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Microwave reflection method for moisture assessment for
architectural heritage conservation: first results on the
case study of church of S. Pietro in Valle (Fano,Italy)

Francesco Monni I f .momi@staff .univpm.it
Depadment of Construction, Civil En8ineering and Architecture (DICEA), Polytechnic University of Marchè, ltaly
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Abstract

Moisture is one oI tlÌe Ìrìost important causes of dete oration of building maierials, because water is involved ina lot
of decay mechanisms, The problem results to be particularl)' relevant in the field of historic buildirrgs, due to the fact
that water presence could destroy great valuc clements and surfaces. To conserve thjs heritage is very import!ìnt assess

the features of &,ater presence in masorùy stluctures. AmonB the several non-destructjve rechniques tlìat could be used
on historic architectural hedtage for moisture measurement, there is the microwave reflection method. In this paper
are pres.'.ted the first results ofan in-situ campaign oÉ moistùle evaluation using microwave metllod on the church of
5. Pietro in Valle (F.lno, Marche Regiorl Italv), exccuted after a prelirninarv calibration of the test derice. ln this context
results very imPortant understand sources, penetration paths and spatial distribution of rnoisture to set up an effectir.e
consen ation strategy of the monlinlent.

Ke)-words
Moisture mapFing, Microwave reflectiorL Architectural heritage

IntroducÉon

As well krown, moislure is one of the dominant factors of degradation of building materials, because water is

involved in a lot of decay mecharrisms (e.g., biological growth, salt crystallization, freeze-thaw cycles, expanding

clays presence, etc.) and the complete removal of water is not possible.

In the field of historic buildings and cultural lìeritage conseNation the problems results to be particularly rele-

vant, due to the fact that mentioned processes related to water presence could destroy great value elements and

surfaces (in particular painted plaster, frescoes and stuccos).

Moisture content (MC) of building mate als is determined by the hydrophilic nature of the material and there

are mar1y parameters that regulate MC: (l) ambient relative humidity (RH); (Il) condensation when the surface

temperature decreases below the dew point; (TII) hygroscopic salts adsorbing water, especially wl.ìen the ambient

RH exceeds the salt deliquescence level; (IV) presence of rising damp; (V) presence of wetting from falling
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RH cxcccds the salt cìeliquescence 1eve1i (l\ r ,..:t.tr'... r,i risinll clamp; (V) presence of v.etting from faJìing

r;iinclrops due to a builciing enr,eìope not complÈtÈl\ \\.ìiÈr-prooF.

Hencc, D-roisture in historic builclings repleseni! a L-ì-g issrLe,.rncl most lclcvant acti\:ities of teclmicians lr,orking

on built heritage coÌìselvation concern molÌitLrr ing .ìrì11 lne.lsure it-

Nor.acìavs several methods arc availabic lor rlcasurcnrclrt of mojsture jn buikling structures.

Some oÉ these has to bc cor-Ìsidcrcd as "dcstructi\ c nÌcthocls" because involve taking samples to be tcstccl ilr

laboratorv (e.g., gr;rvimetric methorl) but, Ìn restoratiorl fjeld this kincl of methocls nust as Ìnuch .ìs possìhle hp

avoided on beh.rlf of non-clestructì\,e lesting (NDT) methods.

r\mong thc nÌost used NDT meihods it is $,ortlÌ merÌtioning thermal-basccl Ììethocls (e.g., infrared thenlogra

phr.) tl-rar uHljze the change in temper"ature oF m.ìterials causecl bv the change in Ìnoisturc concljlions (;ì wet

materiaì has a lo\\'er temperaturc than whcn it is dr\.), and methods that utilize the electricàl propcÌties oi m.ì-

terials (resistance/capacitance methocls) among u,hich rve can also incluclc nÌrclowa!e-based methodsr l.

In this paper are presentecl the first results of arr in-situ surve\- carìpaign oI moisLure elaluiìtion using micro

l.ave rnethod on Lhe chulch of San Pictro ìn Vaìle (Fano, ìVTarche Regiolr, Ilah.), executecl aftcr !r prclimirì.ìrv

plrase of calibration of thc tcst dcvjcc.

The chulch of San Pietro in Valle (Iig. l) is located in the historic;ri center of !'ano, a cit1, of Roman origin of

Nlarchc Rcgion (ltalv) and rras built at thc Lrcginnin€i of thc lTth century (prob.rblY erectecl on thc rcDì.ìjns ol iìrì

earlier buildinp;).

Tt shor'r,s a Latjn cross-shapecl plant uitl'ì a sjngle nave (coverecl bv.r r.ault), a largc transcpl;rn.l .r .leep 1-r..'

tery. The centlal zone of tl.Ìe transc[rt js covered b} a clome (Fig. 2, 3, a).

On the sicles of the nave there are sir lateral richlv ornamented chapels v\, hcrc '"\,ere locatecl L.r nc,ir[.ie ; , : r :.
of 17th centurv (e.9., Reni, Guercìno, Cantarini, G;rrbieri, Guerrieri).

'Thjs, togethcr'\'!ith thc fcaturcs ofits intcrjor rjchlv clecolated with decoratir.e marble ancl rnolcìer,ì plasierr otk:

- m.rkes the Church of S. Pieiro in \Lrlle one of the most importiìnt e\amplcs of Baroque ;rrt in the Nl;rrche r. gì,,r-r.

The building is currentlv closed due to the lack of safetv condition carLsecl br.the loss ol inLegritv of the he;ivier

clecorations.

ln this context, an analvsis and the correct identification the potential sources, the penetr.ìtion piìths alÌd the

spatial distrjbution of \'\'ater lesults ver") impor"tant, jn order to set up .Ì1ì effective corÌscrvation strateg\,of the

monumcnt anal, thclefore, conserVation intervention works.
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Measurement method and testing device

Microwave moisture measurement methods utilizes the well-knohr fact that the dielectric permittivity of water

is much higher than the permittivity of most building mate als and microu,ave reflection coefficient depends

directly fuom dielectric permittivity of material. It means that amplitude of reflected microwave signal value

contains information about water content of material. The advantages of this method con be summarized as

follow:

- it is a non-destructive testing (NDT) method;

- it allows high measurement speed;

- it allows the acquisition of large numbers of moisture values;

- it allows a 3D measurement (it can be applied to different depth layers by choice of different microwave sen-

sors);

- it is independent from salini§,.

The method also has limitations, in fact it cannot be used in presence of metallic conducting areas (on the surface

or within the depth interested by the microwave bundle) or in presence of voids (air gaps cause additional re-

flections superimposing the measuring signaì and impairing the claity of measuring results).

Other problems are connected to the non-homogeneity of the medium, in terms of derìsity and porosity varia-

tions or layered structures3 Cases that can be very frequent in building matedals, especially in historic construc-

tion. In this work was used a commercial device, a handheld microwave moisture meter designed for non-de-

structive moisture measurements in various building materials, the "MOIST 3508" by hf sensor GmbH (Leipzig,

Germany). It consists of a microcontroller based handheld and interchangeable measuring heads (lhat can easily

and quickly be changed) to achieve different measuring ranges (Fig. 5A). The device produces micror.r,ave fields

of varying geometuy sensitive to different depthsl, 5. The recorded reflection values are based on average prop-

erties within the measurement area, but with decreasing sensitivity to moisture further away from the sensor.

We have availability of four measu ng heads having measuring ranges (according to manufacturer's specifica-

tions) of up to 3 cm (MOIST-R1M V2), up io 7 cm (MOIST-R2M V2), up to 11 cm (MOIST-DM V2) and up to 30

cm (MOIST-PM V2).

The instrument, for the potential offered and declared by manufacturer and also for its versatility (lightweight

and not dependent on electrical power), is particularly suitable for 3D in situ investigations, such as those we

needed to analyse the conditions of the church.

Experimental: preliminary laboratory test and in-situ measurements.

Before using the device in situ, we tried to calibrate it in the laboratory on samples for which we did know the

content and spatial distribution of n-ater- The calibration procedure is addressed to obtain the maximum ex-

pected measurement range, from drv to wet (saturation) on different material types. For preliminary calibration

test, we used a concrete sample and a n'ood sample, both on cubes 15x15x15cm, in saturated condition (Fig. 58,

5C).
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Fig. 5 The MOIST35OB device and the sensor heads Fano (A), the
sample for preljminary iaboratory test concete (B) and wood (C).

Fig. 6 Example of the grìd used lor the MOIS'[3508 in-sitii
rreàsurcments on the sìde walì of rhe chùr.h ofS. Pìetro in Valle.
Fano (Italy).

Accorcìing io the NIOIST35oB oferatjon rriìnual ihe measure ÌÌas to be executcd at a clistancc lar cÌtoug;h tiotì1

the Lrteral bounds of the measurement zone ancl u'ith a thickress malerjal gÌeater tharl the penetration clepth of

ihe sensor he;icL. For thcse r-easorìs, the sample climensions allou, thc usc of oltlt, 3 sensor head: \{OIST-RI NI V2

(pcrÌctratjon depth o{ 3 cm), NIOIS1 -R2lV1 V2 (7 cm) ancl N{OIST-D\I \r2 (11 cm).

The in-situ measuremellts rlere execLrted on the main lagaclc and on the side wall of the church (Fig. 1), th.rt

result affected to moisturc problems ancl is supposed (but not confirmccl) tlÌat is due to rjsin!, clamp (capillarl

ti:e of \r.ltcr ironr tl-ie ground to thc u,alls of the building), a pherìoìnenon recurrent in ancient constÌuctions,

.1ùi t.ì tlle ta.t lhat ihe oltl Lruilclings have oftcn masonrv founcl.ìLions anrl l.rck oÉ;r l;r1,er hindering the u,ater

tr.i.:-,.Lrri ir(Ùi lhe grouncl to the upper structure.

For rn-:riu n'ìe.ìsur emerÌts have been usecl ;ìll lhe ;t,ailable sensor heacls: in fact, the u,all has ;r thickness compat

ibie l ith usc of \'{OIST-PN{ V2 sensor he;icl (penetration clcpth of 30 crr).

The clevice allows to perform singìe measurements or map the surfàce to be investigatec{: for preliminarY test

\\ as used the procedure "singlc measulement", r!hile for the in-situ test the measLLrements $.as performecl fol-

lot'ing a grid u,ith mesh 50 a sil cm (Fig. ar.

For laboràtolv test thc rÌcasureÌìerìt was recordecl using the device settirÌg that returns the averagc \ alue of a

selies of fifteen measures, rvhile for in-situ canìpai[il-r the deYice \\ias set to retufi'ì the average value of fir.e

measures for each mcasur"e point.

Each sensor head includes a set oI caljbratjons for tvpìcal building maierials t-here the rellection coellicient is

transformed into a pcrcent i\'.ìter content. Whiie these are namecl for broad catcgodes oi materials, thev h'ere

developed for one particuÌar Lvpe of th.rt material. In.ÌdclitiorÌ to these calibrations, a unitlcss moisture inclea
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(MI) can be used, which is a set of arbitrary units related more directly to the reflection coefficient- This is the

basic output signal of the microwave probes. It is a dimensionless numbel, an expression of the microwave

reflection coefficient measured, multiplied by a factor of 4000, that is supposed to increase with the water con-

tent. The MI has di{ferent ranges for different probes due to different microwave applicators used for dilferent

penetration depth§. Following previous experiences in this field6 7, the use of MI was preferred.

Results

In the Table 1 are reported the MI values recorded in the preliminary laboratory test.

PRELIMINARY LABORATORY TÉSI
Ivllvaiue recorded

sensor h€eds

Mo sT R1M V2 {3 cm) MOIST R2M V2 (7 cri1) IVIOIST-DM V2 (11 cm)

Concrete 1166 2471 811

940 2010 741

Tablc I llesults of the FrelirÌinary làboratory test on cubic rvood and concretc water saturated sanrples

Has to be said that each sensor heads works on different measurement scales and were declared from producer

following typical spans (from "dry" to "wet"):

- Sensor head MOIST-R1M V2 (3 cm): 600 - 700 MI

- Sensor head MOIST-R2M V2 (7 cm): 1500 - 1700 MI

- Sensor head MOIST-DM V2 (11 cm): 500 - 600 MI

- Sensor head MOIST-PM V2 (30 cm): 800 - 1000 MI

It is evident as the recorded values are higher than typical spans indicated by the producer, but this fact can be

justified by the completely saturation of the samples. Moreover, is evident as the nature of the medium investi-

gated influences the measure, so that underline the need of a calibration for a use on materials which are dilferenl

from the ones for that the producer provides the calibration curves-

Fig. 7 and Fig. 8 show moisture maps in the four different depths takery respectively on side wall ard on main

fagade (the x-axis and y-axis show the dimensions of the measuring field). As regards the color scale, due to the

fact that, as said before, each sensor heads works on different measurement scales, it's not co[ect to apply the

same color scale in all the layer, but seems to be more reliable using a color scale calibrated on the range of

measures recorded in each layer. As can be seen from these images, the method is able to retum a picture of

moisture presence, useful to understand the bidimensional distribution of water and to hypothesize the causes

at the origin of the phenomenon. In the moisture maps can be seen, especially in the case of main fagade, that

the moisture distlibution presents an inhomogeneitv higher at the surface than the one recorded in the inner

layers. It could be a first indication toward the confirmation of a rising damp phenomenon.

An aspect that needs to be highlighted concems the repeatability of the measurements: when the contact surface

between the probe and the masonry wall is not completell smooth, it is common to record dilferent values, albeit

stightly, by repeating the measurement in the same measure point.
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Conclusion

This paper focuses on moisture evaluation for cultural hedtage restoration using microwave method and pre-

sents the first results obtained by application of this technique on the case of the church of San Pietro in Valle

(Fano, Marche Region, Italy).

The method results well-suited for application on historic buildings moisture assessment because is a non-de-

shuctive technique, and so respectful of the historic buitding heritage conservation prirciples. Moreover, the

test device is light and easily fansportable, the sensor heads can be easily and quickly changed, the results

(moisture maps) are easily readable.

However, the method has also several limitations. lf on one hand it could be useful for obtain maps that could

be enough for understanding nature and sources of moisture phenomenon, on the other it not allows to have

absolute values of moisture content when the matedal is not homogenous (e.g., layered, presence of cavities,

etc.) or it is not included among those for which a calibration curve is provided by manufacturer. For these

reasons, in these paticular cases, microwave teclmique should be supported by other traditional methods (e.g.,

gravimetdc measurements). Aaother influencing factor could be represented by the effect of a non-smooih in-

tedace between probe and medium, a problem non to be underrated in existing buildings field, for the frequency

to find facing-masonry walls.

Further developments of the research activities could be aimed to extend the database of available calibration

curves, repeat measurements cyclically in long period (in order to analyse seasonal changes) and to perform the

survey campaign also on the internal side of the investigated walls to support and validate the results alleadl'

obtained.
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