% to 80%. In that

specific constellation the calculations seem to be underestimating yield stress. For all except for Mix

D, a higher yield stress given by the viscomat also leads to a higher calculated yield stress. In Fig. 3

f), which shows the calculations for the pipe B with 1.16m between the pressure sensors P3 and P4, it

appears that the calculations underestimate even more, except for Mix D. From the experimental data

it could be observed, that the temperature in the circuit increases during pumping. For example the

data in Fig 2 shows a rise in temperature of approximately 10K from the beginning of the experiment

to the end. This significant increase in temperature is due to the high amount of friction in the worm

pump. The mean temperature of the sensors during the flow measurements is listed in table 4. It can

be expected, that the rheological properties of a fluid are varying with temperature [14]. This is not

considered by the Buckingham-Reiner-equation. Therefore, a discrepancy of calculated yield stress

in the pipe sections and determined yield stress in the viscomat can be expected. Furthermore, the

temperature of Mix D was significantly higher compared to the rest of the mixtures, which could

explain the even higher discrepancy of the calculated yield stress.

Comparing of viscosity. According to Tattersal et al., if � is calculated, the plastic viscosity can

be calculated using the Buckingham-Reiner equation Eq. 5 [6]. The results for the calculations on

viscosity are visualised in Fig. 4. Except for Mix D (which is the mixture with high temperature), it

can be observed that Fig. 4 e) gives results that have a linear correlation, yet with a negative slope.

Further investigations are necessary to perform calculations of viscosity during the experiments.
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Comparison with flow table testing. Besides the rheological measurements, the spread flow of

the tested mortars was determined and compared with the calculated values. Flow table testing has

been performed during the experimental program to compare the results of the calculations with a

conventional construction site method. The results are similar as shown above, once it is noted, that

a lower yield stress results in higher flow in the flow table tests. Also it can be seen, that again only

the comparison of pipe A with a pump speed variation of 20% to 80% shows calculated values that

appear to be plausible. In Fig. 5 the data is plotted. The thin-lined cross indicates the measurements

before the table was dropped 15 times, the cross with the wider lines afterwards respectively.
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Fig. 3: Comparison between yield stress from ’Schleibinger Viscomat NT’ and calculated yield stress

based on different levels of pump speed

Fig. 4: Comparison of plastic viscosity from ’Schleibinger Viscomat NT’ and calculations based on

different levels of pump speed
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Fig. 5: Comparison between flow table testing and calculated yield stress based on different levels of

pump speed

Conclusion

The experiments performed demonstrated that the yield stress of the mortars used can be determined

by calculations using pressure data obtained by measurements performed in a rigid pipe. The cor-

responding calculations require the pressure loss in the system (determined by two pressure sensors

placed at the inlet and the outlet of the pipe) and the volume flow at different flow rates (pumping

speed). However, the experiments showed also that a continuous measurement of the volume flow

and a significant difference in the considered volume flows are required. Furthermore, the length of

the rigid pipe used for determining the pressure loss influences the accuracy of the calculations. The

shorter the pipe, the lower the pressure loss and the higher the influence of measuring errors caused

by the accuracy of the sensors. Further experiments will be performed to determine the temperature

effect on the rheological properties calculated from the experimental data.

The variation of the pump speed during printing to a certain extent and the corresponding measure-

ments to determine the pressure loss are a promising approach for a continuous quality control of the

rheological parameters of the fresh mortar. Therefore, more investigations on calculating the viscosity

from the experimental data are needed.

Summary

In this study, experiments on pressure loss in a rigid pipewere performedwith a non-reactive limestone

mixture. The scope was to investigate if continuous monitoring of pressure can be used for quality

control in 3DCP. To achieve that, mixtures with different rheological properties were analysed using

a rheometer and have been pumped in a curcuit with different volume flow. The calculations, based

on the Buckingham-Reiner-equation show a good indication of yield stress and flow table testing if

the difference in volume flow is significant.
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