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1 INTRODUCTION  

Shrinkage and swelling of clays, ground water 
lowering, mining activities and collapse of natural 
cavities can induce the subsidence of ground sur-
face. The occurrence of subsidence on the ground 
surface can be very damaging to structures and in-
frastructures and to the safety of the populations. 
Damages depend on two main components the sub-
sidence (intensity and extension) and the structure 
(position, characteristics, materials, shape, age and 
design). Recently, several research works have been 
focusing on the analysis of the soil-structure interac-
tion phenomena due to ground movements induced 
by tunnels and cavities excavation (Potts & Adden-
brooke, 1997, Caudron et al. 2007, Laefer et al. 
2012, Giardina, 2012). Different approaches were 
investigated: in situ monitoring of real structures, 
small-scale physical model under normal gravity 
(1g) or in centrifuge and numerical modelling 
(Bransby et al., 2008, Castro et al., 2007).  

In the last decade, we carried-out several research 
projects to take into account, the interaction between 
soil and structure using numerical and 1g physical 
models (Hor et al., 2011). In particular, a large 
small-scale physical model has been designed to re-
produce the phenomena and assess qualitatively and 
to certain quantitatively the soil-structure interac-
tions and the vulnerability of masonry structures 
(typically individual houses). The design of this 
physical model is presented in this paper, in particu-
lar the system used to reproduce ground surface dis-

placement profiles and the displacement measure-
ment system based on Digital Image Correlation 
(DIC) and its validation in Greenfield conditions 
(without the structure). A methodology was devel-
oped for the assessment of soil-structure interaction 
in the case of a masonry structure under the impact 
of underground movements. It is illustrated in 2 
cases: the structure is first represented by an equiva-
lent slab model, the second model representing the 
masonry as an assembly of blocks with no consid-
eration of mortar in the joints (only frictional resis-
tance is accounted between blocks). This paper pre-
sents the results of the masonry structure using wood 
pieces. A particular attention is paid to the determi-
nation of the vulnerability assessment basing on the 
cracks characteristics. 

2 SUBSIDENCE DESCRIPTION AND 
CONSEQUENCES  

2.1 The mechanism of subsidence  

Subsidence due to mine operation and the col-

lapse of natural and man-made cavities corresponds 

to the collapse of the ground surface over areas 

where mineral ores have been removed. Subsidence 

causes ground surface deformation resulting in a 

range of problems from deep holes with vertical 

sides that pose physical threats to people, to more 
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subtle forms of subsidence characterized by sagging 

and hogging of the ground surface producing more 

damage, over larger areas, affecting nearly all struc-

tures. Figure 1 presents the theoretical curves of ver-

tical displacement, horizontal displacement, tilt, hor-

izontal strain and curvature in the case of mining, 

similar curves can be proposed in the case of tunnel-

ing. The subsidence characteristics depend on the 

characteristics of underground cavities (depth, area, 

etc.). The influence angle  determine the bounda-

ries of the zone of potential impact of subsidence on 

structures and infrastructures. The maximum dam-

ages are generally observed in structures that are lo-

cated in maximum tilt and in the zone of maximum 

horizontal extension strain defined by the angle  

(Figure 1).  

Figure 1. Subsidence Parameters (O: layer open, Am: maximal 

subsidence,  and : influence angle and maximum strain an-

gle, D: depth, Wc: critical width) maximum strain angle, D: 

depth, Wc: critical width) 

2.2 Damage of structures 

The impact of subsidence on buildings and infra-
structures has become an important and costly envi-
ronmental issue during mining and after the closure 
of mines. The vertical component of ground move-
ments causes changes in ground gradient, which can 
adversely affect (Boone, 2002, Mair, 2011). The tilt, 
horizontal strains (extension and compression) and 
curvature are the causes of the most commonly ob-
served types of damage (Deck, 2002). Extension is 
characterized by pulled open joints in masonry. The 
compressive strains result in the squeezing-in of 
voids: such as doors and windows and the horizontal 
movements of masonry blocks. The intensity of the 

horizontal strain is generally used as the key pa-
rameter to assess the level of damage (from light to 
very severe, Deck, 2002). The strain of the soil may 
induce cracks on the structure. The class of damage 
depends on the opening of the crack.  

2.3 Design of the INERIS small-scale physical 
model  

The physical model design depends on the goals of 
the tests and the constructive characteristics of the 
prototype. The physical model must be a true scalar 
representation of the prototype (Garnier, 2002). The 
length scale that defines the model dimension is 
considered as fundamental quantity within design of 
the model. The boundary conditions must enable the 
model to move and deform in a manner similar to 
the prototype. According to the postulates, the phys-
ical model is designed to be used in 1 g environment 
(earth gravity, Hor et al., 2011).  
The objective of the physical model is to simulate 
the effect of the surface ground movements due to 
mining and underground cavities on structures. The 
large small-scale model has to be able to hold a soil 
block of 3 x 2 x 1 m with a maximum geometric 
scale of 1/50 (ratio between the physical model and 
the prototype). The main hypothesis of the INERIS 
physical model is that it does not represent the col-
lapse of the cavity itself, but only focuses on the 
phenomena at surface level (Figure 2). The move-
ments at ground surface are achieved by vertical 
downwards movements of “electric jacks” placed at 
the bottom of the model. The cross-section of the ac-
tuator is limited to 250 x 250 mm, corresponding to 
up to 12.5 x 12.5 m at prototype scale. The apparatus 
is indeed limited to localized phenomena: sinkhole 
or collapse/subsidence of small-extent.  

Figure 2. Large small scale physical model for modeling sur-

face subsidence and damage structures 

2.4 Measurement technique  

Measurement of surface displacements is 
achieved by means of stereo digital imagery (Man-
Chao et al., 2009). Digital Image Correlation (DIC) 
technique was adopted to determine the displace-
ments and the deformations. This allows monitoring 
the whole top surface of the ground and more espe-
cially where ground movements happen. The rela-
tive position of the 2 cameras is very precisely 
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known and allows the determination of 3D dis-
placements and deformations of the soil and struc-
ture surfaces (Figure 2).  

The two high-resolution digital cameras have a 
maximum frequency of 8 images/second at full reso-
lution. They have to be calibrated before the start of 
a test by the use of a test pattern. A good calibration 
allows obtaining very precise measurements with an 
error of 1/100 of a pixel in good conditions: this cor-
responds to 10 µm when 1 pixel is equal to 1 mm. In 
the tests presented later in this paper, this ratio is 
close to 2 pixels per millimeter. But, because the 
sand used in the experiments cannot be considered 
as a true continuous media (being constituted of 
small particles), the corresponding maximal error 
has been evaluated and happens to be close to 0.10 
pixel (corresponding to 0.05 mm), which is still a 
good performance (White et al., 2003). 

The main disadvantage of this method of moni-
toring is the huge volume of data created by a single 
test. With a volume of 8 Mo per capture (two images 
of 4 Mo each) and considering the maximum fre-
quency of capture, it represents near 2 Go of raw da-
ta to be stored each minute. For a full test and with 
the exploitation files for the digital correlation pro-
cess, this corresponds to a total required memory be-
tween 30 and 40 Go. The localization of the cracks 
(opening joints) is determined using the image quali-
ty indicator. When a crack created the continuity of 
displacements is generally lost and corresponds to 
the localization of a crack.  

3 ASSESSMENT OF SOIL-STRUCTURE 
INTERACTION WITH SIMPLIFIED 
STRUCTURE MODELS 

3.1 The structure   

In order to study the effects of the soil-structure in-
teractions during the occurrence of a subsidence 
trough, an individual house is adopted for testing. 
The reference geometry for the building is based on 
the analysis of an existing database of individual 
buildings damaged by mining subsidence in the east 
of France (Deck, 2002). A typical 10 m x 10 m two-
floor house constituted of masonry walls (Young 
modulus: 6000 MPa, =0.3), reinforced concrete 
slabs (Young modulus: 30000 MPa, =0.2) and shal-
low foundations are considered. This realistic proto-
type scale model has been simplified in order to de-
fine the small-scale model. The studies conducted so 
far concern only particular masonry houses. The 
simulation of a house was first performed by a slab 

of polycarbonate (Hor et al., 2011). The work was 
carried out in 2011 were devoted to physical model-
ing of a masonry structure more realistic. The re-
search has led to separate the structure into two 
parts: the first corresponds to the foundations and 
the second concerns the bearing elements, including 
walls. The components of the masonry pieces were 
formed by wood pieces (Figure 3). The Wood 
(Azobé - very dense wood) has been proposed. They 
were cut so as to respect the similarities between the 
masonry blocks and pieces of wood (1/40). Table 1 
summarizes the characteristics of the pieces of 
wood. The foundation corresponds to silicon materi-
al.  
Table 1. Characteristics of the wood pieces used for the con-

struction of the masonry structure  

Characteristics 
Azobé 

wood 

Density (kN/m
3
) 10.32 

Longitudinal Young modulus (GPa) 17  

Friction angle (°) 30 

Compression strength (MPa) 96 

Dimensions of woods pieces (mm) 14*7*7* 

Figure 3. Physical model of masonry structure using wood 

pieces  

3.2 Identification of the damage  

The macroscopic deformation of the wall is 
calculated by the following relations (Eq. 1, Figure 
4): 

 
With LAB and LCD are: the final top length and down 
length of the wall.  



Figure 4. Global mesh of the wall for determining the global 

deformation  

Figure 5. Steps of the calculations and the localization of 

damage of masonry structure  

 
To determine the damage of masonry blocks, a 

methodology was developed basing on the following 
steps: 

Step 1: Subsidence is reproduced using an electric 
vertical jack with the physical model. These 
movements are captured by four cameras fast high 
resolution. 

Step 2: Analysis of captured photos using the 
VIC-3D software. One chooses the size of the 
window correlation and no correlation; we analyze 
the acquired images on the front wall (only one wall 
is filmed). 

Step 3: The values of the displacements of the 
points of the wall surface may be represented in a 

non-uniform mesh. The collected information, for 
each point of the grid point, are the coordinates (x, y, 
z), the vertical displacement (v), the horizontal 
displacement (u) and the movement out of the plane 
(w). 

Step 4: The initial data, which is in a non-uniform 
mesh due to the distribution of blocks, be required to 
interpolate a uniform mesh (Figure 4). Then we 
determine the coordinates of the joints between 
blocks. 

Step 5: The quantification of the relative 
displacements of the blocks, including the openings 
gives the quantification of damages. Damage 
rankings are derived from Figure 5 indicating that 
the rankings 4 and 5 are combined into a single 
classification called "severe and very severe." The 
principle for calculating the openings of the blocks 
is shown in Figure 6. 

One considers two points close to the interface as 
shown in detail 1 (Figure 6). The movements of 

these two points are decomposed into a normal 
displacement (ui) and tangential displacement (vi) 
such that: 
For the classification of damage that does not 
include slippage of the blocks, only the normal 
component (u) of displacement is taken into the 
calculation. Thus, the difference in displacement 
normal i write the interface: 

The cracks appear only at the joints due to the 
rigid blocks. So, the classification point Γi is 
performed by comparing the value with the 
threshold value. Finally, the relative cumulative 
length for each category of damage is determined by 
the following equation (3): 

Where: 

-l
*
Di Is the length on cumulative damage to the 

classification of Di; 

- mDi is the number of points of the interface 

associated with Di ranking; 

- p: step length of the uniform mesh; 

- Σlj: is the sum of length of the seams. 

It is noted that is proportional to the number of joints 

classified Di. Indeed, it is difficult to determine the 

precise length method proposed classification of 

damage. This is caused by the distribution of points 

in a fairly random for each classification of damage. 

A B

C D

(3) 

(2) 



Figure 6. Crack identification by the relative displacement of 

the grid points of two blocks  

3.3 Results and discussion 

The un-reinforced masonry structure was tested 

for three positions relative to the position of 

subsidence trough (Figure 7). From the tests 

performed in this study: structure in P1 is located in 

a compression, structure in P2 is located on the area 

of the maximum tilt and the P3 is structure subjected 

to a complex loading (tension to compression in the 

longitudinal direction and to the transverse 

direction). 

 

B: width of the structure, e: distance between the center of the 

structure and the center of the jack  

Figure 7. Position of masonry structure and the jack 

Figure 8 presents the induced subsidence due to 
the vertical displacement of the jack (position 2). 
The maximum vertical displacement varies from 13 
mm (P1) to 28 mm (P3). The horizontal strain of the 
wall varies from 0.2% (P1) to 1% (P3). Figure 9 
shows the location of the open joints, we note that 
the first class corresponding to openings less than 
0.1 mm is distributed randomly.  

Figure 8. Subsidence through of the soil and the masonry struc-

ture (with and without shear wall), position P2 

The class 3 and 4 (yellow and red) are located 

according to the position of the structure. Class 5 

(severs damage) corresponds to the opening of joints 

greater than 15 mm dependent on the position of the 

structure relative to the subsidence. This class is 

almost demeaning to the position P1; however 

continue fractures are formed for positions P2 and 

P3. This result highlights the importance of location 

and total length as a parameter to assess the damage 

to the masonry structure. 

Table 2 compares the damage classes for the 

three positions (P1, P2 and P3, Figure 7) of the 

structure without shear walls. Several results are 

interesting for a vertical displacement of 30 mm, 

corresponding to 1.2 m in the case of a prototype. 

 
Figure 9. Localization of induced cracks (red and discotinu 

line) in the masonry structure for different structure positions  

• Classes 1 and 2 are not discriminatory for 

damage to the structure and location of cracks, there 

is little difference between the three positions; 

• Class 3 (medium damage) and above Class 4 

(severe to very severe damage) depends strongly on 

the position of the structure relative to the cylinder. 

The position P1 of structure remains generally satis-

factory in steady state. In contrast, the structure in 

position 3 is badly damaged with the loss of struc-

tural integrity. Note that all three positions are af-

fected by class 4 damage. In contrast, the degree of 

damage depends on the position of the structure; we 

cannot consider them the same level of vulnerability 

as conventional methods advocated. These results 

are not yet applicable for different conditions be-

cause of the materials (sand and lack of cohesion). 

Efforts will continue to bring more land under real 

conditions and masonry structures. 
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Figure 10. Evolution of the cumulated length of opening joints 

(class 3 and 4) for different vertical displacements of the jack 

Table 2. Damage classes due to vertical dispalcement  

(30 mm) for different positions  

Damage class Masonry structure position 

P1 P2 P3 

Class 1 38 40 30 

Class 2 45 40 40 

Class 3 4 6 14 

Class 4 0,5 1 5 

4 CONCLUSION 

The large small-scale physical model of the soil 

and structure was developed to study the 

vulnerability of masonry structure due to subsidence. 

The masonry structure was modeled using dense 

wood pieces. An algorithm was developed to 

determine the potential of damaging and crack 

characterization. Three positions of the surface 

structure in a subsidence through were studied: 

structure in the tension zone, in the compression 

zone and finally in the mixed zone (tension-

compression). In terms of vulnerability (damage), 

the structure compression zone has the least damage; 

the structure in the mixed zone of tension-

compression has the most damage (sever class), 

while the structure in tension zone is the 

intermediate position. For the most dangerous 

factors, buckling off-plan dominant position in 

compression, tension and bending are the main 

factors of damage in the pull position. 
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