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Abstract. The paper presents a mathematical moslaloped for the description of water
movement in selected construction materials. Inctieation of the model the Richards equation was
employed that was introduced in 1931 for a homoges&nd isotropic soil medium. The equation
was solved with the method of finite differencesing an explicit scheme. The experiment was
conducted on a sample made of autoclaved cellolacrete in which TDR probes were placed for
moisture measurement. Water movement in the sawgecaused by capillary rise. Results from
computer simulation were compared with those obthin the experiment. It was demonstrated that
the Richards equation can be used for the desarmigtiche dynamics of air-water conditions in
cellular concrete. It was also found that diffeemdetween results obtained from the simulation
and those obtained from the experiment could haenlraused by the lack of calibration of the
TDR apparatus that should be made individually f@rg medium.
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INTRODUCTION

Application of the TDR technique for the study obisture in construction
materials is the subject of studies at numerousares centres, including in par-
ticular the Institute of Agrophysics PAS in Lublithe Universities of Technology
in Dresden, Prague, tadind Lublin, and recently also at the InstituteEofvi-
ronment Conservation and Management of the Uniyerdi Life Sciences in
Wroctaw (Janik 2009, Janikt al. 2006, Jickova 2003, Pavlik 2005a, Pavlik
2005b,Plaggeet al. 2003, Sobczuk et al. 2004). Moisture is one ofrtiage im-
portant parameters of construction materials. Amotingr things, it affects their
bulk density, and that in turn is important in teehnology of realization of con-
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struction works, e.g. during the transport of corgdton materials, and has also
a structural significance by causing changes iddo&loisture can be determined
in a classic way, e.g. with the thermo-gravimetniethod. That, however, has the
disadvantage of the material tested being destragsdiering the replication of
the determination at the same point impossiblis. dlso possible to apply for that
purpose an apparatus based on time domain reflettpne.g. the TDR apparatus
designed and made at the Institute of AgrophysA&S i Lublin (Malicki 1999,
Skierucha 2005, Skieruclghal. 2008). In such a case, the measurement is virtu-
ally non-invasive and can be conducted in a cootisumanner. This permits
accurate determination of the dynamics of moistii@nges in a given medium.

Moisture conditions in porous media can also berd@hed through mathe-
matical modelling. To build such a model, one needsdopt equations used for
the description of water movement in soil. The otwe of this study was to test
the applicability of the Richards equation for mitidg water movement in con-
struction materials.

METHOD

The applicability of the Richards equation for thescription of water move-
ment in porous construction materials was analysethe basis of a study per-
formed in September 2005 at the locality of Suclzadzka in the Province of
Warmia and Mazury (Janikt al. 2006). The experiment was conducted on
a sample block made of autoclaved cellular cononétte porous structure devel-
oped through the formation of gas bubbles in theerra mixture. In the dry state
the bulk density of the concrete was 5731k TDR probes were placed in the
sample prepared as above, at 5 cm spacing. Thensioms of the sample block
and a schematic of the experiment are given inrEigu Moisture was measured
with the TDR apparatus at 1 hour intervals for d@qaeof 7 days. Water move-
ment within the sample was caused by capillary rise

The Richards equation was applied for the desoripdif water movement in
the sample block under analysis, on the groundswhger movement in cellular
concrete follows the same laws of physics as that capillary-porous medium.
The lateral surfaces of the sample block were tedldrom the environment,
therefore any water movement within the space aedlgould only take place in
the vertical direction (the sense of the axes asign 2). The Richards equation
for a mono-dimensional space assumes the follofang (Walczaket al. 1998,

Reinhard 2004):
o 0 0P
C(hy — = —| K(h)— |, 1
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where:C(h) — differential hydraulic capacityG = d@/dh, h — matric potential,
cm HO, @ — moisture, mm?®, ®— total potential, cm 0, ® =h +z z -
height,z — vertical coordinate, cni(h) — hydraulic conductivity, cm mih

For the determination of moisture distribution witthe sample block the method
of finite differences was applied, characterisimg $pace modelled (Fig. 2). The dif-
ferential form of equation 1 for mono-dimensionghse (explicit scheme) can be
given as:

c” 1

E(q)ik+1 - Cbik)= E|:Kilill2
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where:At — time step, minAz — spatial step, cnk — index of timej — index of
space.
Moreover, for further calculations it was assurtiext:

Kisz2 =+ Kik EKikﬂ - (3)

For the determination of relation correspondinghi® curve of hydraulic con-
ductivity the following formula was employed (Gehten van 1980):

K(h)= Ks{l_ (?’|h|)mn [1+,(67|h|)“] m }2

pelahp™

(4)

while the relation corresponding to the pF curves wlatermined from the for-
mula:

6(h)=6, + Q_Qm, (5)
|1+ ‘cr|h|n ’|

where:m, n, a — indices related to the type of sail,= 1 — 1h, § — content of
residual water, fim®, & — moisture in the fully saturated zone m, K, — filtra-
tion coefficient, crmin™.

To solve an equation it is necessary to definenitial and boundary conditions.
The adopted initial condition was the distribut@mmoisture in the modelled space at
the moment of start of the experiment. The lowmiitlicondition was the time-
variable distribution of moisture in layer 1, amg tupper limit — the distribution of
moisture in layer 5. Therefore, the modelled spemamprised layers 2, 3 and 4
(Fig. 2). The simulation was performed for a tinepsA T = 30 minutes, covering
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a period of 7 days. The stability and convergericéhe numeric solution was
validated by means of a numerical experiment.
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Fig. 1. Schematic of the experiment
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Fig. 2. Area covered by modelling
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RESULTS

Figure 3 presents a comparison of moisture valieaireed from the com-
puter simulation with those obtained from directasuwrements. It was found that
the moisture responses caused by capillary rise waarect.
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Fig. 3. Dynamics of moisture in cellular concrete blocksed by capillary rise

With increase of heigty the response time increased and the moisture-incre
ments decreased. Solid line represents the dynarhitmisture at depths (z, =
7.5cm,zz=12.5 cmz,= 17.5 cm). The indiced &, Ks, n, a) affecting the form
and the positioning of the lines depending on thesizal properties of the mod-
elled space were selected so as to obtain the peasible differences between
calculated moisture values and those measuredtimgti DR apparatus. The pro-
cedure consists in minimisation of error, i.e. site of parameters of van
Genuchten equations for the water retention cuneethe hydraulic conductivity
coefficient. This is the so-called calibration obmo-dimensional model of water
movement based on the solution of the Richardstegua he criterion of fitting
was adopted to be the sum of average deviatiBg)scélculated for each layer

from the formula:
4

Be->'B . (6)

i=2

where B; — sum of average deviations in layers 2, 3 ar§| 4,average deviation
in thei-th layer.
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The deviation in theth layer B)) was calculated from the formula:
— 1 N k obl __ gk pom
B =Yg -g~, ™
Ni=

where: B, — average deviation for theth layer,i — number of layer (index of
space)N — number of moisture pairs compared in the coofslee experiment

= 336), 8™ — calculated moisture irth layer, ak-th moment, mim=, g<»" —
measured moisture irth layer, ak-th moment, mm>.

The minimum value oB¢ was obtained in the following manner. First, the
values ofBc were calculated for freely selected parametgrél, K, n, a. Next,
equation 2 was solved, increasing or decreasingdhee of the first parameter,
4. That trial-and-error procedure was continuedluhg minimum value oB¢
was obtained. At that sage the valuegdoivas accepted as a set value. Then, equa-
tion 2 was solved, increasing or decreasing theegbf the second parameté,
Again the calculations were continued until theueabfBc achieved a minimum,
and parametef, could be accepted as set. Analogous calculati@ne wade for
the remaining parameters, changing their valuese\the first loop of calcula-
tions was completed, the process of optimisatiotheffirst parameterd , was
repeated. Calculations in the particular loops wameducted until the moment
when a change in any of the parameters being cggantaused only an increase
in the value ofBc. As a result of the identification procedure conddcas de-
scribed above, the total average deviatioBoflecreased from the initial value B
= 1.457 toBgyin, = 0.0104. The value dB, was obtained for§ = 0.003 Mim?,
6=0.24 mMm?®, Ky = 0.688 cm miil, n= 1.364,a = 0.238 nf.

Figure 4 presents an example of the relation behaeselected parameter and the
total average deviatiorB{) calculated from formula 6. The example valueBgf
obtained on the basis of the numeric experimené wetermined for 1.3 K < 1.4.
As follows from the Figure, the lowest valueBafwas obtained fan = 1.364.

The discrepancies between the calculated and nezhsatues (Fig. 3) may
result from the lack of calibration of the TDR apaas that should be made indi-
vidually for every medium in which measurements @rducted. Moreover, the
Richards equation (in the form of equation 1) igetonly when the medium is
homogeneous, i.e. when its water conducti¥{) and the hydraulic potential
®, related to the water content, are constant atyepeint in the medium
(Reinhard 2001). The medium should be isotropéc,iis conductivity should not
depend on the direction of water movement. In theadon it is also assumed that
& is approximately equal to porosity, and that tiedumne of solid particles is
invariable in time. Neither of those assumptionss warified in this study. It
should also be kept in mind that the numerical tsmiuof the Richards equation
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generates errors by its very nature. Ultimatelyait be stated that the Richards
equation provides a satisfactory description ofewahovement in autoclaved
cellular concrete under conditions of capillareris
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Fig. 4. Total average deviation for moisture values olatdifrom measurements and from com-
puter simulation

CONCLUSIONS

1. The experiment carried out and the computer sinauatallowed to
demonstrate that the Richards equation can beeabpdr the prediction, with
satisfactory accuracy, of the dynamics of water emoent in autoclaved cellular
concrete caused by capillary rise.

2. It was also found that differences between resditained from the simu-
lation and those obtained from the experiment cbakk been caused by the lack
of calibration of the TDR apparatus that shouldnteede individually for every
medium.

REFERENCES

Genuchten van M.Th. 1980: A closed form equationpiedicting the hydraulic conductivity of
unsaturated soils. Soil Sci. Soc. Am. J., 44, 892-8

Janik G., Tlaga T., Zadworna M. 2006. Zastosowadienania Richardsa do opisu ruchu wody w
betonie autoklawizowanym. Materiaty dizynarodowej Konferencji Meliorantéw i zynie-
réw Srodowiska ntSrodowiskowe aspekty melioracji wodnych. Wroctaw; &

Janik G., 2009. Technika TDR w modelowaniu ruchu yvgiébowej. Rozprawy CCLVII, Wyd. UP

we Wroctawiu.



134 G. JANIK

Jitickova M., 2003. Application of TDR microprobes, méarisiometry and minihygrometry to the
determination of moisture transport and moistuagfe parameters of building materials.
PhD. Thesis, Czech Technical University in PragaeuRy of Civil Engineering.

Malicki M.A.,1999. Metodyczne zagadnienia monitgunstatusu wody w wybranych materiatach
biologicznych. Acta Agrophysica, 19.

Pavlik Z., Tesyarek P. ilikova M.,Cerny R., 2005. Comparison of capacitance and TDRtgues for
determination of moisture profiles in building mé&ts. 6(2), 465-472.

Pavlik Z., Tesyarek P., Madera J., Rovnanikowaié’r.my R. 2005: Determination of moisture diffusivity
and salt diffusion coefficient of building matesalcta Agrophysica, 6(3), 773-783.

Plagge R., Grunewald J., Haupl P., 1999. Applicatibtime domain reflectometry to determine
water content and electrical conductivity of capil porous media. Proc. 5th Symp. Building
Physics in the Nordic Countries, Goteborg: VasastadB, 337-344.

Reinhard A., 2004. Estimating time steps for thehmeétof finite differences based on verification
of the water balance. J. Water Land Dev., No. §-1@2.

Skierucha W., 2005. Wplyw temperatury na pomiamgatihaici gleby metod reflektometrycza.
Acta Agrophysica, 122, Rozprawy i monografie, 5.

Skierucha W., Wilczek A., Alokhina O. 2008.Calibaatiof a TDR probe for low soil water content
measurements. Sensors and Actuators A: PhysicakoBe and Actuators A: Physical, 147,
544-552.

Sobczuk H., Woroszska-Burzak A., Kowal A., 2004. Pomiar wilgotmd materiatéw budowla-
nych tetod TDR. Budownictwo energooszgine. Materiaty VII Konferencji Energetykow,
Krakéw, 689-696.

Walczak T.R., Stawiski C., Sobczuk H.A., Glinski J., 1998. Aspekt hydgiczny w modelu
EURO-ACCESS (Agroclimatic Change And Europen Soil I8lify). Acta Agrophysica, 9.

MATEMATYCZNE MODELOWANIE RUCHU WODY W BETONIE
AUTOKLAWIZOWANYM

Grzegorz Janik

Instytut Ksztattowania i Ochrorfjrodowiska, Uniwersytet Przyrodniczy we Wroctawiu
pl. Grunwaldzki 24, 50-357 Wroctaw
e-mail: grzegorz.janik@up.wroc.pl

Streszczenie. W pracy przedstawiono model matermayyopisujcy ruch wody w wybra-
nych materiatach budowlanych. Do budowy modeluammtiano rownanie Richardsa, ktére wy-
prowadzono w 1931 r. dla homogenicznego i izotraggovporowategosoodka glebowego. ROw-
nanie to rozwizano metod réznic skaiczonych, stosag schemat jawny. Eksperyment przeprowa-
dzono na prébce wykonanej z autoklawizowanego hetamorkowego, w ktorej umieszczono
czujniki TDR sh#ace do pomiaru wilgotnii. Ruch wody w badanej prébce wywotano padsi
kiem. Wyniki uzyskane z symulacji komputerowej pen@no z wynikami eksperymentu. Wykaza-
no przydatné réwnania Richardsa do opisu dynamiki warunkéw powfm-wodnych w betonie
komérkowym. Stwierdzono ponadtge r&nice pomédzy wynikami uzyskanymi z symulacji
i uzyskanymi na podstawie eksperymentu mbyg spowodowane brakiem kalibracji aparatu TDR,
ktéra powinna b§ przeprowadzana indywidualne dlazdago érodka.

Stowa kluczowe: beton komérkowy, technika TDR, rawie Richardsa



