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a b s t r a c t 

Moisture is one of the most important factors causing building stone decay and rain penetration is one of 

the leading factors. Particularly, wind-driven rain spells, which are becoming increasingly common and 

seasonal as a result of climate change. Historic buildings’ sometimes intricate design features can be a 

factor multiplying meteorological anisotropy, either shielding walls or increasing the surface that is af- 

fected by wind-driven rain spells. This paper aims to identify the effect of pilasters and tower buttresses 

on the wetting dynamics of a listed 9th Century historic building during a rain spell by means of elec- 

trical resistivity methods coupled with GIS mapping, paying special attention to how data representation 

and map algebra can improve the interpretation of several data sets of non-destructive testing. Results 

show how building features can modify deeply moisture dynamics and maximise local anisotropy. In 

the present case, a compound of an external tower buttress and an internal pilaster decreases moisture 

ingress through ground infiltration while increasing moisture retention into the wall due to its larger 

mass. This, in turn, multiplies the incidence of moisture-related processes inside the building. The pre- 

sented data also highlight the usefulness of mapping over time (4D mapping) and of GIS to improve 

interpretations through map algebra. 

© 2022 The Author(s). Published by Elsevier Masson SAS on behalf of Consiglio Nazionale delle Ricerche 

(CNR). 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Moisture is one of the most important factors causing build- 

ng stone decay. Wetting-drying cycles act directly dissolving, hy- 

rolysing and transforming some of the rock constituents and, in- 

irectly, influencing salt dissolution and crystallisation and biologi- 

al decay. In addition to the material damage, moisture in masonry 

an, in turn, impact the safety, health, and comfort of the public 

ccupying a certain building [1] . 

Therefore, there is a large body of research on the dynam- 

cs of both surface and deep-seated moisture on building stone 

nd on wetting and drying dynamic and how it affects decay fac- 

ors (e.g., [2–8] ). The importance of recording moisture in historic 
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uildings in the context of their conservation has been amply dis- 

ussed (e.g., [9] and subsequent papers in the referred supplement) 

nd even standardised (as discussed by Camuffo [10] ). Particularly, 

he use of non-destructive techniques is crucial in assessing mois- 

ure in buildings. Besides being the preferable option in histori- 

al heritage buildings, they allow reiterating measurements, which 

s the only way to understand the dynamic evolution of moisture 

ver time and, in due course, to take decisions of intervention 

11] ). Some of the non-destructive techniques used to assess mois- 

ure dynamics in building walls include thermo-hygrometric sens- 

ng (e.g., [12] ), Infrared thermography (e.g., [13] ), surface electri- 

al resistance methods (e.g., [14] ), Electrical Resistivity Tomography 

e.g., [ 4 , 15 , 16 ]) Microwave and radar (e.g., [17] ) or multi-technique

pproaches (e.g., [18–20] ). 

Amongst these non-destructive techniques, the present paper 

ocuses on electrical resistivity methods to obtain an understand- 
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Table 1 

Local times at which each set of measurements on the wall 

and the inside pilaster were taken during the 24 h survey. 

Local time Rain 

Day 1 Test 1 14:00–15:00 Yes 

Test 2 19:00–20:00 Yes 

Test 3 21:00–22:00 Yes 

Day 2 Test 4 10:00–11:00 Yes 

Test 5 14:00–15:00 
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ng of both surface and subsurface moisture. Electrical resistivity 

ethods are used to identify moisture based on the lower electri- 

al resistivity wet materials have in relation to dry ones. 

Electrical Resistivity Tomography (ERT) is a geophysical tech- 

ique used to locate non-destructively subsurface wet areas in 

uilding walls by using non-invasive EKG electrodes [ 16 , 21-24 ]. 

and-held resistivity-based moisture meters give a single relative 

eading proportional to the amount of moisture in the outer por- 

ion of the material between the two metallic pins of the probe. 

lthough many of these moisture meters (like the Protimeter Sur- 

eymaster used in this paper) are calibrated for wood, they are 

xtensively used in other porous materials in built heritage stud- 

es. Although these techniques have some shortfalls quantifying ab- 

olute moisture (inasmuch salt content affects resistivity values), 

hey are considered a good support tool for moisture investiga- 

ions and their repeated use in a historic building during a wet- 

ing episode allow to visualise how moisture ingress is taking place 

 25 , 26 ]. 

All the previously referred techniques allow representing mois- 

ure data over space (i.e., mapping) and time, which is important 

o understand how moisture fronts evolve spatially during wetting. 

owever, existing literature shows that mapping over time (e.g., 

 5 , 27 ]) is less common than single snapshots of moisture at a cer-

ain time, perhaps because, as Orr et al. [17] refer, this way of 

ommunicating results of measuring moisture in buildings is not 

ormalised or standardised. One way of improving the results of 

apping over time, as shown by previous research [12] , is consid- 

ring historic building walls as topographic surfaces and manag- 

ng moisture and other measurements as “geographical” data in a 

IS, which allows combining measurements and carrying out data 

perations and map algebra [28] . The use of GIS to represent and 

perate with non-destructive techniques results on stone building 

urfaces is a powerful, but surprisingly underused, methodology. 

he advancement of structure-from-motion and digital photogram- 

etry in recent years has facilitated this task, as they make pos- 

ible obtaining topographic models at different scales suitable for 

tone weathering studies (e.g., [29–31] ). 

Rain penetration is arguably the leading factor, amongst the 

arious sources found in historic buildings, for the presence of 

oisture in walls. Wind-driven rain spells deserve particular at- 

ention, as they modify the response of vertical walls to impinging 

ainwater [32] maximising the wetting and erosional effect of rain 

n walls and generating anisotropic decay of buildings and struc- 

ures [33] . Short-term wind-driven spells associated to extreme hy- 

rometeorological events are increasingly frequent and seasonal, as 

 result of climate change [ 34 , 35 ], which underlines the increasing

oncern on the threat Climate change poses to Cultural Heritage 

36] . 

Historic buildings’ design features, such as cornices, buttresses, 

tc. may be a factor multiplying meteorological anisotropy, either 

hielding walls or increasing the surface that can be wetted dur- 

ng a rain event, in addition to modifying moisture ingress through 

apillary suction or filtration. Pilasters or tower buttresses are a 

ood example of these features, as they are attached to walls and 

odify locally the thickness affected by moisture. 

. Research aim 

This study aims to identify the effect of pilasters and tower but- 

resses on the wetting dynamics of a 9th Century historic build- 

ng during a rain spell by means of electrical resistivity methods 

electrical resistivity tomography and surface electrical conductiv- 

ty methods) coupled with GIS mapping, paying special attention 

o how data representation and map algebra can improve the in- 

erpretation of several data sets of non-destructive testing. 
210 
. Site description and methods 

This study was carried out during a rain episode on the north 

all of the church of the 9th Century Monastery of St Mary of 

ave (Palencia, Spain). The Romanesque church of this Monastery 

as listed in the Spanish catalogue of protected goods of cultural 

nterest in 1931 and it is the only part of the Monastery that pre- 

erves its original design (as the rest of the Monastery was trans- 

ormed into a hotel). The church is a pseudobasilica with one com- 

on roof over the main nave and the lateral aisles ( Fig. 1 ). The

ntrance (west) is covered by a portico and the south wall is at- 

ached to a cloister. Hence, only the three apses and the north 

all can receive rainfall. The floor of the church is below the out- 

ide ground level, which favours the ingress of moisture from the 

utside unpaved ground into the church. The north wall has five 

ttached tower buttresses ( Fig. 2 ), which are thicker at the bot- 

om than at the top. Three of the buttresses have corresponding 

ilasters attached to the internal wall. The church underwent sev- 

ral restorations between 1987 and 1989 and in 2006 due to mois- 

ure damage in roofs and walls [37] . None of these restorations in- 

luded paving the grounds around the north wall of the church and 

ince then moisture-related damage, including biological growth, 

as reappeared on the internal side of the north wall of the 

hurch. 

The study was carried out in a 2.06 m high and 5.26 m wide 

ortion of the internal side of the north wall ( Figs. 1 and 2 ) includ-

ng one of the internal pilasters which corresponds to one of the 

xternal tower buttresses. This area was selected as it showed the 

ost noticeable moisture damage above the outside ground level 

nd, particularly on the pilaster’s surface. 

The 1 m thick wall is constructed of two leaves of a local porous 

eddish Cretaceous sandstone with an unknown infill. 

The church is in a warm-summer Mediterranean climate. The 

verage air temperature recorded in the closest weather station of 

he national network (23 km away) in the month before the sur- 

ey was 18.8 °C with a total precipitation of 31.4 mm and a pre- 

ailing north wind with an average velocity of 12 km/h (number 3 

n Beaufort scale). The survey was made to coincide with a heavy 

ain in the early days of the month of June (which corresponds in 

verage to the beginning of the decline of the rainy season). Specif- 

cally, the survey started the day of the heaviest rain (20.2 mm) 

ithin the preceding month. The rain was driven against the wall 

y a north wind (N11E) with average velocities between 11.6 and 

7.3 km/h. 

The survey was made across a 24 h interval beginning at mid- 

fternoon of the day heavy rain started and comprised 5 measure- 

ents ( Table 1 ). The 3 first sets of measurements were made dur- 

ng day 1 (June 10th) with intermittent rain showers. The night be- 

ween day 1 and 2 registered heavy rain throughout. Rain stopped 

n day 2 at 12:45 just after taking the fourth set of measurements. 

he last set of measurements was taken around 1–2 h after the 

ain stopped. Each set of measurements included: 1) point mea- 

urements with a hand-held moisture metre in resistivity mode, 

) profiles of electrical resistivity tomography (ERT) and 3) point 
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Fig. 1. Plan and section (looking towards the apse) of the church (after Nuño González et al. [37] ). The red rectangle indicates the area surveyed in this study. 

Fig. 2. Outside and inside view of the north wall of the church. The area surveyed in this study is marked in red. The level of the outside ground in the internal wall is 

marked with a yellow line. 

Fig. 3. Schematic view of the array of EKG sensors on the pilaster and the wall to obtain ERT profiles. The external ground level is marked with a dashed line for reference. 

211 
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Fig. 4. Elevation view and ERT sections of the main portion of the wall (a) and of the pilaster (b) for the 5 different tests carried out at different times during the survey 

(see Table 1 ). ERT 1 to 3 correspond to day 1 and ERT 4 and 5 to day 2. The maximum depth of the sections is 24 cm (which corresponds to 1/6 of the section height). The 

figure shows how the areas with lower resistivity are related to joints between ashlars as well as to the surface. In the pilaster sections high resistivity areas are located at 

the very bottom of the sections and in the areas related to the external ground level. The error after the inversion is specified under each section. 
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ygrothermal inspection. The approximately 1-hour timespan for 

ach set of measurements corresponds to the total time needed to 

arry out all these three types of tests. 

Hand-held moisture metre measurements were made with a GE 

rotimeter Surveymaster in resistivity mode. A total of 303 wood 

oisture equivalent (%WME) readings were taken. Five measure- 

ents were taken on each of the blocks (at the centre and at the 

orners) plus four in each mortar joint between ashlars. The num- 

er of measurements was reduced in the blocks with smaller faces 

f the pilaster to three measurements on the block (one at the cen- 

re and two near the shorter sides) and two more on the mortar 

oints between rows. 

ERT measurements were recorded with a GeoTomMK8E10 0 0 

eolog 20 0 0 equipment. Two vertical 1.44 m long profiles were 

ecorded in each set of measurements using fifty 4 cm diameter 

 M Red Dot Micropore 2237 EKG sensors in each profile, one on 

he wall and one on the middle of the pilaster ( Fig. 3 ). The bot-
212
om of the profile corresponded to the beginning of the flat area 

f the wall upon the 0.42 m plinth. The EKG sensors were placed 

ith a slight overlap, so they were easier to remove after the tests. 

herefore, their centres were at 3.7 cm. ERT profiles were obtained 

sing a Wenner configuration [38] . 

A determination of the evaporation flow at different points was 

ade to complement resistivity measurements, by means of a hy- 

rothermal inspection with a digital thermos-hygrometer TESTO 

10 recording air temperature (T) and dry bulb temperature (Td). 

he methodology developed by Garcia-Morales et al. [39] was 

sed. This methodology seeks quantifying the level of evaporation 

t different points of a wall by comparing them with a so-called 

intensity of evaporation factor” (F i ). Readings were taken by hold- 

ng the thermo-hygrometer against the wall for each data point 

ntil the T and Td values stabilised (a few seconds). The values 

btained with the thermo-hygrometer are converted into humidity 

atios (W) in g/kg with a psychrometric chart. The outdoor humid- 
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Fig. 5. Location of the ERT sections (ERT 1 is shown as an example) in a cross section of the full thickness of the main part of the wall (a) and the area where the outside 

buttress and the internal pilaster are located (b). Dimensions in the cross section are expressed in metres. 
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ty ratio (W O ) and the indoor humidity ratio (W i ) were also calcu-

ated for each of the tests. 

The hygrothermal inspection does not quantify in itself the ab- 

olute flow of evaporation (mass of water per area) but it is a good 

pproximation to the evaporation behaviour of the walls. 

Hygrothermal measurements were taken in 148 points, one in 

he centre of each stone block in the surveyed area and one in the 

entre of each mortar joint between blocks, similarly to the hand- 

eld moisture metre measurements. Additional readings of the in- 

oor and outdoor environment are made at the time of recording 

ach set of measurements. 

The values of%WME and W were mapped with GIS on a digi- 

al elevation model of the surveyed area. To do so, the first step 

as obtaining a georeferenced 3D base map of the wall. A point 

loud of the wall was obtained by means of monoscopic pho- 

ogrammetry. 14 10.2 Mpx photographs were taken with a CCD- 

ensor Pentax KD10 camera. 26 8-bit coded targets were placed 

round the surveyed area to create a reference system. From these, 
213 
 3D 1236,702-point cloud was obtained with PhotoModeler Scan- 

er (6.2.2.596) software. The point cloud is orientated and georef- 

renced by determining a datum and an origin of the coordinate 

ystem. To work with the point cloud of the wall, it is considered 

s if the wall was a horizontal topographic surface. Therefore, an 

rbitrary vertical plane is set as a horizontal datum, so that all the 

alues in the model have a positive elevation. The origin of the co- 

rdinate system is set in one corner of the surveyed areas. In this 

ay, each point of the cloud has X, Y, Z coordinates that will be 

sed for relative georeferencing in GIS. 

Once the point cloud is escalated and georeferenced to the lo- 

al coordinate system, a topographical surface is generated from 

 raster surface. To do so, the data from the point cloud was 

onverted to a shapefile (.shp) with ArcGis and a raster surface 

as created from the shapefile through IDW (Inverse Distance 

eighted) interpolation. 

Once the base map was created, each value of%WME and W 

s assigned to their exact point of the shapefile model so a GIS 
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Fig. 6. Maps of Initial (a) and final (b) WME values and map subtraction (c) of WME maps performed using GIS. The initial WME map (a) is subtracted to the final WME 

map (b). The resulting maps are overlapped on the GIS IDW raster surface. 
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odel, which includes the sets of measurements at different times, 

s generated and makes it possible to perform algebraic operations 

etween maps. 

Operating with data through GIS allows generating new sets of 

ata from existing ones. As both high values of WME and W relate 

o an increase of surface moisture, a new aggregated dimensionless 

moisture index” (M) is calculated as: 

 = W + W ME 

. Results 

.1. Electrical resistivity tomography 

Fig. 4 shows the sequence of the 5 ERT profiles for the main 

ection of the wall and the pilaster and Fig. 5 shows an example 

f how these profiles relate to the different sections of the studied 

alls. Lower resistivities correspond to moister areas, while higher 

esistivities relate to drier ones. 

The overall average resistivity of the thinner wall sections with- 

ut buttress outside nor pilaster inside is lower than the one of the 

hicker wall sections (with pilaster and buttress). The highest resis- 

ivity of both studied sections appears at the bottom of the pilaster 

ections, corresponding to the underground portion of the buttress 

utside. Lowest resistivities appear related to mortar joints and the 

ndoor surface of the wall. All ERT profiles show an area of high 

esistivity at the external ground level. The resistivity distribution 

attern does not change dramatically throughout the rain episode, 
214 
lthough resistivity values decrease slightly, particularly in the ar- 

as associated with mortar joints. 

.2. Surface resistivity 

Fig. 6 a and b shows the WME maps at the beginning and at 

he end of the rain episode. As in the case of ERT, the overall 

attern of WME does not change dramatically. However, there is 

n increase of the WME values throughout the test. Fig. 6 c dis- 

lays a map of the increment of final values of WME in relation 

o the initial ones calculated from subtracting both maps in GIS. 

his newly generated map shows a patchy distribution of the ar- 

as where WME increases. These patches are, however, distributed 

ainly towards the very bottom of the surveyed area and the area 

bove the exterior ground level. The distribution of areas with in- 

reased WME also show what appears to be a fan-shaped pattern 

rom the pilaster-buttress area downwards. 

.3. Humidity ratios (Evaporative behaviour) 

Fig. 7 a shows all calculated values of humidity ratio (W) against 

emperature for each measured point of the wall both at the ini- 

ial and final stages of the survey as well as the threshold values 

f the outdoor humidity ratio (W o ) and the indoor humidity ra- 

io (W i ). The outdoor humidity ratio (W o ) should represent the 

inimum value and is considered the reference value. The differ- 

nce between these values should be considered as an indication 

f the overall evaporative behaviour. Hence, the “factor of intensity 
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Fig. 7. Humidity ratio vs temperature graph (a) including all the measured points at the initial and the final stages of the survey. Threshold values of the outdoor (Wo final 

and initial) and the indoor (Wi final and initial) humidity ratio are shown as horizontal lines, as W max . Values between W max and minimum W o indicate evaporation. Maps 

of initial (b) and final (c) humidity ratio (W) values overlapped on the IDW raster surface. Note that the scale differs between the two maps to highlight the differences in 

the final values of W, as these are more homogeneous than the initial ones. 

Fig. 8. Map subtraction of W maps performed using GIS. The initial W map is subtracted to the final W map. The resulting map is overlapped on the GIS IDW raster surface. 
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f evaporation” (F i ) is calculated as: 

 i = W max − −W o 

Where W max is the highest value of indoor humidity ratio (W i ) 

ecorded on the wall. Outdoor air temperature at the beginning of 

he survey on day 1 was 16.2 °C and at the end of the survey on

ay 2 was 17.0 °C. W o was 9.46 g/kg on day 1 and 9.97 g/kg on day

. Indoor air temperature at the beginning of the survey on day 1 

as 16.3 °C and at the end of the survey on day 2 was 16.9 °C. W i 

as 9.33 g/kg for day 1 and 10.04 g/kg for day 2. 

W max was 10.65 g/kg on day 1 and 10.37 g/kg on day 2. Hence

he maximum factor of intensity of evaporation (F i ) was 1.19 g/kg 

n day 1 and 0.4 g/kg on day 2. 

Fig. 7 b and c shows the humidity ratio (W) maps at the begin-

ing and at the end of the rain episode and Fig. 8 shows the map

f the increment of W calculated from subtracting both maps in 

IS. Contrarily to the results shown by ERT and WME, the pattern 

f maximum evaporation points changes from the start to the end 

f the survey. At the end of the survey the evaporation increases 
215 
ignificatively at the top part of the pilaster-buttress area and at 

he portion of the wall that corresponds to the areas below the 

xternal ground level. 

.4. Moisture index 

Fig. 9 represents a map of the increment of the calculated mois- 

ure index (M, calculated by adding WME and W) from the start of 

he survey to the end. Positive values of this index represent areas 

here both surface moisture and evaporation increased. 

. Discussion 

Electrical resistivity results coupled with the study of the evap- 

ration allows interpreting moisture ingress during the studied 

riven rain episode. The presented data also highlight the useful- 

ess of GIS to improve interpretations through 3D data represen- 

ation and map algebra. Fig. 10 a shows a detail of the bottom part

f the buttress outside the surveyed area as, during rain, moisture 
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Fig. 9. Map subtraction of moisture index M maps performed using GIS. The initial M map is subtracted to the final M map. The resulting map is overlapped on the GIS 

IDW raster surface. 

Fig. 10. View of the bottom part of the buttress outside the surveyed area (a). The horizontal section of the buttress is larger at this bottom part than at the top. The bottom 

part of the buttress falls outside the roof‘s eave action and has some sloping planes at the top that maximize the amount of driven rain impacting on the buttress. Plan (b) 

and elevation (c) views of the walls at the surveyed area showing moisture ingress paths through the walls. 
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ngress is deeply conditioned by the different thickness of the wall 

nd the buttress-pilaster compound, as well as by the morphology 

f the buttress. 

Moisture ingresses quickly inside the building through the thin- 

er wall, preferably through mortar joints as shown by ERT profiles 

 Fig. 4 ). The areas of the thinner wall which are below the exter-

al ground receive some moisture due to infiltration ( Fig. 4 a) while 

he buttress-pilaster compound reduces the penetration of under- 
216 
round infiltration ( Fig. 4 b). Besides moisture accumulation, lower 

esistivities at the interior surface of the wall may be also related 

ith salt accumulation and moisture retention by biological activ- 

ty. 

Most of the moisture during the rain episode comes from the 

op of the wall, particularly in the buttress-pilaster area ( Figs. 6 c 

nd 8 ). The buttress has a larger horizontal section at the bot- 

om part than at the top, forming sloping planes that maximize 
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he amount of driven rain impacting on the buttress ( Fig. 10 ). The

uttress morphology also shunts some of the rain towards the rest 

f the wall (as shown by the biological growth pattern visible in 

ig. 10 a). Thus, moisture penetrates from the top throughout the 

ilaster more intensely than in the rest of the wall ( Figs. 8 and

 ) and forms a fan-shaped pattern from the pilaster-buttress area 

owards the rest of the wall ( Fig. 6 c). 

The right side of the wall (looking from the inside of the build- 

ng) receives more moisture than the left side ( Figs. 6-9 ), which 

ay be due to the slight northeaster component of the driven rain 

N11E) as well as the thinner section of the right part of the wall

n relation to the left one ( Figs. 1 and 10 a). 

. Conclusions 

This paper highlights how the usefulness of non-destructive 

echniques in interpreting historic building conservation issues is 

mproved by combining several methods: in this case two dif- 

erent resistivity-based techniques (hand-held moisture metre and 

RT) and the evaluation of evaporation (moisture ratios). Inexpen- 

ive and quick hand-held resistivity-based moisture meters com- 

lement the more expensive and time-consuming electrical resis- 

ivity tomography. The former allows mapping large areas of a 

uilding surface, while the latter permits analysing subsurface pro- 

esses and, together, they make a 3D interpretation possible. 

In addition to this, non-destructive techniques allow reiterat- 

ng measurement and mapping over time, so a four-dimensional 

pace (4D) [ 12 , 40 ] is obtained and the interpretation of dynamic

rocesses, such as moisture ingress, is improved in relation to sin- 

le snapshots of the situation of the building at a certain time. 

As electrical resistivity measurements are affected by factors 

ther than moisture, the evaluation of evaporation areas improves 

heir interpretation. Using both techniques one can assess not only 

ow moisture distributes but also how it interacts with the indoor 

nvironment. 

The results of surface non-destructive techniques can be repre- 

ented in a GIS environment considering digital elevation models 

f stone building surfaces as a topographic surface. GIS does not 

nly allow creating maps that fit on 3D surfaces, but allows operat- 

ng with several layers of data, either from different techniques or 

esting times. Presently GIS is underused in this context and Build- 

ng Information Models (BIM) seem to be preferred. However, the 

se of GIS has the advantage over nowadays BIM of allowing alge- 

raic operations between recorded data sets. As shown by the ex- 

mples of the proposed “moisture index” and map algebra in this 

aper, GIS is a powerful tool to improve the interpretation of sur- 

ace non-destructive techniques, particularly when using several of 

hem. 

The case study presented here shows how building features can 

odify deeply moisture dynamics and maximise local anisotropy, 

articularly in the increasingly frequent scenario of wind-driven 

ain. In the present case, a compound of an external tower buttress 

nd an internal pilaster decreases moisture ingress through ground 

nfiltration while increasing moisture retention into the wall due to 

ts larger mass. This, in turn, multiplies the incidence of moisture- 

elated processes inside the building. 
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