)] DE GRUYTER
el OPEN

DOI: 10.1515/cdem-2014-0009 CHEM DIDACT ECOL METRQ014;19(1-2):97-107

Zbigniew SUCHORARB', Marcin K. WIDOMSKF, Grzegorz tAGOD
Danuta BARNAT-HUNEK and Piotr SMARZEWSHK

METHODOLOGY OF MOISTURE MEASUREMENT
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Abstract: The article presents the description of measuremethodology of moisture transport in unsaturated
porous materials using Time Domain ReflectometiyK) technique on the example of measurement oflagpi
uptake phenomenon in the sample of autoclavedegbr@increte (AAC). In the paper there are presedsit
principles of the TDR method as a technique apghenhetrology, its potential for measurement of shaie in
porous materials like soils and porous building eriats. Second part of the article presents themxent of
capillary rise process in the sample of AAC. Witltile experiment moisture content was monitore¢hénsample
exposed on water influence. Monitoring was condilicteing TDR FP/mts probes. Preparation of the magasu
setup was presented in detail. The TDR readoutisgrosessing, graphical presentations of the obthiesults,
short discussion and comparison of TDR readouggaweimetric measurement were also presented.

Keywords: Time Domain Reflectometry, TDR, porous materibls)ding materials, moisture

Time Domain Reflectometry (TDR) is considered to doee of the most effective
methods for moisture estimation in porous mediant@oy to other popular electric
techniques of quantitative moisture determinatike ftesistance or Frequency Domain (FD)
methods, it gives the possibility of moisture estiion with satisfying uncertainty and
without dependence on other factors influencing stooé readouts like temperature or
salinity [1-3].

The first papers about the application of TDR mdtlfar estimation of soil moisture
were noted at the early eighties of 20th centuyajdd since then, a constant technical
development was noted in the field of electroni&d, [sensor constructions [6-13]
calibration techniques [4, 14, 15] and also possépplications [16-18].
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According to its name, the TDR technique is basedetermining of propagation time
of electromagnetic pulse along the sensor burigd the measured material. Basic
parameter determined using TDR is apparent pewitytii (dimensionless) [19], being the
measure of molecules behaviour under the alterebgetromagnetic field and energy
dissipation of the material after electromagnettdfis released [4, 20]. Apparent density
of porous media varies depending on their structhares of particular phases but mainly
water. This is caused by the dipole character aémmolecule. Contrary to other phases of
porous media, electric loads distribution of thelenale is asymmetric and the relative
dielectric permittivity value reaches 80. Compateather shares, it is several time greater
in value [19]. According to above mentioned sourceguals 1 for the air, 4-9 for granite,
2-3 for sandstone, 2-6 in case of clay and 4-S&od. The difference between the apparent
permittivity values of the air, solid phases andewas crucial for moisture determination
using TDR technique.

To compare the TDR to other electric techniquesnoisture detection it must be
mentioned that the dielectric permittivity of that@rials is a complex number, divided into
the real ) and imaginary ") part. ¢’ represents the amount of released energy in
alternating field, being the base value for momstestimation using TDR:" represents
energy loses caused by ionic conductivity, whiclpiactice depends on medium salinity.
Below formula described complex dielectric permityi of saline medium [2, 20]:

P s/
g“’:g“’_l(g“’+£02)] (1)
where:¢', - real part of dielectric permittivity of medium @ frequencyg”, - imaginary
part of dielectric permittivity of medium at frequency, - imaginary unitg, - electrical
conductivity, &, - dielectric permittivity of vacuume§ = 8.85-10" F/m), w - angular
frequency of the external electric field.

According to the above formula one can concludet the imaginary part of the
formula influences measurements in low frequenafedectromagnetic field, applied in FD
method for example. TDR operating frequency is aldowHz [2], which is enough to
minimize the influence of imaginary part on theueabf complex dielectric permittivity of
a saline medium. It can be assumed that ionic odivity does not influence TDR
readouts, which is the greatest advantage of tléthed comparing to resistance and
capacitance (FD). Also, according to literaturerees, it is also possible to measure
medium salinity basing on TDR trace interpreta{d1.

With the above mentioned assumptions about TDR adethis possible to calculate
the relative apparent permittivity of the matebabing on the following formula [7]:

2
c
g=|—*£ (2)
2L
where: ¢ - light velocity in vacuum [rs 7], ty - travel time along the TDR sensor [ps],
L - length of measuring elements of the TDR senfgo}s
Construction of the TDR sensors enables to deterrelactromagnetic pulse travel

time along the sensor basing on the reflectionpanicular discontinuities of the sensor
waveguide, which are intentionally applied in threlje construction. In many cases those

3 It is dimensionless
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discontinuities are the entrance to the probe amdermination. Figure 1 presents an
example of TDR probe construction with black arrogfeowing the discontinuities of
waveguide for the electromagnetic pulse.

Fig. 1. FP/mts probe (EasyTest, Lubiln, Polandfioisture determination using TDR method

Figure 2 presents the exemplary traces obtainednbgsurement of dry and wet
material using TDR FP/mts probe. Upper trace isasgntative for the dry materials (or
air) with low value of relative apparent permittivi Bottom trace represents wet material.
The difference in traces is visible in peaks shdanvnircles. Position of these peaks in the
TDR trace depends on the apparent permittivity afemal. In case of the dry materials,
representative peak is closer to the left parthef trace. In case of wet materials the
representative peak is shifted towards right dioe¢twhich means that time of the signal
propagation along the sensor buried in wet matesiainger.
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Fig. 2. Example of TDR traces for dry (top) and sagbottom) material obtained for FP/mts TDR probe
(EasyTest, Lublin, Poland)

With measured dielectric permittivity, moisture dam calculated using theoretical and
physical models [22-24] or the empirical calibratimrmulas obtained by the experimental
examinations [4, 14, 15, 25]. Practical attemphsautomatic moisture measurement using
the TDR technology is presented in the further phthis article.
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Materials and methods

The aim of the research was to evaluate the ursetlirwater transport in porous
building material using the technique of indirecoisture detection - Time Domain
Reflectometry (TDR). For that aim it was conductad experiment of capillary uptake
process in the sample of the aerated concrete.

For the experiment the following materials and pqént were applied:

« sample of the aerated concrete, apparent dendiiry 400 kg/m,

e bitumen isolation,

e laboratory dryer,

* laboratory scales - WPT 6C/1, RADWAG, Poland,

e water container with necessary equipment to suhaitonstant water level,

e TDR equipment consisting of laboratory multimeteDM (EasyTest, Lublin,

Poland), TDR probes (FP/mts, EasyTest, Lublin, Rijla PC computer as
a control station.

Before the samples of aerated concrete were prépgheemaximum water content of
measured aerated concrete applied for further arpat was determined. For that aim
three samples were prepared. Dimension of eachlsamas 50 mmx50 mmx45 mm. Next
the samples were dried in 105°C to constant masg.sBmples were weighed and then
saturated with water being regularly weighed. Gretric and volumetric saturation water
content were determined using the following formsy26]:

w, = =M (3)
m,

O, =0T @)
\

where:w ¢ - gravimetric water content [kg/kgje: - volumetric water content [clicm?),
m, - mass of wet sample [kg}x - mass of dry sample [kg¥, - sample volume [rh.

Apparent density, gravimetric and volumetric sadiorawater content of the measured
material is presented in Table 1.

Apparent density, gravimetric and volumetric saforawater content of measured AAC Tebled
No Mass of dry Mass of Appar_ent W 0
sample saturated sample density =t st

(9] (9] [kg/m?] [kg/kg] | [em®cm’]
Al 43.1 89.5 383.1 1.08 0.41
A2 41.7 87.2 370.7 1.09 0.40
A3 40.2 89.2 357.3 1.22 0.44
A4 41.1 88.4 365.3 1.15 0.42
A5 42.5 87.3 377.8 1.05 0.40
A6 41.3 87.9 367.1 1.13 0.41
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Basing on the obtained results it was establistieat, the apparent density of the
measured sample was equal 370.2 RgAwerage gravimetric saturated water content was
1.12 kg/kg and volumetric saturated water contefit @ni/cnr.

Contrary to the classical observations of capili#pyake process TDR method enabled
constant monitoring of the phenomenon and its dyocsiguantitative description. For that
aim a sample of aerated concrete was prepared. iSiores of the sample were the
following: 24x16x6 cm. The sample was dried in XD8® constant mass and weighed.
Mass of dry sample was equal to 851.8 g. Thenah®ke was insulated with bitumen mass
to prevent any influence of ambient air on moisjppeeameters of the measured sample. The
bottom side of the sample was left uncovered todbwater from its source.

After the bitumen isolation was matured, the sampds equipped with the necessary
TDR probes. For the experiment there were used SPFDR probes produced by
EasyTest, Lublin, Poland. Four probes were disteithuaccording to Figures 3 and 4 at the
following levels above the water: 7 cm (probe @,cin (probe 1), 17 cm (probe 2), 22 cm
(probe 3). The sample was placed into a water gmitaon small supports (Fig. 4). The
container was filled with tap water to the level Dfcm above the bottom edge of the
sample, which meant that particular TDR probespdaeed 5, 10, 15 and 20 respectively
above water level. Constant water level was kephbyspecially prepared system for such
type of experiments consisting of long pipettestillwith water.

Before water was poured into the container, the T&Ripment was initiated to
measure moisture content at particular levels efghmple. Time step of the experiment
was set for 15 minutes. Duration of the experimeas about 11 days until no significant
water content increase was observed and near-Satustate was read by the measuring
setup. The research was conducted in semi-isoth@wnditions about 20°C (x0.5°C), air
relative humidity was about 50% which was not intaot for the experiment due to
bitumen insulation of the sample.

probe 3
(o)
probe 2 concentric cables
w
probe 1
w0
probe 0
10 [ [
0000
TDR Multimeter Personal Computer

Fig. 3. Measuring setup for capillary uptake expert - scheme

After 11 days the experiment was terminated andbhained data was post-processed
according to the procedure described in the nebdchapter.
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AAC sample

pipette

water container

Fig. 4. AAC sample with TDR probes ready for expennt - visualisation

Moisture determination using TDR method requiredesal attempts before final
readouts as volumetric water content were obtaiAetbng them there can be mentioned:
calibration of the TDR setup, calculation of sigriedvel time along the TDR sensor,
calculation of apparent permittivity and finallynoisture estimation.

Before the experiment was initiated, the TDR eq@iptwas calibrated. First stage of
calibration was devoted to establish the paramebérthe device and particular TDR
probes. These parameters are reference timand characteristic probe lengihwhich
depend on particular experimental setup and arenemied to probe geometry [27].
According to literature sources [28-30] this stafealibration ought to be conducted using
two media, that significantly differ in the dielect permittivity value. According to [28]
water € = 80) and air{ = 1) could be used. However, according to [29]sitstrongly
recommended to use water £ 80) and benzene € 2.3) for this stage of calibration.
Application of the air as the reference medium astoversial due to low time-shift of
between peaks of reflectogram which may often mufalsified results. For the described
experiment the TDR equipment was calibrated in matel benzene and reference tie
and characteristic probe lendthwere determined. With the reference time it wassjide
to establish travel time of signal along the semsmording to [27]:

tM = tprobe - tref (5)

where:ty - travel time along the TDR sensor [plq. - particular travel time reading on
the trace, measured by TDR multimeter [pg]; reference time of sensor [ps].

Data acquired by the TDR setup were saved intdildeseparately for each sensor. In
each file the following information was stored mé of measuring step and time of pulse
propagationtf,q,e). Time of pulse propagatidpq. was determined by the TDR multimeter
automatically by analyzing of the traces, discusedte previous sub-chapter of the article,
presented on Figure 2.
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With t, e value determined by the TDR multimeter it was fidesto calculate travel
time along the TDR sensdf, which was used for further calculations. With kmow
geometry of the sensor and thevalue it was possible to determine apparent p&winjt
for each time step of measurement and each sesisgy (2) equation.

As it was discussed above apparent permittivitys substantial information for
moisture determination using the TDR method, andvas used for determination of
volumetric water content. For that aim two appraschre possible - the physical one and
the empirical one. Both approaches are widely dised byCerny [27].

In many cases of moisture determination, there aplied two basic formulas
elaborated experimentally by Topp et al [4] andibalet al [3]. It was proved by literature
information that the most significant formula appliin the TDR technology [4] is only
valid for materials with bulk density about 1500kg[27] and the standard measurement
uncertainty varies between 0.05 and 0.15, dependingnaterial [31]. Also, as it was
presented in the table 1, the investigated matdensity is about 400 kgArFor that aim it
is suggested to apply semi-empirical Malicki's faten [3] which, together with apparent
density considers bulk density. According to [2#§mslard uncertainty of this approach is
better for TDR data post-processing and equalss9.@a¥/cnr.

Literature review prove that even universal models moisture determination are
prone to significant uncertainties [11, 32, 33]pexdally in case of porous media like
building materials [27]. That's why in case of mgyrous materials, individual calibration
is required. In the following papers the TDR meamegnt is proceeded with individual
calibration for the examined material [34-36].

The procedure of individual calibration of TDR reats relies on comparison of TDR
readouts and gravimetric measurements of mateaénicontent. Basing on the obtained
results the calibration curve is generated andessjpn formula obtained to be used as
calibration empirical formula. Such an attempt wlascribed in above mentioned [34-36]
papers. For the experiment described in the foligwpaper it was applied formula which
was proposed for aerated concrete with bulk dedgiéykg/ni in [15]

6= —0.00%% + 0.0426 — 0.0337 (6)
where: 0 - volumetric water content [ctien’], ¢ - apparent permittivity determined with
TDR [-]. According to estimations of the authorsthis paper, standard uncertainty of this
formula equals about 0.01 &uen?, which is a better value when comparing to popular
models by Topp and Malicki.

Results

With all above presented calculations a set of data&aining moisture was obtained
for each probe and time step. This enabled to wuhirter the dynamics of the examined
phenomenon. It is presented in the form of diagoaniigure 5 where readouts of each
probe are presented.

The diagram presented on Figure 5 presents fowesutescribing the phenomenon of
capillary rise. It is clearly visible that the lostgorobe (probe 0) showed moisture increase
after 6 hours after the experiment was started. fdwe of the moisture growth was very
dynamic and within one day TDR readouts showed tm@s/alues exceeding 0.3 Yont.
Probe 1 installed 10 cm above water level showeitome increase after the first day of
process and within next two days moisture readexteeded 0.03 cifen?. Readouts of



104 Zzbigniew Suchorab, Marcin K. Widomski, Grzegorz fdgDanuta Barnat-Hunek and Piotr Smarzewski

probes 2 and 3 were shifted in time for the pendd-2 days. What was important and
worth of discussion is that after seventh days gfeeiment duration all probes showed
moisture value about 0.3 émm’and since that period the moisture started to gooreach

values close to 0.4 cian® at the end of measurement, which was a value dose
saturation determined for the samples before tperément of capillary uptake had started.
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Fig. 5. Volumetric water content read by TDR probasng the capillary uptake process

Two stages of moisture increase on each probe dadig explained with complicated
porous structure of examined material and unevstiilolition of pores dimensions. It can
be supposed that at the first stage of experinensinallest pores are filled with water due
to capillary suction and great capillary forcesteAthe smallest pores are saturated the next
phase of process occurs and the greater pores/omitir capillary forces, are filled with
water. That's why this stage of capillary suctiongess is slower.

After the experiment was finished the sample wagghesl to compare the TDR
readouts with direct gravimetric data. Mass of sed sample was 1752.4 g, which means
that the average volumetric water content was al®b8® cnicn?, and was similar
volumetric water content read by all TDR probestle end of the process, being
0.03 cni/cn® smaller than material saturation determined in itigal determinations
presented in Table 1.

Conclusions

The following conclusions can be drawn from thelygsia of the literature and results:

e The conducted research confirmed hydrophilic prigerof aerated concrete as
a porous medium.

* Use of Time Domain Reflectometry enables constamitaring of water change in
porous materials.
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Readouts of TDR equipment in near-saturation statebe compared to gravimetric
estimation of the sample before and after capillayction experiment. Both
estimations show the same moisture values equaldfcnr.

Gravimetric and reflectometric readouts at the ehthe capillary suction experiment
(about 0.39 crifcn®) were smaller than saturated water content detemnbefore the
experiment (0.42 cicm®). The difference can be explained by both methods
measurement uncertainty, inhomogeneous materiadtate or impossibility to reach
saturation by capillary suction in the upper paftthe sample.
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METODYKA PROWADZENIA BADA N WILGOTNO SCI
W OSRODKACH POROWATYCH ZA POMOC A REFLEKTOMETRII
W DOMENIE CZASU

Lwydziat Inzynierii Srodowiska, Politechnika Lubelska
2\Wydziat Budownictwa i Architektury, Politechnika balska

Abstrakt: W artykule przedstawiono opis metodyki pomiaru $gortu wilgoci w nienasyconych porowatych
materiatach przy wykorzystaniu techniki Time Dom&gflectometry (TDR) na przyktadzie pomiaréw zjdwis
podcigania kapilarnego przez préplutoklawizowanego betonu komdérkowego. Zaprezentowzodstawowe
informacje na temat metody TDR jako techniki stosogj w metrologii. Omdwiono jej potencjat do pondiar
wilgoci w takich @rodkach porowatych, jak gleby i porowate materiblydowlane. Druga e%é artykutu
przedstawia eksperyment pogigania kapilarnego przez prépkautoklawizowanego betonu komdrkowego.
W trakcie trwania eksperymentu monitorowano zmiavilgotnosci w probce wystawionej na oddziatywanie
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wody. Monitoring realizowano za pompsond TDR FP/mts. Rozdziat ,Materials and Methogs?edstawia
szczeg6towo przygotowanie stanowiska pomiarowegoro?diziale ,Results” podano odczyty miernika TDR
przeliczone na wilgotné oraz zaprezentowano uzyskane wyniki w postaciigmagj. Zawarto w nim réwnie
krétka dyskus¢ wynikéw i poréwnanie odczytéw TDR z pomiarami gia@trycznymi.

Stowa kluczowe:Reflektometria w Domenie Czasu, TDRraxki porowate, materiaty budowlane, wilgoao



