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Current testing methods for fresh concrete are time-consuming and operator-dependent and, thus,
should be replaced with automatic testing methods. This study investigated automated
measurement techniques for determining water/cement (w/c) ratio and air content in fresh
concrete, addressing this need for more efficient and continuous quality control. The research
compared microwave absorption (MWA) and time-domain reflectometry (TDR) techniques for
w/c ratio measurement as well as acoustic wave propagation (AWP) technique for air content
measurement, against the reference testing methods. Laboratory investigations were conducted
on various concrete mix compositions. Results showed that MWA and TDR techniques
demonstrated a good correlation with reference methods for w/c ratio (R? = 0.808 and 0.858,
respectively), but were sensitive to air content variations. The AWP technique for air content
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measurement showed a moderate correlation with the pressure method (R? = 0.654 for static
measurements), with accuracy influenced by concrete consistency. The study highlights the
potential of these automated techniques for real-time concrete quality control, while also revealing
limitations related to mix composition variations and calibration requirements. These findings
contribute to the ongoing development of more precise and reliable automated measurement
systems for fresh concrete properties, supporting the move towards advanced quality control
methods.
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1. INTRODUCTION
1.1 Background

Concrete is one of the most widely used construction materials globally, valued for its versatility,
durability, and strength. The quality and performance of concrete are heavily influenced by its
compositional properties [1]. Particularly, water/cement (w/c) ratio and air content both in the
fresh and hardened concrete are critical parameters in cold climates. These properties play crucial
roles in determining the workability and compactibility of fresh concrete and as well as strength
and long-term durability of hardened concrete [2]. The drive for low-carbon concretes also sets
challenges for producing concretes with consistent quality with more complex mix compositions.
Hence, it must be ensured that all the concrete loads align with compositional requirements as it
leaves the ready-mix plant.

European concrete standard EN 206 [3] and its national appendices set requirements for the w/c
ratio of concrete. While the variation of concrete constituents in a batched concrete should be
within + 3%, the w/c ratio should be within + 0.04 of the specified value. In practice, w/c ratio of
a concrete batch is determined by weighing the constituents to the mixer, which commonly relies
on daily estimations for moisture content of aggregate. However, the water content of the batched
concrete fluctuates during production since the aggregate can contain up to 10% surface moisture
content. The risk is increased when the aggregate is exposed to precipitation in cold climates.
Even small variation in the moisture content has a significant impact on the w/c ratio. For instance,
a change of 15 kg/m? in water content may cause noticeable changes in strength, durability, and
cohesiveness in production of ready-mix concrete [4], also increasing the slump class of the
mixture [5]. As such, Hover [6] notes that the moisture content must be controlled to attain the
target properties of concrete.

Various measurement techniques have been proposed to measure the water content as summarised
by Mardmomen et al. [7]. For example, automated techniques such as time-domain reflectometry
[8], electromagnetic sorption [9] techniques, nuclear gauges [10] and ground-penetrating radar
[11] has been researched in order to measure the water content in fresh concrete. Many of these
techniques are based on measuring the dielectric properties of fresh concrete [12]. Nevertheless,
the weight loss due to the heating with microwave oven remains to be believed the most effective
method to determine the moisture content in the fresh concrete [7, 8, 13, 14]. These real-time
measurement systems for water content can be also used to evaluate the effectiveness of the
mixing process [15]. Regardless of the past studies, little knowledge about their sensitivity or
applicability can be found in more recent literature.
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Concrete is often air-entrained to improve the freeze-thaw resistance of concrete by adding air-
entraining agent (AEA) to the mixture during the mixing process. To reach a sufficient quality of
air-entrainment, a target air content is set to approximately 4—7% by volume as typically required
by the national appendices. A proper air entrainment provides protective spaces for water to
expand when it freezes, significantly reduces internal stresses and subsequent cracking in
hardened concrete [16]. However, controlling the amount of air content is a delicate process,
which is affected by multiple factors during the production. While insufficient air content can lead
to poor freeze-thaw resistance, excessive air can greatly reduce compressive strength of the
concrete [2]. For instance, it has been shown that an increase of 1% in air content per volume
often decreases compressive strength approximately by 5% [16]. Al-Neshawy et al. [17] observed
that combination of superplasticisers (SPs) and AEAs may cause unstable air-void system.
Recently, X. Wang et al. [18] demonstrated further that the unstable air-void system, caused by
unreacted AEA, may also increase the air content of concrete during excessive high-frequency
compaction with poker vibrators. These challenges in air-entraining underscore the importance
for continuous and real-time measurement of air content during the concrete production.

Even though achieving the correct air content is essential, few measurement methods exist for
concrete. The standardised pressure method (EN 12350-7 [19]) is the most used method to
quantify the air content, but it is time-consuming and user-dependent to perform. For more
qualitative analysis, an air-void analysis, such as the standard EN 480-11 [20], can be used to
verify the frost resistance for freeze-thaw cycles. Evaluating hardened concrete causes even more
delays for the quality control. Fortunately, a good correlation exists between the fresh concrete
and the hardened concrete [21], which is necessary for measuring air content of fresh concrete.
Automated measurements for air content have seen little innovation, except the introduction of
acoustic measurement technique, which uses the speed of sound to estimate the volumetric air
content [22]. However, little peer-reviewed literature can be found for the technique.

The advent of automated measurement techniques represents a significant advancement in
concrete quality control where they potentially offer automated adjustments in real-time and
reduced reliance on manual testing and human interpretation. These advanced methods show great
promise and alternative to traditional methods, but their reliability is not fully studied under
controlled settings.

1.2 Scope of the paper

This study aims to evaluate the most prominent automated measurement methods to determine
w/c ratio and air content that can be used during the mixing process of concrete. The scope of this
paper comprises the following key elements:

o The objective of this paper is to assess the reliability and practical applicability of the
selected measurement techniques. The study involves a combination of literature review,
laboratory testing, and comparative analysis.

o The experimental investigation focuses on three automated measurement techniques: two
dielectric-based techniques for determining w/c ratio and an acoustic technique for
estimating air content in fresh concrete. The results of these automated techniques are
compared to reference testing methods.
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2. EXPERIMENTAL PROGRAM

The experimental program in the following subsections is divided into two sections where two
laboratory investigations are described in parallel. In the first subsection, the investigation for
determining the w/c ratio is discussed. In the second subsection, the investigation for determining
air content is discussed.

2.1 Materials and mix composition

Water/cement ratio

For the investigation of w/c ratio, nine different mix compositions were designed (Table 1). The
mix compositions consisted of three w/c ratios (0.40, 0.50, and 0.60) where in each w/c ratio three
air content levels were targeted (2%, 5%, and 10%). The dosage of AEA varied between 0.009
and 0.200 kg/m?® depending on the targeted air content values. The cement type was CEM II/B-M
(S-LL) 42.5 N and the amount of cement ranged between 300 and 400 kg/m?. For each w/c ratio,
seven different aggregate fractions were portioned to ensure cohesiveness of the mixture. The
combined aggregates sizes and their weight proportions of the total aggregates for the concrete
mixtures are presented in Tables A.1-A.3 of Appendix A. Since the air content was radically
different among same w/c ratio, the aggregate amount in the mix compositions varied between
1631 and 1911 kg/m?. The aggregate fractions, except the filler, were granitic gravel that were
washed and sieved by the manufacturer. The water absorption of the aggregate was 0.8% by mass,
which was considered in calculations regarding the effective water content. The water content was
160 kg/m? for the mix compositions with w/c ratios of 0.40 and 0.50 and 180 kg/m? for the mix
compositions with w/c ratio of 0.60. The workability was adjusted using SP to achieve the desired
consistency. As seen in the table, the slump values of the concrete mixtures were 140-230 mm
and the air content values were 2.1-11.0% by following the standards EN 12350-2 [23] and EN
12350-7 [19], respectively.

Table 1 — The mix compositions and fresh concrete results for w/c ratio investigation.

Concrete code Cement Water  Aggregate  AEA SP Slump  Air content

(kg/m?)  (kgm’)  (kgm’)  (kg/m?) (kg/m’) (mm) (%)
A-0.40-A2 400 160 1838 - 4.8 190 2.8
B-0.40-A5 400 160 1761 0.016 3.6 150 5.8
C-0.40-A10 400 160 1631 0.200 2.0 140 9.2
D-0.50-A2 320 160 1911 - 2.8 160 2.1
E-0.50-A5 320 160 1833 0.011 1.9 170 7.3
F-0.50-A10 320 160 1720 0.160 1.6 170 11.0
G-0.60-A2 300 180 1877 - 1.8 170 4.0
H-0.60-A5 300 180 1801 0.009 0.4 190 5.9
1-0.60-A10 300 180 1668 0.162 - 230 9.1

Air content

For the investigation of air content, eight concrete mixtures were batched (Table 2). The w/c ratio
of these concretes varied between 0.33 and 0.35. The water content in all mixtures was set to 140
kg/m? and cement content was 425 kg/m?, except for the mixture A-S120 that had cement content
of 400 kg/m>. The cement type was CEM II/B-M (S-LL) 42.5 N. The investigation of air content
used the same aggregate fractions as the investigation of w/c ratio, but the gradation of the
aggregates was the same in all the mix compositions. The combined aggregates sizes and their
weight proportions of the total aggregates for the concrete mixture is presented in Table A.4 of
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Appendix A. As such, the amount of aggregate only varied between 1766 and 1805 kg/m?. The
dosage of AEA ranged between 0.140 and 0.850 kg/m?, which was influenced by the relatively
high dosage of SP (3.613-9.290 kg/m?). For the mix concrete mixtures, the fresh concrete testing
showed slumps of 80—170 mm and air contents of 4.1-11.0%, as shown in the table.

Table 2 — The mix compositions and fresh concrete results for air content investigation.

Concrete ~ Cement Water Aggregate  AEA SP Slump Air
code (kgm’) (kg/m) (kgw)  (kgm) (kg/’)  (mm) o conent

(%)
A-S120 400 140 1805 0.140 4.8 120 5.7
B-S130 425 140 1770 0.149 5.1 130 5.4
C-S80 425 140 1766 0.149 6.3 80 6.0
D-S150 425 140 1770 0.808 4.1 150 5.3
E-S120 425 140 1767 0.136 6.0 120 6.2
F-S160 425 140 1770 0.196 4.8 160 4.3
G-S110 425 140 1768 0.323 5.4 110 4.1
H-S170 425 140 1772 0.850 3.6 170 11.0

2.2 Methods for experimental investigation

The reference testing methods for determining of the w/c ratio and the air content are the
calculation based on the batching information and the pressure method, respectively. In this
subsection, the selected automated techniques are described for the experimental program.

Water/cement ratio

A microwave absorption (MWA) technique was used to estimate the w/c ratio directly in the mixer
based on the measured moisture ratio and known cement content of the mixture. The MWA
system consists of a sensor and a computer software to collect the data in real-time. The sensor
can be installed inside a mixer, a conveyer belt, or a hopper based on the need of the application.
For this investigation, an in-mixer sensor was selected as all the aggregates are oven dry.

The sensor radiates a low power field of microwave energy above the sensor. The amount of
energy absorbed is affected by the dielectric properties of the material adjacent to the sensor.
According to the manufacturer, increasing the moisture ratio also shifts the detected frequency
component, which causes amplitude of the response to decrease. As this lowers the apparent
response, using a fixed measurement frequency can be challenging. Thus, the experimented MWA
system uses multi-frequency measurements levels to sense a wide variety of moisture ratios.

The MWA system needs to be calibrated for different materials. Thus, a calibration was carried
out for one of the concrete mixtures (concrete code of D-0.50-A2). During the calibration process,
the water was added into the mixer in four steps to obtain the final w/c ratio of 0.50. After each
addition, the mixing was continued until the mixture was homogenous, the mixer was stopped,
and an uncalibrated reading was collected. Afterwards, a calibration curve was fitted to the data
based on the uncalibrated readings and the theoretical moisture ratios in each step using the
equation:

Roisture = @ ° (Duncalibrated) —b—S8SD (1)
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where Ryoisture 15 the moisture ratio, Dy, caribrated 1S the unscaled value, and a as well as b are
coefficients determined during the calibration. An offset value called saturated surface dry (SSD)
can be used to correct for absorption of aggregates, which was set to zero. The calibration resulted
in the coefficients of a = 0.192 and b = 4.804 with a coefficient of determination (R?) of 0.976.
The polling rate of the MWA system was 25 data entries per second. Due to noisy signal caused
by the blades and the movement of the concrete, a strong noise removal was applied to the raw
signal in real-time as suggested by the manufacturer. Since the MWA sensor did not agitate the
concrete, reading remained unchanged after stopping the mixer. Thus, a static measurement
reading was taken immediately after the mixer was stopped.

In addition to the MWA technique, a time-domain reflectometry (TDR) technique was used to
estimate the w/c ratio based on the measured water content and known cement content of the
mixture. Similar to the MWA technique, the TDR sensor can be installed inside a mixer, a
conveyer belt, or a hopper but it also can be used as a handheld probe. For this paper, a handheld
probe was selected as the neighbouring sensors would interfere with the other. The MWA and
TDR sensors can also be used to measure the moisture ratio of the aggregate in addition to the
concrete mixture.

Yu etal. [24] describe that the TDR system commonly consists of a pulse generator and a sampler,
a connection cable, and a measurement probe. While the pulse generator sends a pulse, the sampler
records a response. Typically, the response consists of a first reflection peak when the pulse
crosses the interface of the materials, and a second reflection valley when the electromagnetic
pulse meets the end of the probe. Dielectric constant of the material determines the
electromagnetic wave speed which is determined from the travel time of the pulse. Based on the
manufacturer, the velocity of the TDR pulse can be computed from the following equation:

Co

\Y ST‘IJ‘T (2)

CcC =

where c is the pulse velocity, cq is the speed of light, ¢, is the dielectric constant, and p, is the
magnetic parameter set to one. The velocity measurement can be transformed into a transit time ¢

based on the known transit distance L, (¢ = %). Yu et al. [24] summarise that the apparent

dielectric constant, that represents the real part of the frequency dependent dielectric permittivity,
can be calculated from the pulse respond with the following equation:

L\’
Ko = (z) ©

where K, is the apparent dielectric constant, L, is the scaled horizontal distance between the two
reflections, and L, is the length of the probe in the material. Since the dielectric constant of free
water is higher in multiple magnitudes when compared to the air and other solids, TDR measured
dielectric constant can be used to measure moisture content in many materials. A relationship for
the gravimetric water content and soil dry densities to soil dielectric constant has been established
using the equation:

Kap_w: a+ bw (4)
Pa
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where K, is the apparent dielectric constant, p,, is the density of water, p, is the density of dry
soil, w is the gravimetric water content, and a and b are material specific constants from the
calibration tests [25, 26]. To calculate the water content of a concrete sample, the concrete sample
can be place into a cylindrical container with a known volume, from which the total density of
concrete can be determined. Defined by the relationship between total density and dry density,
the water content can be computed from the equation:

Pt
1+w

Dy = (5)

where p, is the dry density of concrete, p; is the total density of concrete in the mould, and w is
the free water content. By substituting Equation (4) into Equation (5), and solving for the water
content, we can calculate the water content with the following equation:

Pw _
_\/K_apt a4

W
b~ KB

(6)

where w is the free water content, K, is the apparent dielectric constant, p,, is the density of
water, p, is the total density of concrete, and a and b are material specific constants. The
measurement probe investigated in this study detects the amount of free water content in the
concrete, as well as the water absorbed by the aggregates and the amount chemical admixture
added into the concrete mixture. As specified by the manufacturer, the probe can sense only a 1/3
of the absorbed water, and hence, should be removed from the measured value. Thus, the
following equation to calculate the effective water content:

1
Weffective = Wmeasured - §Wabsorbed - Wchemical (7)

where Wftective 18 the effective water content, Wi, easured 1 the measured water content from the
device, Wapsorbed 1 the absorbed amount of the water by the aggregates, and Wi pemicar 1S the
amount of chemical admixture. The TDR probe was set to measure concretes with normal
gradation of aggregates. No bias was set in the probe during the measurement to compensate for
the absorbed water, but it was taken into account during the conversion to the effective w/c ratio.
While the amount of absorbed water was relatively small with the used aggregates, the absorption
can be significant error source for different aggregate types.

The measurement procedure for the TDR technique was dissimilar to the in-mixer sensors. For
the handheld TDR probe (Figure 1c), a 5-litre plastic bucket was filled with concrete immediately
after the mixing. This density from the pressure vessel was set in the TDR probe while other
parameters were set to default, reflecting the normal concrete with a typical gradation of the
aggregates. The probe was inserted to the bucket filled with concrete a total of five times in
different locations, and the mean of these readings were calculated in-device. Each time the probe
was inserted to the bucket, it was knocked three times to verify a good connection between the
probe surface and the concrete mixture. The TDR system gave the estimation of water content in
L/m? that was converted into the effective w/c ratio based on the cement amount and absorption
of the aggregate.
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Air content

An acoustic wave propagation (AWP) technique was used to estimate the air content directly in a
concrete mixer or truck where the sensor is in-contact with moving concrete. Tregger et al. [22]
describe that the AWP system measures speed of sound that propagates through the concrete
mixture between the sound source and the receiver. The sound source is a baffled piston that is
driven on a relatively low, audible frequency. The sound receiver can be located close to the sound
source within a known distance in the same plane because the sound propagates nearly equally to
every direction. Since the concrete is mixed in a static pressure, always containing some air
bubbles, and the frequency of the sound source is notably lower that the lowest resonance of the
air bubbles, Tregger et al. [22] reduced an equation, originally presented by Wood [27], for the
relationship of the speed of sound and air content to the following equation:

(8)

where, c is the speed of sound, P, is the absolute static pressure, ¢ is the volumetric fraction of
air, and p is the density of the concrete mixture. Furthermore, Tregger et al. [22] stated that since
the reduced Wood’s model is dependent only on the static pressure and concrete mixture density,
the equation is suitable for most concrete mixing applications. The measured speed of sound is
then used to calculate the volumetric fraction of the air in concrete where the speed of sound
decreases as the air content increases.

Two measurement types for AWP technique were calculated from the collected data, which were
compared to the standard pressure method. Firstly, a dynamic measurement was calculated during
the mixing where it was calculated as a median of last 5 seconds of mixing. Secondly, a semi-
static measurement was calculated immediately after the mixing as an average over 30 seconds.
The polling rate of the AWP sensor was one data entry per second. In contrast to the MWA sensor,
the AWP sensor agitates the concrete with the baffled piston, which causes the concrete to
compact near the piston, causing the reading to decrease over-time. The rotating blades also sweep
over the sensor, causing the dynamic measurement to fluctuate cyclically. Hence, the static
measurements are lower when compared to the dynamic measurements.

23 Testing procedure

For both the laboratory investigations, the same pan-style concrete mixer was used that allowed
the installation of the in-mixer sensors on the opposing sides of the stationary floor (Figure 1).
The paddles of the mixer rotated over its axis 60 times per minute. All the constituents were at a
constant room temperature of 20°C in the beginning of the mixing. The initial mixing process was
divided into the following steps:

1. The coarse aggregates from fractions 2—5 mm to 8—16 mm were added in the mixer.
Immediately after, the cement, fine aggregates, and filler were added in the mixer.
Afterwards, the mixer was turned on.

2. After 30 seconds, 80% of water was added without stopping the mixer.

3. After another 30 seconds, a pre-mixed solution of 10% of water and AEA was added
without stopping the mixer.

4. After another 30 seconds, a pre-mixed solution of 10% of water and SP was added without
stopping the mixer.
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5. Finally, the mixture was mixed another 2 min.

Figure 1. The sensors for a) the MWA and b) the AWP systems were installed on the opposing
sides of the planetary mixer floor, and sensor for ¢) TDR system was used as a handheld probe
inserted to a concrete-filled bucket.

Water/cement ratio

For the laboratory investigation of the w/c ratio, the nine concrete mixtures were prepared and
tested. The batched volume of the concrete was 70 litres. During the mixing, the MWA system
measured and collected the moisture ratio of concrete. After mixing, the slump test was performed
using the standard EN 12350-2 [23] and the air content was measured using the standard EN
12350-7 [19]. The density of the compacted concrete was determined by weighing the 8-litre
pressure method vessel. After the pressure method, the density of the concrete was set in the TDR
probe and water content of the concrete mixture was measured from the concrete-filled bucket. In
practice, the theoretical density could be used for pre-calibration of the probe, assuming that the
target air content has been achieved. The tests were carried out by two operators so that the total
time of the testing could be limited to 15 min. In addition, the operators always performed the
same tests.

Air content

The laboratory investigation of the air content followed the same initial mixing and testing
procedures. However, a total of eight concrete mixtures were mixed in four testing cycles to
collect observation points. The batched volume of the concrete was 60 litres. During the mixing,
it was noticed that the AWP system started to record the measurements when the concrete reached
a certain consistency after both the water and the SP were added. It was assumed that the pressure
method contaminated the concrete by introducing extra water to the concrete sample, which
prevented the concrete to be returned to the mixer, resulting in smaller volume of concrete in the
following testing cycles. Because of limiting factors, the pressure method was excluded from the
2" testing cycle. Hence, only the 1, 3" and 4™ testing cycles were utilised in the analysis. The
additional testing cycles were started at 30 min, 60 min, and 75 min after the initial mixing
finished. The concrete mixture was mixed for 2 min in the beginning of each cycle to ensure the
cohesiveness of the mixture. After mixing, both the slump and air content fresh concrete tests
were performed following the same procedure as with the first laboratory investigation.

99



Nordic Concrete Research — Publ. No. NCR 71 — ISSUE 2/ 2024 — Article 5, pp. 91-110

3. RESULTS AND DISCUSSION

The results and discussion of the laboratory investigations are discussed in parallel in the
following subsections. In the first subsection, the investigation for determining the w/c ratio is
discussed. In the second subsection, the investigation for determining air content is discussed.
Subsequently, a general discussion of automated measurements is presented.

3.1 Laboratory investigation

Water/cement ratio

Comparison of the true (effective) w/c ratio and the corresponding measurements with the
automated techniques are presented in Figure 2. Since the MWA system measures the moisture
ratio and TDR system measures the water content, the measurements were converted to the
equivalent effective w/c ratios by excluding the water from absorbed water and chemical
admixtures in the calculations. The figure reveals that the measurements were consistent although
they did not achieve the same w/c ratios as the true w/c ratios, based on the weighing of the
constituents. The R?0f 0.808 and 0.858 were reached for MW A and TDR techniques, respectively.
This suggests that the correlation between the reference method and the automatic methods is
promising.

On closer inspection, the automatic measurement techniques seemed to measure higher w/c ratios
in general. The over-estimation happened clearly with w/c ratios of 0.40 and 0.50 and less with
w/c ratio of 0.60 where the mean of the measurements was close to the true value. The variation
between the measurements within the same w/c ratio appears higher. In addition, the air content
of the mix compositions clearly affected the measurements with the experimented techniques. The
authors believe that the over-estimation might be caused by the inadequate calibration for each
mix composition and highly varied air content. For the MWA technique, having more air content
decreased the automatically measured w/c ratio. Contrarily, the higher air content increased the
measured w/c ratios with the TDR technique. Thus, the results suggest that mix composition may
heavily influence the measured w/c ratio with both the automatic techniques.

As discussed, the MWA and TDR techniques do not directly measure the w/c ratio. In fact, they
measure the dielectric properties of the concrete mixture. Hence, they can only detect the presence
of the water content that increases the apparent dielectric constant of the concrete, affecting the
response signal. In practice, a higher w/c ratio does not always reflect in moisture ratio of the
concrete mixture. For instance, with the highest w/c ratio the moisture ratio had a mean of 8.7%
where concretes with w/c ratio of 0.5 and 0.4 had mean moisture ratios of 7.6% and 7.5%,
respectively. On the other hand, the change in air content modifies the relationship between the
moisture content and the dry constituents of the mix design. Therefore, concrete with a high air
content has a lower moisture ratio as concrete with a low air content even with higher w/c ratio.
These changes in moisture ratio suggest that calibrations should be carried out for different mix
compositions.

To explain the over-estimation of automatic measurement techniques, the calibration procedures
must be evaluated. Even though the calibration of the MWA system was performed for concrete
D-0.50-A2, the measurement error seems significant. On the other hand, the TDR system was
calibrated in real-time by setting the density of the concrete mixture before the measurements.
Even with this calibration, higher air contents appeared the probe to greatly over-estimate the w/c
ratios. The results show that only the mix compositions with w/c ratio of 0.60 and moderate air
content can give similar results to the theoretical w/c ratio (Figure 2). To reduce the risk of
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segregation with the highest w/c ratio of 0.60, the aggregate gradation was adjusted to contain
more fine aggregate. This change in gradation may be reflected in the lower measurement values
of both techniques.

0.70 >
A MWA technique -,_0_50_,,3\10 /'
[l TDR technique -. /’
»
=== 1:1Line ’,’
0.657 — (inear fit - MWA technique (R* = 0.808) S
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”
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True effective w/c ratio (-)

Figure 2 — Comparison of the reference method and the two automated measurement
techniques (MWA and TDR) for the effective w/c ratio. The reference method is presented by
the true w/c ratio, calculated from the batching information.

Since the air content of the concrete affected the measurements of the w/c ratio, the difference
between the theoretical (true) and the automatic measurement techniques was plotted as a function
of air content (Figure 3). A contrasting effect of the air content is clearly visible, where moderate
linear correlations were found for the MWA and the TDR techniques (R? of 0.390 and 0.440,
respectively). The statistical analysis also confirmed that the air content has marginally significant
correlation to the MWA and TDR techniques with p-values of 0.0513 and 0.0722, respectively.
This finding highlights the effect of air entrainment on the measurement accuracy. However, air
content alone cannot fully explain the observed variation. Unfortunately, the amount of
experimented mix compositions limits the investigation of other compositional parameters, which
are reflected in the calculated moisture ratios of the mixtures. It should be noted that limited
calibration was intentionally done in this paper to study the possible error sources.
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Figure 3 — Effect of air content on the difference between effective true w/c ratio and measured
w/c ratio with the two automated measurement techniques (MWA and TDR). The coloured
areas represent the 95% confidence intervals.

Air content

For investigation of the air content, comparison of the pressure method and the AWP technique
is presented in Figure 4. The measurements were divided into dynamic and static measurement
types where dynamic measurement achieved a poor-to-moderate correlation (R? of 0.365), and
static measurement achieved a promising correlation (R? of 0.654). On average, both the
measurement types agreed with the measurement results from the pressure method. A closer
inspection indicates that especially the dynamic measurements led to higher air contents when
compared to the static measurements. On average, the dynamic measurements were
approximately two percentage points (pp) higher than static measurements. This is most probably
caused by the measurement of uncompacted concrete during the dynamic measurements.
Moreover, dynamic measurement clearly over-estimate some of the observation points, which
negatively impacted the correlation.
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Figure 4 — Comparison of the air content measured with the pressure method and the AWP
technique. Both the dynamic and static measurement types were used with the AWP technique.

The effect of concrete slump was further investigated by comparing the difference between the
pressure method and the AWP technique (Figure 5). Based on the results, the highest difference
between the measurements were with stiff concrete whose slump was less than 100 mm. With
higher slumps the measurement error was small, excluding a few outliers. This increased
performance can be explained by the greater fluidity of concrete. When the fluidity increases, the
time the sensor is properly covered increases during the mixing. Additionally, the improved
consistency allows the concrete to have less entrapped air during the measurement. The static
measurement type benefitted the measurements for the stiff concrete, giving the concrete time to
cover the sensor as the mixer blades were stationary. However, static measurement revealed the

compaction effect of the vibrating piston, which caused the measurement to rapidly decrease over-
time.
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Figure 5 — Effect of the slump on the difference between air content and the AWP technique,
indicating an arithmetic error in the volumetric air content. The AWP technique is divided into
dynamic and static measurement types.

3.2 General discussion

The quality control of fresh concrete is based on laborious and user-dependent measurement
methods that are rarely performed, leaving majority of the concrete untested. This creates a
demand for automatic measurement methods that could be used to measure concrete continuously,
detecting possible defects in real-time. Importantly, as the concrete industry moves towards more
complex mix compositions with low-carbon concretes, developing robust automatic methods
becomes crucial. These methods must accurately assess critical properties of fresh concrete, such
as water content, air content, and workability, across a wide range of mix compositions. This
challenge presents an opportunity for researchers to refine existing methods and potentially
develop new technologies that can provide more precise and reliable data.

The sensors of the automatic measurement systems investigated in this paper are intended for
concrete industry where the production volume is high and the downtime is expensive, causing
serious delays in the supply chain. This means that in-contact sensors, such as in this study, must
have a good resistance against abrasion and must be integrable with the existing production
infrastructure. For instance, some mixer types are compatible with certain types of sensors that
may require electrical connection. The cost of these automatic measurement systems and their
upkeep must also be recognized. Depending on the demand and supply, the installation and
maintenance costs can become comparable to the mixer itself. With more complex quality control
systems, an expert is also needed to maintain the sensors and to guarantee the continuous
monitoring without major interruptions. In addition, these measurement systems should be
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connected to each other without causing interference to maximise their potential. Additionally,
some constituents of the concrete, such as metal fibres, may not function with electrical sensors
as they cause sudden variation in the dielectric properties.

This paper highlights that measuring compositional properties of concrete accurately is
challenging and understanding mix composition and mixing process is essential for proper
calibration. While the measurement errors are similar to the allowed variation, more accurate
measurements are needed to especially optimise the manufacturing process. In addition to the
more frequent calibration practices, the authors cannot see significant improvement possibilities
to the TRD, MWA, and AWP techniques themselves if the measurements are performed inside
the mixer. The most measurement techniques for w/c ratio can only estimate the water content by
detecting the dielectric properties of the concrete mixture. Fortunately, the variation of w/c ratio
mainly comes from the fluctuation of water content of the aggregates. In addition to the in-mixer
sensors, the moisture content of aggregate can be measured in the silos or during the aggregate
batching. If the real-time moisture information about the aggregates can be used during batching
process, more precise w/c ratios can be produced. What comes to the transportation of concrete,
the water content, and thus w/c ratio, should remain the same after the concrete leaves the ready-
mix plant, assuming that no extra water is added accidentally or purposefully at the construction
site.

The correct air content is one of the key factors in achieving frost-resistant concrete. When air-
entraining is introduced to the concrete, multiple factors impact the quality of air-entrainment. In
addition to the proper amount of air content, the air entrainment must be stable and contain
appropriate distribution of protective air bubbles. The AWP system can be used to measure the
volumetric air content but not directly the quality of the air-void system. However, by monitoring
the development of air content during the mixing, a deeper understanding of the stability of the
air-void system can be achieved. For instance, the concrete should be mixed so that the air content
stabilises during the mixing, supporting the idea that mixture does not contain unreacted AEA.
These procedures also minimise the risk of air content to change during the transportation and
casting of concrete.

The rheological properties are heavily related to the water and air content of concrete mixture. As
such, sudden changes in the critical properties could indicate problems with the quality of
concrete. Therefore, changes in air content or w/c ratio could also be detected by continuous
workability measurement. Machine learning (ML) based measurement methods offer possibilities
to interpret the data in new ways, including those measuring air and moisture content. These ML
based approaches, combined with digital methods and advanced modelling techniques, could lead
to fully automated concrete production systems that continuously optimize mix designs based on
real-time feedback and predictive analytics. Recently, computer vision (CV) and ML have been
used to supplement the current measurement technologies to measure more complex phenomena
such as workability [28-31]. Alternatively, many studies have utilised mix composition data to
estimate the fresh and hardened concrete properties using various ML techniques [32].
Consequently, concrete production would consist of less variability, allowing better optimization
of the mix designs, which could be seen in a reduction of emission-heavy constituents such as
cement.
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4. CONCLUSIONS

This paper investigated automatic measurement techniques to measure the w/c ratio and air
content of the fresh concrete which are critical parameters for concrete quality. The automatic
techniques were compared to the reference methods that were the theoretical calculation of w/c
based on the weighed constituents and the pressure method to measure the air content of
compacted concrete. The experimented MWA and TDR techniques can determine the dielectric
constant of concrete that is converted to a corresponding water content or a ratio of the concrete
mixture. Hence, the effective w/c ratio must be calculated afterwards based on the information of
the mix composition. To estimate the air content, the AWP technique determines the speed of
sound in the concrete mixture, which is used to estimate the volumetric air content. The sensors
of the MWA and AWP techniques were installed into the concrete mixer and sensor of the TDR
technique was used as a handheld probe, measured from a concrete-filled plastic bucket after the
mixing. The experimented techniques achieved a good correlation to the reference methods, but
careful calibration is required. To test the conformity of the concrete, these methods allow
detection of defected concrete in real-time, which in turn would decrease the cost and emission of
the concrete production. As the different sensors can operate as a system, transferring information
to each other, more precisely and automatically the sensors can be adjusted for different mix
compositions. The key findings of each experimented automatic technique can be summarised as
below:

e The MWA technique showed a high correlation (R? = 0.808) to the reference method.
However, using a single calibration for all the concretes revealed that the system had a
high sensitivity for different concrete mixtures. It was observed that increasing air content
decreased the measured w/c ratio. This effect was also confirmed by statistical analysis
where the air content had a marginally significant (p-value = 0.0513) effect on the
difference between the reference method and the MWA technique. Interestingly, even the
concrete mixture that was used in the calibration had an error of 0.05 for the w/c ratio. As
such, using the MWA technique to verify that requirements for w/c ratio can be
challenging.

e The TDR technique demonstrated a slightly higher correlation to (R? = 0.858) reference
method than the MWA technique. The TDR technique seemed to greatly over-estimate
the w/c ratio in the most observation points even after the correction for the effective water
content and density. The TDR technique was also affected by the air content of the mix
composition with marginal significance (p-value = 0.0722), which can be expected as both
the techniques measure the dielectric properties. In contrast to MWA technique, the TDR
system expects that the density of the concrete is set in-device before the measurement.
This calibration can be seen also in the measurements where concretes without very high
air content are more accurately measured. By introducing a measurement bias for certain
mix compositions, the measurement error could be minimised.

e The AWP technique was divided into dynamic and static measurement types. The
correlation to the reference method was poor-to-moderate (R? = 0.365) using the dynamic
measurements, but more promising (R?= 0.654) using the static measurements. However,
the measurement accuracy was clearly affected by the slump of the concrete mixture where
stiff concrete (slump < 100 mm) caused high variability in the measurements, especially
with the dynamic measurements. With real production concrete, a higher correlation can
be assumed as their consistency is typically higher. The challenge with the AWP technique
was to ensure a good coverage of the sensor. The over-estimation happens when the blades
momentarily swipe the concrete from the sensor or if the concrete has significant amount
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of entrapped air. Thus, the batched concrete volume must be sufficiently large to minimise
the error.
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APPENDIX A

Table A.1 — Combined aggregates sizes and their weight proportions of the total aggregates for

the concrete mixtures with w/c ratio of 0.40 for water/cement ratio laboratory investigation

Agaregate Fraction Weight Sieve size (mm)
gereg (Diameter  Proportion
type in mm) (%) 0.125 025 05 1.0 20 40 80 160 32.0 64.0
Filler <0.1 7 29 66 88 94 97 99 100 100 100 100
0.1-0.6 9 9 31 70 100 100 100 100 100 100 100
Fine 05-1.2 12 1 2 4 73 100 100 100 100 100 100
Aggregates
(FA) 1.0-2.0 14 2 6 11 15 81 100 100 100 100 100
2.0-5.0 16 0 0 0 0 1 56 100 100 100 100
Coarse 5.0-10.0 20 0 0 0 3 78 99 100 100
Aggregates
(CA) 8.0-16.0 22 0 0 0 0 0 0 1 97 100 100
Combined Aggregates (%) 3 8 14 26 39 52 74 99 100 100

Table A.2 — Combined aggregates sizes and their weight proportions of the total aggregates for

the concrete mixtures with w/c ratio of 0.50 for water/cement ratio laboratory investigation

Fraction Weight Sieve size (mm)
Agtgregate (Diameter  Proportion
yp in mm) (%) 0.125 025 05 1.0 20 40 80 160 32.0 64.0
Filler <0.1 6 29 66 88 94 97 99 100 100 100 100
0.1-0.6 9 9 31 70 100 100 100 100 100 100 100
Fine 05-1.2 11 1 2 4 73 100 100 100 100 100 100
Aggregates
(FA) 1.0-2.0 14 2 6 11 15 81 100 100 100 100 100
2.0-5.0 17 0 0 1 56 100 100 100 100
Coarse 5.0-10.0 20 0 0 0 3 78 99 100 100
Aggregates
(CA) 8.0-16.0 23 0 0 0 0 0 0 1 97 100 100
Combined Aggregates (%) 3 8 14 25 37 50 73 99 100 100
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Table A.3 — Combined aggregates sizes and their weight proportions of the total aggregates for
the concrete mixtures with w/c ratio of 0.60 for water/cement ratio laboratory investigation

Agaregate Fraction Weight Sieve size (mm)
£Bre8 (Diameter  Proportion
type in mm) (%) 0.125 025 05 1.0 20 40 80 160 320 640

Filler <0.1 8 29 66 8 94 97 99 100 100 100 100

0.1-0.6 14 9 31 70 100 100 100 100 100 100 100

Fine 0.5-12 14 1 2 4 73 100 100 100 100 100 100
Aggregates

(FA) 1.0-2.0 15 2 6 11 15 81 100 100 100 100 100

2.0-5.0 16 0 0 0 0 1 56 100 100 100 100

Coarse 5.0-10.0 16 0 0 0 0 0 3 78 99 100 100
Aggregates

(CA) 8.0-16.0 17 0 0 0 0 0 0 1 97 100 100

Combined Aggregates (%) 4 11 19 34 48 60 80 99 100 100

Table A.4 — Combined aggregates sizes and their weight proportions of the total aggregates for
the concrete mixture for air content laboratory investigation

Fraction Weight Sieve size (mm)

Agtgregate (Diameter  Proportion
ype in mm) (%) 0.125 025 05 1.0 20 40 80 160 32.0 64.0

Filler <0.1 8 42 8 93 97 98 100 100 100 100 100

0.1-0.6 9 3 21 76 100 100 100 100 100 100 100

Fine 0.5-12 9 0 2 6 70 100 100 100 100 100 100
Aggregates

(FA) 1.0-2.0 15 0 1 2 7 79 100 100 100 100 100

2.0-5.0 15 0 0 1 1 1 47 100 100 100 100

Coarse 5.0-10.0 12 0 0 0 0 0 3 82 100 100 100
Aggregates

(CA) 8.0-16.0 32 0 0 0 0 0 0 5 99 100 100

Combined Aggregates (%) 4 9 15 24 38 48 67 100 100 100
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