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There is only one case (building 7) where we have 
a ground extensometer measuring the free field verti-
cal displacement outside the excavation. In other few 
cases, the vertical displacements were measured on 
the neighboring structures and resulted in unexpected 
low values of this ratio due to the fact that these were 
in corner areas (building 9) which is more rigid, or 
because the neighboring building was situated at con-
siderable distance from the excavation, following a 
pattern that is difficult to estimate. 

Consequently, excluding these values and taking 
into consideration only the extremely limited set of 
values considered valid, we can appreciate that the 
ratio between vertical and horizontal displacement of 
the DW is between 25% and 75%, although the mean 
value of this interval is already given in other studies. 

4 CONCLUSIONS 

In order to perform future analysis regarding the cal-
ibration of the geotechnical parameters, of the nu-
merical model, of the constitutive laws and of the 
monitoring process, based on 11 cases of excavations 
deeper than 10 m, executed in similar lithological and 
hydrological conditions, we established a database 
which allows the analysis of some indices, based on 
several ratios of the geometrical dimensions of the 
retaining wall, or based on the ratio between the 
measured values and the previously computed values. 

The analysis of this indices allow us to express 
some guide values, which can become extremely use-
ful in the preliminary dimensioning process, but also 
for verifying the retaining systems. So, for the ratio 
between the excavation depth and the length of the 
diaphragm wall, an index ranging between 0.4 and 
0.6 may be confidently assigned and for the ratio be-
tween excavation depth and the thickness of the dia-
phragm wall, in case of using slurry walls, a value of 
approximately 20 may be very confidently assigned. 

By comparing various ratios between the meas-
ured values and the previously computed values for 
the displacement of the diaphragm wall, values be-
tween 30% and 70% may be assigned. 

The deviation from these limits may highlight a 
potential damage situation in the execution process, 
but may also lead to identifying some possible incon-
sistencies in the design process, in fact depending on 

a great number of disturbing factors. Anyway, these 
situations may form a warning signal.  

We do not have enough credible data yet in order 
to appreciate some solid reference ratios between the 
vertical displacement of the ground and the horizon-
tal displacement of the top of the DW, therefore, until 
gathering and interpreting new data, we have nothing 
for it but to refer to the data stated by the literature.  

The complexity of this topic requires an extremely 
careful approach regarding collecting the probes and 
data, a solid engineering judgment in the design pro-
cess and in their analysis and exploitation. 

Better and more credible results will be available 
as we will develop the database, considering a much 
greater number of works on a similar lithological pat-
tern and on other patterns, and also by completing 
with other available databases. 
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Advances in the assessment of drystone retaining walls 
 some case studies 
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ABSTRACT  Drystone retaining walls have played an essential part in the infrastructure of hilly and mountainous regions around the 
world, and have provided platforms for building and for agricultural terraces. Research carried out in England and in France has led to a 
good understanding of their behaviour, but it is difficult to determine the details of the construction of individual walls without dismantling 
them, and so it can be hard to tell whether or not apparent defects and deformations are a threat to stability.  Replacing every apparently de-
fective or deformed wall would be a waste of resources, yet dismantling a wall would obviously be completely disruptive to its function.  
Invasive investigation, such as drilling, could easily cause damage to the wall structure and destabilise the wall.  There is therefore a press-
ing need for non-disruptive methods of investigation that can reveal critical aspects of a wall's construction.  Thermal imaging carried out 
in the right conditions can reveal important information about aspects of a wall’s construction that are critical to its stability. This paper 
presents case studies that have contributed to the development of this technique, and demonstrate its potential. 

RÉSUMÉ  Les murs de soutènement en pierres sèches ont joué un rôle essentiel dans l'infrastructure des régions vallonnées et monta-
gneuses à travers le monde, et ont fourni des plates-formes pour la construction et pour les terrasses agricoles. Les recherches menées en 
Angleterre et en France ont conduit à une bonne compréhension de leur comportement, mais il est difficile de déterminer les détails de la 
construction de chaque mur sans le démonter, et il peut donc être difficile de dire si les pathologies et déformations apparentes sont graves. 
Le remplacement de tous les murs suspects serait un gaspillage de ressources et le démantèlement d'un mur détruirait évidemment complè-
tement  sa fonction. Des sondages  comme les forages, causent des dommages à la structure de la paroi et déstabilisent le mur. Il existe 
donc un besoin urgent de méthodes d’évaluation non- destructives  qui peuvent révéler des aspects essentiels de la construction d'un mur. 
L'imagerie thermique effectuée dans de bonnes conditions peut révéler des informations importantes sur le mode de construction d'un mur 
qui sont essentielles à sa stabilité. Ce document présente des études de cas qui ont contribué au développement de cette technique, et qui  
démontrent son potentiel. 
 

1 INTRODUCTION 

Drystone construction has been used for retaining 
walls since ancient times.  Stones usually come from 
close to the construction site, and are of a size that 
can be moved by hand - though some cultures, most 
notably in South America, have used very large 
stones.   

Because drystone walls use local materials and no 
form of mortar, they are a very low-energy and sus-
tainable form of construction, and blend well in their 
landscapes.  Indeed, in many hilly and mountainous 

areas, the drystone walls are an important part of the 
landscape.   

Drystone walls rely for their stability on the quali-
ty of the stone used, and the skill and knowledge of 
the builder. 

The quality of stone determines first of all its abil-
ity to transmit the forces required. The height of any 
construction is likely to be insignificant in compari-
son with the depth of material which has consolidat-
ed the stone when it was in its original geological set-
ting, but within the wall loads are transmitted through 
small points of contact which may result in localised 
high stresses.  The stones may also be subject to 

–
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some bending stresses if they are not adequately sup-
ported. 

The main concern with the stones is the durability 
of the material.  Within a wall, the way in which the 
exposed stone deteriorates over time may not match 
what is happening to the stone hidden behind the wall 
face.  Wind and rain, as well as providing mechanical 
weathering of a kind which will not be experienced 
by the hidden stone, will tend to remove any weak-
ened material, and it may not be obvious that this is 
happening.  Wetting and drying, and biological 
weathering can lead to the progressive deterioration 
of the strength of some stone that might be used for 
drystone retaining walls. 

  

Figure 1. Front and back faces of an experimental wall construct-
ed in France, reflecting normal good practice for construction in 
granite. 

 
The quality of the stone is however relatively easy 

to ascertain from visual inspection.  The quality of 
the construction can be concealed.  A carefully made 
stack of blocks will resist earth pressures, but the 
great strength of drystone walls is their ability to tol-
erate uneven and variable loading and support, by re-
distributing load within their construction via good 
overlaps between carefully laid stones (McCombie et 
al. 2012).  Because of the retaining function, the ver-
tical load near the front of the wall is greater than that 
at the back, and this combined with the fact that the 
front face is what is seen by the client leads to the 
construction of the face often differing significantly 
from that at the back, as can be seen in the test wall 
shown in Figure 1.  The wall shown was extremely 
strong and stable, despite the difference in appear-

ance between the two faces.  The builders of this wall 
rank among the best in the world, and the quality of 
the construction was very high.   

Further test walls on the same site showed that 
when the builders were asked to construct with less 
regard to the appearance of the face (paysan style), 
the overall density of the construction was identical 
to that of an equivalent 'engineer style' wall which 
had excellent visual appearance but took twice as 
long to build.  In this case, the construction style 
adopted for an engineering client was no more sound 
than what would be built for any client - it just 
looked tidier, and cost more. 

Assessment of existing drystone retaining walls is 
therefore far from simple, because the construction 
that cannot be seen is critical.  The fill placed behind 
the wall, and the width of the wall near its crest could 
be ascertained with a small excavation, if that were 
possible, but to obtain all the information an engineer 
would ideally like to have would require dismantling 
of the wall, which would defeat the object of making 
an assessment. 

 
 

2 INVESTIGATION REQUIREMENTS 

Key features to identify in dry stone wall assessment 
include: 

 wall porosity - the gaps between the stones 
must be clear for the wall to maintain its free-
draining nature, and so preclude the develop-
ment of positive pore water pressures; 

 wall and stone dimensions; 
 condition of the stone; 
 good bonding and appropriate use of through-

stones. 
 

The wall porosity can be investigated compara-
tively easily, assuming safe access to the wall face is 
possible, because gaps between stones are usually 
sufficient to allow visual inspection and probing with 
wires.  The use of an endoscope might also assist, but 
the authors have not investigated this.  Sometimes a 
careful visual inspection has revealed that the build-
ers used mortar, whilst trying to present the outward 
appearance of drystone.  Where this has been found, 
the mortar has been used only in patches, and has not 
obstructed the permeability of the walls. 

Determining the dimensions of a wall can be diffi-
cult, as normally neither the founding level nor the 
back of the structure can be accessed without risking 
damage to the structure itself, and perhaps to the in-
spector.  If the visual inspection described above is 
possible, it can allow measurements of the minimum 
thickness of the wall, but this can be confusing if 
rubble from the construction has been used as back-
fill immediately behind the wall. 

The condition of the stone might also be assessed 
during the visual inspection, but some stones deterio-
rate through their thickness rather than at the surface, 
so this can be hard to tell. 

The final requirement will be the concern of the 
remainder of this paper.  A common form of wall 
construction in the United Kingdom, where drystone 
is used predominantly for field walls, is to have a 
clear front and back face to the wall with rubble fill-
ing the space in between.  For a wall to resist earth 
pressures, it is crucial that the front and back faces 
are tied together, so that the wall cannot be over-
turned without the wall behaving essentially as a 
monolith (Figure 2).  If the front and back faces can 
act independently, with the rubble between just rear-
ranging itself a little, then the resistance is very much 
reduced.  In this form of construction, through-stones 
are used, spanning the full thickness of the structure 
to tie the two faces together.  It is also important that 
the rubble fill is made of tightly packed large pieces 
of strong stone which can be locked together by the 
through-stones.  Therefore if this fill has been con-
structed properly, it will be almost impossible to see 
through to the back face of the wall. 

In the mountainous regions of southern France, 
drystone has been used principally to form earth-
retaining structures and revetments, through-stones 
do not have the same importance, because good con-
struction practice ensures that there is good bonding, 
that is, overlap with stones above and below and to 
either side, throughout the thickness of the construc-
tion.  This means that each stone rests on two or 
more stones beneath, so making it difficult for them 
to be moved apart.  This in effect produces a direc-
tional tensile strength within the structure 
(McCombie et al. 2012) which extends from front to 
back, as well as along the length of the wall.  In the 
two-faced construction style, tensile connection be-

tween front and back of the wall only exists where 
there are through-stones. 

 
 
 
 
 
 
 
 
 
 

Figure 2. The importance of a wall behaving monolithically. 
 
The most fundamental thing to assess about a 

drystone wall's construction is therefore how well 
connected the front face is to the back face.  The 
presence of any large voids or loose material between 
the two will mean that the back face is resisting the 
earth pressure on its own.  This effect has been seen 
in some partial failures, where patches of the front 
face fall away, leaving the rest of the wall standing 
(but often not for very long). 

 
 

3 THERMAL INVESTIGATIONS 

The frequency and firmness of connections between 
the back of the wall and the face help to determine its 
capacity to conduct heat. The earth retained by the 
wall changes temperature much more slowly than the 
surface of the soil or the stone at the face of the wall, 
and will probably not show a detectable change over 
a 24 hour period.  On the other hand, the stone at the 
wall face is exposed to the weather - wind, rain, and 
heat from the sun, all of which will depend upon the 
wall's orientation.  Even with none of these weather 
effects, the stone at the face will lose heat to the air, 
or gain heat from the air, through conduction.   

The temperature of the stone at the face of the wall 
reflects these surface processes, but is also affected 
by the flow of heat within and between the stones 
which is driven by temperature gradients.  Hence 
stones that have better thermal contact with the rear 
of the wall, such as through stones, would be ex-
pected to show a difference in temperature to those 
surrounding them. These temperature differences 
may not be obvious to the touch, but by using a 
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the back of the wall and the face help to determine its 
capacity to conduct heat. The earth retained by the 
wall changes temperature much more slowly than the 
surface of the soil or the stone at the face of the wall, 
and will probably not show a detectable change over 
a 24 hour period.  On the other hand, the stone at the 
wall face is exposed to the weather - wind, rain, and 
heat from the sun, all of which will depend upon the 
wall's orientation.  Even with none of these weather 
effects, the stone at the face will lose heat to the air, 
or gain heat from the air, through conduction.   

The temperature of the stone at the face of the wall 
reflects these surface processes, but is also affected 
by the flow of heat within and between the stones 
which is driven by temperature gradients.  Hence 
stones that have better thermal contact with the rear 
of the wall, such as through stones, would be ex-
pected to show a difference in temperature to those 
surrounding them. These temperature differences 
may not be obvious to the touch, but by using a 
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thermal imaging camera which has a high sensitivity 
they can be detected, so revealing aspects of the hid-
den construction of the wall. In this way other fea-
tures such as water build up or voiding behind the 
wall may also been seen. Thermal imaging has one 
particular advantage over other methods of investiga-
tion - it can be done at a distance, without requiring 
any physical contact with the wall.  This can be im-
portant if the stability of the wall is in question, or if 
there is a road immediately in front of it, for exam-
ple.   

3.1 First trial 

In order to explore this approach thermal imaging has 
been carried out on a number of walls in the UK and 
in France.  This work was carried out at varying 
times of the day and on a number of walling types in 
order to assess the range of construction types for 
which the technique might work, and if there are op-
timum conditions for its use.  

 
Figure 3. Thermal image of a limestone wall in Wiltshire, UK, 
overlaid on the visible light image. 

 
The first trial image is shown in Figure 3, super-

imposed on the visible light image.  This image was 
taken early one morning, following a cold night. A 
number of features can be seen. The wall retains 
about 1m of fill, and is at the back of a footpath 
which is itself supported on a small wall of five 
courses alongside the road.  The wall carries a para-
pet, which shows dark on the thermal image because 
it is the same temperature as the air.  On the other 
hand, the retaining wall beneath it shows lighter be-
cause it is warmer, even after the cold night.  Part of 
this wall has been repaired following a failure (de-
marcated by dashed lines); the repaired area shows 

warmer than the adjacent wall, presumably because 
the fill within the wall has been packed carefully and 
so has conducted heat from the backfill more effec-
tively.  The darker areas below the repair probably 
indicate parts of the wall which were loose but were 
not involved in the failure.  At the right hand edge of 
the thermal image is another brighter area which was 
presumably built well enough to begin with so that it 
has remained sound. Within the repaired area are a 
small number of regularly spaced hot spots, which 
almost certainly correspond to through-stones (three 
are marked by circles).  Some of these interpretations 
can be confirmed to an extent by listening to the 
sound on hitting the wall with a hammer, but this is 
to be done only with appropriate caution, and is not 
an approach which this paper addresses.  

3.2 24 hour study 

A 24 hour study was subsequently carried out of a 
limestone wall near Northleach in the Cotswolds, 
UK. Images were taken at regular intervals, to deter-
mine the validity of this technique as well as to gain 
an idea of the optimum time to take images.  

The wall is over 200m long and has many sections 
of varying construction, some in poor condition.  One 
length was rebuilt in 2011, with unusually large 
through-stones and soil-reinforcement in the backfill 
connected to the wall using galvanised steel bars. 
Two of the authors visited the wall during the con-
struction process, and it is well documented, making 
it a good test for this method. The wall is south fac-
ing and exposed to the sun throughout the day. Four 
other sections of the wall were also imaged in con-
junction with this section.  

In addition to simply obtaining the thermal imag-
es, some specific points were identified regarding the 
use of thermal imaging for this type of investigation. 
These are explained below, and illustrated using Fig-
ures 4-6. Within the new wall section the through-
stones were easy to see using the thermal imaging 
camera, as shown in Figure 4. This image was taken 
late at night when the air had cooled down after a 
warm day. The through-stones in this section were 
visible using the thermal imaging throughout the 24 
hours, but became less prominent when direct sun-
light first came onto the wall in the morning (8am 
readings); the through-stones appeared cooler than 
the rest of the wall in most of the images taken.  

 
Figure 4: Thermal image of new wall section at Northleach, UK. 
Some of the most conspicuous through-stones have been marked 
with circles. 

 

 
Figure 5: Thermal image of older wall section showing potential 
area of water (along the dashed line)  

 
Other potential features appeared in the thermal 

images of the older sections of wall; for example, an 
area of wall which may be affected by water appears 
cooler in Figure 5. This area was not obvious at the 
face of the wall but the presence of vegetation is in-
dicative of the presence of moisture. This feature was 
only visible in the late evening and early morning 
when the wall was cooler.  

The influence of shading can be a problem for 
thermal imaging, as shown in Figure 6. Part of the 
wall is shaded by a large tree, and where this shading 
occurred very little thermal information could be 
gathered in comparison to the unshaded adjacent are-

as. This effect was still present once direct sunlight 
was no longer present on the wall.  

 
Figure 6: Thermal image showing the effect of shading.  

 

3.3 French Study 

Following the work at Northleach a 3 day field study 
was carried out in the Cévennes area of France. This 
study presented the opportunity to use thermal imag-
ing on walls constructed using larger stones than typ-
ically found within the UK, as well on a variety of 
different construction styles. This investigation was 
aided considerably by the guidance of those who had 
built some of the walls being investigated, as they 
could give great detail on the construction principles, 
and provide comments on the thermal images.  

This work provided more insight into how thermal 
imaging may be used to provide greater understand-
ing of what is happening behind the wall face. In the 
English walls, the through-stones were sometimes 
obvious due to their larger size.  In the French con-
struction more emphasis is placed on good bonding 
throughout the wall, including from front to back, 
and through-stones are not always used.  It became 
clear that one cannot assume that large stones are 
through-stones. In the granite wall shown in Figure 7, 
for example, there are a number of stones that at the 
wall face appear to be very similar, and so might be 
expected to show a similar temperature.  However 
this is not the case, implying that they extend to dif-
ferent depths within the wall face itself, or that some 
of these stones taper whereas others are blockier in 
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ing on walls constructed using larger stones than typ-
ically found within the UK, as well on a variety of 
different construction styles. This investigation was 
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struction more emphasis is placed on good bonding 
throughout the wall, including from front to back, 
and through-stones are not always used.  It became 
clear that one cannot assume that large stones are 
through-stones. In the granite wall shown in Figure 7, 
for example, there are a number of stones that at the 
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shape, so making different contributions to the stabil-
ity of the wall.  

 
Figure 7: Thermal image showing significant temperature differ-
ences between stones that initially appear to be of similar size (in-
dicated by arrows).  
 
The converse of this was also seen, with the thermal 
imaging indicating stones which appeared small at 
the wall face must extend much deeper into the wall 
than expected.  

 
4 DISCUSSION 

The cases presented have shown that thermal imag-
ing can identify important characteristics of a 
drystone retaining wall.  The clearest is the distribu-
tion of through-stones, which are critical to the stabil-
ity of the two-faced form of construction most com-
mon in the UK.  In France, where there is a greater 
emphasis on good bonding than on through-stones, 
the thermal images indicate how far stones might 
penetrate into the wall, revealing the effectiveness of 
the bonding.  The images can also indicate the over-
all density of the construction, as this affects the 
transmission of heat from the backfill to the face of 

the wall, and can thus reveal areas of a wall which 
may not have been constructed sufficiently well.  

The timing of the thermal imagery is very im-
portant. Early in the morning following a cold night 
seemed to show the clearest information.  Analytical 
work is being carried out by the authors to explore 
this aspect further. 

Thermal imaging can also indicate the presence of 
water within a wall, a critical issue for wall stability. 
 
5 CONCLUSIONS 

Thermal imaging can be used to identify wall fea-
tures that are not visible using conventional, non-
destructive wall assessment techniques. The thermal 
response of individual wall stones to atmospheric 
temperature variations indicates the thermal mass and 
connectivity of the wall stones. This can be used to 
help identify features such as the depth of retained 
fill, historic wall repairs, areas of high moisture and 
the presence of through-stones. 
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ABSTRACT In Denmark, the geotechnical characterization of construction sites often relies on information from several drillings. Ge-
otechnical drillings are expensive and they are in some cases insufficient for an adequate characterization of the geological strata. Detailed 
geological information can be inferred from a combined interpretation of a few deep geotechnical drillings and near-surface geophysical 
surveys. In addition, the improved resolution of the subsurface facilitates the planning of additional geotechnical drillings. In this study, 
Pulled Array Continuous Electrical Sounding (PACES) and Multi Electrode Profiling and Induced Polarization (MEP/IP) field data from 
Aarhus, Denmark, have been interpreted and compared. The two geophysical methods complement each other well, however, the resolu-
tion, and hence the degree of detail, is significantly better in profiles derived from MEP/IP data.  The interpretation of the field data allows 
for a comparison between the geotechnical information from the drillings and the interpreted, geophysical profiles. The study clearly 
demonstrates a correlation between electrical resistivity and the soil water content and depth, respectively. Furthermore, the results suggest 
that two Cole-Cole parameters, chargeability, m0 and the shape of the decay curve, C can be correlated respectively to the resistivity and the 
vane shear strength.  
 
RÈSUMÈ Au Danemark, l’interprétation géotechnique des chantiers de construction dépend généralement des données issues de nom-
breux forages. Les sondages géotechniques sont onéreux et sont dans certains cas insuffisants pour une interprétation des couches géolo-
giques. Des données géologiques détaillées peuvent être déduites à la fois par quelques forages géotechniques profonds et par des sondages 
géotechniques superficiels. De plus, la compréhension améliorée du sous-sol facilite la planification de forages géotechniques supplémen-
taires. Dans la présente étude, les méthodes « Pulled Array Continuous Electrical Sounding (PACES) » et « Multi Electrode Profiling » ain-
si que la polarisation provoquée (MEP/IP) de données in-situ à Aarhus, au Danemark, ont été interprétées et comparées. Les deux méthodes 
géophysiques se complètent, cependant, la résolution et par conséquent le degré de détail, est considérablement meilleur dans les profils 
provenant de la méthode MEP/IP. L’interprétation des données collectées sur le site permet une comparaison entre les informations géo-
techniques issues des forages et les profils géotechniques interprétés. L’étude démontre manifestement une corrélation entre la résistivité 
électrique et la teneur en eau du sol et sa profondeur respectivement. En outre, les résultats suggèrent que deux paramètres Cole-Cole : la 
chargeabilité m et la forme de la courbe de décroissance C sont liés respectivement à la résistivité et à la résistance au cisaillement. 
 

1 INTRODUCTION 

Successful foundation of constructions relies on ac-
curate characterization of the geotechnical properties 
of the subsurface. The geotechnical characterization 
is typically based on geological maps and existing 
and new drillings. Geotechnical drillings are time-
consuming and expensive which often limits the 
number of drillings in construction projects. Conse-
quently, geotechnical characterization, based solely 
on geotechnical drillings, is potentially inaccurate.  

By implementing data from geophysical surveys, 
the placement of geotechnical drillings can be signif-

icantly improved, potentially reducing the number of 
required drillings.  

Previous studies demonstrate a link between soil 
electrical resistivity and water content for different 
sediments. (Samouëlian et al. 2005) established a 
correlation between electrical resistivity surveys and 
soil properties. The investigations demonstrate a 
clear inverse relationship between the resistivity and 
the water content. (Giao et al. 2003) investigated the 
relation between the soil electrical resistivity and wa-
ter content, unit weight, plasticity, salinity, organic 
content and undrained shear strength. However, only 
salinity showed a clear relationship with electrical re-
sistivity. (Giao et al. 2003) further suggested that 


