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A B S T R A C T   

This paper presents an original methodology for the rapid assessment of “potential” building damage caused by 
an excavation. The combination of the Ground-work Impact (GI), in terms of induced greenfield displacements, 
and the Building Vulnerability (BV) form the basis for the GIBV damage assessment method. Both short- and 
long-term displacements are considered in the impact evaluation. In addition to short-term displacement due to 
undrained shear deformations, groundwater drawdown can result in significant consolidation settlements at 
considerable distance from the excavation site. In the proposed method for soft soil ground conditions, the short- 
term excavation-induced settlement is derived using empirical expressions and long-term displacement is esti
mated by coupling empirically-derived relationships for excavation-induced groundwater drawdown with a soil 
stratification model and consolidation theory. The building vulnerability is assessed by considering different 
physical characteristics and conditions of the buildings. 

The GIBV method has been implemented in a GIS tool to predict damage classes for buildings exposed to 
excavation-induced settlements. Two different case studies in Norway were used to test the reliability of the 
predictions of the tool and validate the methodology. A comparison between the predicted damage classes with 
the back-calculated ones shows a relatively high accuracy of the methodology. Moreover, the coupled model, 
which considers both impact and vulnerability for the damage assessment of buildings, has a higher accuracy and 
lower overestimation rate compared to the results obtained by just considering the impact.   

1. Introduction 

Groundwork projects, such as deep excavations and tunnelling, are 
increasingly common in highly urbanized areas. Use of the underground 
is not limited to large-scale infrastructure projects (Broere, 2016). The 
displacements induced by groundwork projects can cause significant 
damage to adjacent buildings and assets. Protection of adjacent or 
overlying structures is a major part of the cost, schedule, and third-party 
impacts of urban underground construction (Son and Cording, 2005). 
An assessment of building damage nearby an excavation is an important 
step in identifying the most exposed structures to settlement-induced 
damage. Predicting and then, monitoring buildings belonging to a 
high class of damage is a key aspect in avoiding unexpected events and 
undesired costs. This prediction is complex and challenging due to 
several influencing factors, such as the ground conditions, the excava
tion and support system and characteristics of neighbouring buildings. 

Different damage assessment approaches have been proposed in 
literature for the prediction of damage classes of buildings exposed to 

excavation-induced displacements. Son and Cording (2005), Aye et al. 
(2006), and Giardina et al. (2010), adopted a three-stage method, 
following the approach previously described by Mair et al. (1996). Stage 
1 aims at identifying the buildings that can be potentially affected by 
displacements, based on the estimation of vertical and horizontal dis
placements from empirical relationships such as those proposed by 
Bowles (1988) and Clough and O’Rourke (1990). Usually, the maximum 
slope and maximum settlements for buildings are evaluated and 
compared with threshold values proposed by Rankin (1988). The 
buildings exceeding a given threshold are considered for Stage 2 anal
ysis. In Stage 2, building strains, based on greenfield ground movement, 
are evaluated and related to limiting tensile strain values (Burland and 
Wroth, 1974; Burland, 1995; Boscardin and Cording, 1989). The 
buildings that are predicted to have an unacceptable damage level 
qualify for a more detailed evaluation including building characteristics 
and soil-structure interaction mechanisms (Stage 3). Each stage within 
this approach requires additional and more detailed information. 

The approaches described above, and other similar approaches in 
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literature, mostly rely on the evaluation of the expected short-term 
impact, i.e. displacements or deformations of the greenfield concur
rent to the excavation process. However, for soft soil conditions, pore 
pressure reduction due to groundworks can cause considerable settle
ments that develop with time (long-term impact). Neglecting these long- 
term effects can result in unconservative estimates. 

Furthermore, most of the procedures available in literature neglect 
the building vulnerability in the damage assessment. Few studies 
considered vulnerability for the prediction of damage classes. Chiriotti 
et al. (2000), adjusted the damage classification according to Burland 
et al. (1977) by reducing the damage class values as a function of a 
vulnerability index. The vulnerability index is derived from an analysis 
of the information collected during the Building Condition Survey, BCS 
(Guglielmetti et al., 2008) using engineering judgment. The BCS consists 
of collecting information about the building history and in preparing a 
map of the building defects that (prior to construction) will be used to 
assess the vulnerability of the building (Guglielmetti et al., 2008). The 
higher the index, the greater is the reduction of the control parameter of 
each damage class defined in Burland et al. (1977). In this method, the 
vulnerability index is evaluated considering several structural, aesthet
ical and functional building characteristics. Unfortunately, not all these 
data are readily available for a preliminary analysis and the simulta
neous assessment of several buildings can be time-consuming. Clarke 
and Laefer (2014) proposed a holistic approach to assess the building 
damage due to tunnelling works. The methodology assesses the build
ings individually, according to both physical and cultural attributes. The 
damage assessment comprises two parts, damage and vulnerability 
predictions. The damage prediction employs traditional empirical and 
analytical methods to determine the degree of damage likely to be 
incurred. The vulnerability prediction is based on two criteria: com
munity status and current condition (Clarke and Laefer, 2014). The 
community status is evaluated according to the historical significance 
and current use, following the work presented in Clarke and Hannigan 
(2009). The current condition is evaluated for each building by applying 
the University College Dublin Inspection Method (UCDIM). This meth
odology employs a damage assessment that is based strictly on the 
building’s façade, and it is only suitable for brick-type buildings. The 
final damage class is obtained through a matrix correlating damage and 
vulnerability predictions. In this approach, vulnerability is conceived as 
potential adverse social consequences of damage to the building, 
reflecting the cultural aspects such as historical significance and current 
usage. 

This paper presents a step forward into the - assessment of building 
damage due to groundwork-induced displacements. Specifically, this 
contribution aims to refine the stage 2 assessment described above by 
combining short- and long-term impact and vulnerability evaluations to 
derive building damage classes. The GIBV method is based on a soil 
stratification model, empirical observations of subsidence and ground 
water drawdown due to groundworks, short- and long-term 
displacements analysis and building vulnerability assessment. In the 
following sections the methodology and its implementation into an 
ArcGIS tool are described. The tool has been validated considering 
two case studies in Norway. The case study results are discussed and 
compared with real settlement measurements to demonstrate the 
reliability of the method in predicting building damage classes. 

2. The assessment of building damage due to groundworks: The 
GIBV method 

2.1. The concept behind the GIBV method 

Ground-work Impact (GI), in terms of induced soil deformation, and 
the Building Vulnerability (BV) form the basis for the GIBV damage 
assessment method. The soil deformations, evaluated as greenfield dis
placements, are herein described as the sum of short- and long-term 
displacements. Short-term displacements are immediate displacements 

that occur during the excavation due to shear deformations within the 
soil profile. These displacements are mainly a function of the depth of 
the excavation, type of retaining structure, type of soil, and distance 
from the groundwork location. Long-term displacements are the result 
of consolidation settlements due to pore water pressure reduction. The 
neighbouring buildings are exposed to the sum of the two effects. Often 
in literature, there is not an explicit distinction between the two 
different processes. One of the aims of this paper is to separately 
consider the two contributions and sum them together to define classes 
of impact for the buildings. The impact, herein, refers to the greenfield 
deformations due to groundworks. In a purely impact-based approach, 
those displacements are imposed at the base of the buildings assuming 
that the buildings are perfectly flexible. Vulnerability describes the 
building’s predisposition to damage when it is subjected to ground de
formations. In the approach proposed in this paper, vulnerability is 
evaluated considering physical building characteristics and the building 
condition. The combination of impact and vulnerability results in the 
expected building damage classes due to groundwork-induced 
displacements. 

The concept behind the GIBV method is schematized in Fig. 1. All 
buildings not founded on bedrock are considered in the assessment 
process. The impact for these buildings is evaluated for both short- and 
long-term displacements. The values obtained are summed together and 
employed to assess the impact classes. The physical building charac
teristics and condition are then considered for the definition of vulner
ability classes. Finally, the impact and vulnerability classes are 
combined in a matrix to differentiate among potential damage classes 
for buildings nearby groundworks. The GIBV method, presented in this 
paper, is suitable for identifying buildings susceptible of being damaged 
by groundwork and that require higher attention and detailed analyses. 

2.2. Impact: Short-term displacements 

In literature there are several empirical studies (e.g., Peck, 1969; 
Goldberg et al., 1976; Clough and O’Rourke, 1990; Bentler, 1998; Long, 
2001; Moormann and Moormann, 2002; Konstantakos, 2008) and nu
merical simulations (e.g., Finno & Harahap, 1991; Ng, 1992; Whittle 
et al., 1993; Abdel-Rahman, 1993; Hashash & Whittle, 1996, 2002; Ng & 
Yan, 1999; El-Nahhas and Morsy, 2002; El-Sayed & Abdel-Rahman, 
2002; Kung et al., 2007, 2009; Castaldo et al., 2013) dealing with the 
analysis of short-term excavation-induced displacements. These studies 
highlight that greenfield displacements are a function of different fac
tors, namely type of soil, type of retaining structure, depth of the 
bedrock, excavation width and depth and factor of safety against basal 
heave. 
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Fig. 1. GIBV concept.  
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Langford et al. (2016), presented curves that show the expected 
normalized vertical settlements (δv/H) and normalized distance from 
the wall (x/H) as a function of the factor of safety against basal heave. 
Fig. 2 compares these curves to field data. These curves have been 
defined combining modelling results from Karlsrud and Andresen 
(2005), and Mana and Clough (1981). In Langford et al. (2016), the 
variation away from the excavation, as initially suggested by Karlsrud 
(1997), was adjusted to better describe the empirical data for excava
tions with internal struts. The proposed curves (Fig. 2) can be grouped 
into wall to bedrock (blue curves) and floating wall (red curves). The 
continuous curves in Fig. 2 show the upper bounds for the two cases, 
considering a low safety factor against basal heave and/or stiff wall with 
relatively small distance between strut levels. The dashed curves 
represent the lower bounds for a high factor of safety, where a relatively 
flexible support wall and large distance between struts have been 
employed. The curves obtained have been compared with measured 
normalized settlements versus normalized distance for excavations in 
clay soils using different support methods (see Fig. 2, modified from 
Langford et al., 2016). The black squares represent projects where 
drilled tie-back anchors were used to support the wall, and piles were 
installed by drilling from the bottom of the excavation (e.g. steel core 
piles). The white squares are measurements of excavations supported 
with tie-back anchors. Projects involving internal strutting and drilled 
piles are marked with grey triangles. The white circles are representative 
of excavations with just internal struts. The combined installation of 
drilled tie-back anchors and bored piles inside an excavation (black 
squares), can lead to large ground settlements. The main causes are 
erosion, wash-out and disturbance from over-drilling and using flushing 
with large water or air pressure (Lande et al., 2020). In addition, 
drainage can cause pore pressure reduction at large distances (see 
Fig. 3), resulting in consolidation settlements far from the excavation 
(Langford and Baardvik, 2016). The comparison of the curves, with the 
measured settlements shown in Fig. 2, suggests that the continuous red 
curve can be adopted as a reasonable upper bound for an internally- 
braced excavation where no pore pressure reduction is expected (i.e. 
without drilling of piles or anchors and no leakage). Therefore, this 
curve was used for the evaluation of short-term displacements in the 
GIBV method. The curve represents the normalized vertical settlements 
as a function of the normalized distance from the wall in the case of an 
excavation with internal struts and sheet pile walls not installed to 
bedrock. It is important to mention that this is one of the several curves 
available in literature and that different ones can be employed in this 
methodology and implemented in the tool. 

2.3. Impact: Long-term displacements 

In addition to ground movements due to horizontal displacements of 
the supporting wall, displacements may also occur because of the in
crease of effective stresses due to pore water pressure reduction (e.g., 
Caspe, 1966; Goldberg et al., 1976; O’Rourke, 1981, 1993; Clough and 
O’Rourke, 1990; Ou et al., 1993, 2000; Hsieh and Ou, 1998; Poh et al., 
2001; Kung, 2003). Leakage to the excavation can occur through the 
interface between the soil and the casings of tie-back anchors, the cas
ings of tie-back anchors or piles, at the toe of the sheet pile wall or 
through uncovered bedrock. This leakage leads to the reduction of the 
pore water pressure in deeper permeable layers at the bedrock level, 
consequently leading to long-term settlements. The reason for the large 
pore pressure reduction and the large extension of the pressure draw
down can be mostly ascribed to the presence of permeable layers un
derlying non-permeable clay. Langford et al. (2015) and Langford and 
Baardvik (2016), examined the pore water pressure data from different 
deep excavation projects based on case records from Norway (Karlsrud, 
1997; Braaten et al., 2004). While recognizing the existence of different 
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Fig. 2. Expected normalized settlement, 
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support methods. Black squares: drilled 
tie-back anchors and piles installed by 
drilling from the bottom of the excava
tion (e.g. steel core piles). White squares: 
Tie-back anchors. Grey triangles: internal 
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Fig. 3. Observed normalized decrease in pore pressure at base of clay layer as 
function of distance from the excavation based on case records from Norway 
(from Langford and Baardvik, 2016). 
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hydrogeological settings, construction methods and mitigation mea
sures, some general trends can be observed by organizing the data ac
cording to the mitigation measures employed (Langford and Baardvik, 
2016). Fig. 3 suggests that even for cases with grouting and infiltration, 
the maximum pore pressure reduction close to the excavation may reach 
up to 50% of the depth of the excavation below the groundwater level 
(Hmax). In absence of mitigation measures, this value can reach up to 
100% of Hmax. Furthermore, such a reduction can extend as far as 350 m 
away from the excavation. 

The GIBV method implements the upper and lower bound curves 
shown in Fig. 3. The lower bound curve is representative of the use of 
measures, including both grouting and infiltration wells, to limit the 
pore water pressure reduction. The upper bound curve represents the 
case of no mitigation measures. The curves show the maximum expected 
reduction of pore water pressure as a function of the excavation depth 
below the groundwater level (Hmax) and the distance from the 
excavation. 

To evaluate the settlements due to pore water pressure reduction, 
Janbu’s modulus concept was used (Janbu, 1970). This method is 
largely used in Nordic countries (Andresen and Jostad, 2004) to calcu
late consolidation settlements. The tangent modulus M, or oedometer 
modulus, is a measure of the resistance against deformation (Janbu, 
1970). The settlement calculation considers purely vertical stress and 
strain and the oedometer modulus M is expressed as: 

M =
dσ’v

dεv
(1)  

for overconsolidated (OC) soils 

M = MOC for σ’v0 + Δσ’v < σ’vc  

for normally consolidated (NC) soils 

M = m(σ’
v0 + Δσ’

v − pr) for σ’v0 + Δσ’v > σ’vc  

where σ′
v and εv are, respectively, the vertical effective stress and ver

tical strain, σ′
v0 is the initial vertical effective stress, pr is the reference 

vertical stress for M = 0, and σ′
vc is the vertical preconsolidation stress. 

Assuming an increment of the initial vertical effective stress, σ′
v0, of a 

value Δσ′
v, the vertical strain increment is equal to: 

Δεv =

∫ σ’v0+Δσ’v

σ’v0

1
M

dσ’v (2)  

so that: 

Δεv =
Δσ’v

MOC for σ’v0 + Δσ’v < σ’vc

Δεv =
σ’vc − σ’v0

MOC +
1
M

ln
(

σ’v0 + Δσ’v − pr

σ’vc − pr

)

for σ’v0 + Δσ’v > σ’vc 

The previous equations show how to calculate the vertical settle
ments due to given increase of vertical effective stress. The increase of 
the vertical effective stresses is a result of the reduction of pore water 

pressure at the end of the consolidation phase. 

2.4. Vulnerability 

The methodology developed for the assessment of building vulner
ability to groundwork-induced displacements is based on a combination 
of approaches available in literature for assessment of mining, tunnel
ling and seismic risk. The rating method (or point scoring system) for the 
assessment of the vulnerability class of a building in mining areas has 
been developed in USA (Bhattacharya and Singh, 1984; Yu et al., 1988) 
and Poland (Dzegniuk et al., 1997). This method considers several pa
rameters to define the vulnerability class, such as building length, shape, 
type of foundation (Saeidi et al., 2012). The method is qualitative and 
consists of assigning a score to each parameter. The sum of all scores for 
each building is then compared with the ranges for five classes of 
vulnerability, resulting in the vulnerability class of that building. 

Giardina et al. (2009) developed an assessment procedure for exca
vations based on the same principles of the Vulnerability Index Method 
used for seismic risk assessment (GNDT, 1993; Grünthal, 1998). It pro
posed a preliminary list of structural and non-structural characteristics 
influencing the building vulnerability due to groundworks-induced de
formations, namely structural type, material quality, location (pure 
sagging, pure hogging, mixed profile), geometry, foundation type and 
existent damage. 

Chiriotti et al. (2000) and Chiriotti and Grasso (2001), introduced 
the evaluation of a Vulnerability Index (Iv) to consider the different 
characteristics of the buildings and their susceptibility to damage due to 
tunnelling. The information for the index evaluation are gathered during 
the Building Condition Survey (BCS). This a priori survey (before the 
groundwork execution) aims at recording conditions and characteristics 
of buildings within a control zone. The building characteristics are 
grouped into different categories: structural, orientation and position, 
functional behaviour, aesthetic quality, and defect characteristics; 
which are the main indicators influencing the sensitivity of the building 
towards deformations (Chiriotti et al., 2000; Chiriotti and Grasso, 2001). 
As for the rating method, a value is assigned to each building charac
teristic. The sum of all values represents the building vulnerability 
index. The index is, then, classified into 5 categories of different degrees 
of severity as a function of its value. The same approach can be found in 
different publications dealing not only with groundworks (Giardina 
et al., 2012), but also with seismic risk assessments (Vicente et al., 2011; 
Ferreira et al., 2013, Ferreira et al., 2014; Maio et al., 2016). 

In the GIBV method, to assign a vulnerability class to a given 
building, a Vulnerability Index (Iv) was defined following the procedure 
of Chiriotti et al. (2000) and Chiriotti and Grasso (2001), but using a 
reduced number of parameters for the index evaluation. The selection of 
parameters was carried out with respect to data availability and 
considering the approaches of Dzegniuk et al. (1997) and Giardina et al. 
(2012) and the BCS. The chosen parameters can be easily retrieved from 
GIS shapefiles and municipality digital archives. They represent building 
characteristics influencing the damage susceptibility due to ground
works and were grouped into three different categories (Table 1): 

Table 1 
Vulnerability classes for a building, based on a common evaluation of five attributes. Rating method adapted from Dzegniuk et al. (1997). The score for each class is 
shown in square brackets.    

Class vi    

Characteristic Parameter A [0] B [5] C [20] D [50] Weight Pi Max value Relative weight 

Geometrical 
Building length (m) ≤10 11–15 16–30 >30 0.75 37.5 

30% Building shape1 >0.75 0.75–0.5 0.5–0.35 <0.35 0.75 37.5 

Structural 
Structure type Steel Reinforced concrete Wooden, Mixed Masonry, special structure 1 50 

50% 
Foundation type To bedrock, Piles Raft Strip Wooden piles, isolated 1.5 75 

Condition Visual damage Excellent Good Medium Bad 1 50 20%  

1 See Section 3.3. 
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geometrical characteristics, structural characteristics, and condition of 
the building. Each category is assessed by vulnerability parameters: 
building length and shape for the geometrical characteristics; type of 
structure and foundation for the structural characteristics; and visible 
damages for the current condition of the building. For each vulnerability 
parameter, four classes (Cvi) with different scores were defined: A[0], B 
[5], C[20], and D[50] (Table 1). The overall vulnerability is calculated 
as a weighted sum of the six parameters. A weight (pi) is assigned to each 
parameter, ranging from 0.75, for the less important parameters up to 
1.5 for the most important (see Table 1). A higher weight was assigned 
to the foundation type because it was judged to be more important than 
other parameters. Each building undergoes this procedure and a total 
vulnerability score (Iv*) is evaluated (Eq. (3)). This value is, then, 
normalized (Iv) (Eq. (4)) and used to assign a final vulnerability class to 
the building. The normalization coefficient used, is evaluated as the sum 
of the maximum values available for each parameter. The vulnerability 
index obtained ranges between 0 and 100 (Table 2). 

I*
v =

∑n

i=1
(Cvi*pi) (3)  

Iv =
I*

v∑n
i=1(CvD*pi)

(4)  

n = number of parameters; CvD = value of the maximum vulnerability 
class (D), i.e. equal to 50 (see Table 1). 

The relative weight of each category in the calculation of the 
vulnerability index, is respectively 30, 50 and 20 percent for geometrical 
characteristics, structural characteristics, and building condition. It is 
important to underline that the weights can be changed as a function of 
the database at hand. Different values for the weights produce different 
relative weight of the three categories. The reliability of the proposed 
method increases as more information become available on the char
acteristics of the buildings and their condition. If the information on one 
or more vulnerability parameters is missing, then the highest class (Cvi) 
is considered in the calculation. 

3. Implementation of the GIBV method in an ArcGIS tool 

3.1. The aim of the tool 

The GIBV method described in Section 2 has been implemented in an 
ArcGIS tool. The aim is to provide a practical tool for rapid and early- 
stage analysis of buildings exposed to damage from groundwork- 
induced displacements. The tool is programmed in Python and is 
directly accessible from the interface of the commercial software ArcGIS 
Pro Advanced and Standard. The required inputs necessary for running 
the short-term impact analysis are:  

• shapefile polygon with the location of the excavation;  
• shapefile polygon containing all buildings to be investigated;  
• depth of the excavation (m). 

The building and excavation feature classes must be in the same 
projected coordinate system. If the user enables the option “Long term 
settlement calculation”, then few additional inputs are needed:  

• raster showing depth to bedrock in metres;  
• geotechnical characteristics of the main soft soil layer: thickness of 

dry crust (m), depth to groundwater table (m), total unit weight of 
soil (kN/m3), overconsolidation ratio (-), pore water pressure 
reduction nearby the excavation (kPa), Janbu reference vertical 
stress, pr (kPa), Janbu m value. 

The “Vulnerability analysis” option is also available. To run this 
option, the user needs to specify the columns of the building feature class 
that contain vulnerability information. If the user does not specify any 
column for one or more vulnerability parameters (see Table 1), then 
those parameters are simply omitted from the index evaluation. Values/ 
characteristics in the GIS shapefile attribute table must be specified for 
each vulnerability parameter. If the value is not part of the domain, the 
default value (maximum vulnerability class) will be assigned. 

Once all the inputs are inserted, the tool can be run. The ArcGIS tool 

Table 2 
Vulnerability classes defined according to the normalised vulnerability index 
value.   

Vulnerability classes   

Negligible Low Medium High 

Iv 0–25 25–50 50–75 75–100  

Table 3 
The maximum slope and the maximum settlement are categorized in four level 
of impact (Adapted from Rankin, 1988).  

Impact level Maximum rotation (θmax) Maximum settlement (δv,max) 

1. Negligible <1/500 <10 mm 
2. Slight 1/500–1/200 10–50 mm 
3. Moderate 1/200–1/50 50–75 mm 
4. High >1/500 >75 mm  

Impact class
Vertical settlement [mm]

Impact class
Slope

<10

<50

<75

>75

<1/50

<1/200

<1/50

>1/50

Fig. 4. Building deformation parameters adopted for impact assessment: (a) maximum building settlement and (b) building slope. Examples of impact class defi
nition as a function of: (a) the maximum vertical settlement of the building corner points; (b) the max slope of building walls. 
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produces a shapefile with the maximum vertical settlement (δv,max) and 
maximum wall slope (θmax) for each building. The shapefile contains the 
values for the short-and long-term displacements separately. The 
buildings are classified into four impact classes, according to the highest 
calculated displacements, and four vulnerability classes. The impact and 
vulnerability classes are finally combined in a matrix to obtain the ex
pected damage class (see Fig. 1) for a given building. 

3.2. Evaluation of short-and long-term impact on buildings 

To evaluate the short-term displacements the curve correlating the 
normalized vertical settlements and the normalized distance from the 
excavation (Fig. 2) was implemented into the tool. This curve is repre
sentative of an internally braced excavation with a low stiffness wall and 
a low factor of safety, not affected by pore pressure reduction at the 
bedrock level. Knowing the distance of a corner point from the exca
vation makes it possible to estimate the expected vertical displacement 
(greenfield condition) of that point. For the long-term analysis, the GIBV 
method assumes a 2-layer soil, consisting of a dry crust (thickness 
specified by user) and, then, a deformable soil down to the bedrock. The 
depth to bedrock is specified by the bedrock model/sediment thickness 
raster. The soil layer is subdivided into slices of 1 m thickness and long- 
term consolidation settlement is evaluated for each of them. The eval
uation of the expected vertical settlement is computed starting from the 
expected pore water pressure reduction. The user may choose between 
two different pore water reduction curves (see Section 2.3): lower bound 
and upper bound. These curves correlate the reduction of the pore water 
pressure with the distance from the excavation. In the calculations, it is 
assumed that the increase in the vertical effective stress is equal to the 
pore water pressure reduction (Δu = Δσ′

v, i.e., end of the consolidation 

phase). Knowing the increment of the vertical effective stress, the ver
tical strain increment is evaluated by applying Janbu’s method (Section 
2.3). Finally, to evaluate the impact due to the excavation, the short-and 
long-term settlements are added up. 

The buildings are schematized into corner points and line walls. The 
impact of the excavation is evaluated according to the location of the 
corner points. The vertical settlement (δv) and the slope (θ) are calcu
lated respectively for every corner point and wall line (connecting two 
corner points), for both short- and long-term settlements. These defor
mation parameters are then classified according to the four categories 
proposed by Rankin (1988), in the so-called impact classes (Table 3). 
Each building can be classified either on the basis of the maximum 
vertical settlement (δv,max) experienced by its corner points or on the 
basis of the maximum slope or rotation (θmax) of the line walls. 

An example of this application is shown in Fig. 4. The same building 
could have a different impact class as a function of the deformation 
parameter chosen for the classification. Usually, the vertical settlement 
is a more conservative approach than the slope. 

3.3. Evaluation of building vulnerability 

The buildings vulnerability is estimated using the method described 
in Section 2.4. Different building characteristics (see Table 1) are 
considered to define a vulnerability index. Calculation of the geometric 
characteristics of the buildings (length and shape) is done automatically 
in the GIS environment. The information concerning the structure type, 
building foundation and technical condition of the buildings should be 
provided by the user. Often this information is available in the building 
database(s) maintained by the municipality. The building characteristics 
are evaluated in the ArcGIS tool, as follows:  

• length: building length in the direction of the construction, i.e., the 
difference between the greatest and shortest perpendicular distance 
from any corner to the excavation;  

• shape: is a number representing the geometric squareness or 
complexity of a building polygon. It is evaluated considering the 
“isosquarimetric” version of the Polsby-Popper score (Polsby and 
Popper, 1991). It is the ratio of the building area to the area of a 
square evaluated as a function of its perimeter (Eq. (5)). If the result 
is 1, the building is a square. If the building cross section is irregular, 

I1 I2 I3 I4

V1 D0 D0 D1 D2

V2 D0 D1 D2 D3

V3 D1 D2 D3 D4/D5

V4 D2 D3 D4/D5 D4/D5

Impact
Vu

ln
er

ab
ili

ty

Fig. 5. Expected damage classes and classification of the matrix cells. The 4 × 4 
matrix plots the vulnerability against the impact classes. 

D3

D4/D5D2

D0/D1

Fig. 6. Fragility curve from Peduto et al. (2019). Threshold at 80% P and 
definition of different damage classes. 

Table 4 
The differential settlement values and the associated damage classes.  

P[D ≥ Di|≥δρ] Differential settlement 
[mm] 

Defined damage 
classes 

Up to 80% of D1 or higher ≤ 20 D0/D1 
Up to 80% of D2 or higher >20 and ≤60 D2 
Up to 80% of D3 or higher >60 and ≤100 D3 
>80% of D3 or higher >100 D4/D5  

Back-calculated

D0/D1 D2 D3 D4/D5

Pr
ed

ic
te

d D0/D1 d11 d12 d13 d14

D2 d21 d22 d23 d24

D3 d31 d32 d33 d34

D4/D5 d41 d42 d43 d44

CP

O

U

E

= # of buildings

Fig. 7. Contingency matrix with the back-calculated damage classes as columns 
and the predicted ones as rows. The matrix cells are classified in correct pre
diction (CP), overestimation (O), underestimation (U), error (E). The sum of all 
the cells return the total number of buildings under investigation. 
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the result is less than 1. If the building is very elongated, the result is 
much less than 1. 

isosquarimetric = 16
A
P2 (5)   

A = area of the building 
P = perimeter of the building  

• structure type, foundation type, visual damages depend on the values 
assigned by the user in the attribute table 

If some of the above parameters are not specified, they are omitted 
from the calculation of the vulnerability index. The vulnerability classes 
(Ci) defined for each parameter are combined to evaluate the vulnera
bility index considering Eqs. (3) and (4). The vulnerability index is 
assigned to every building, and the data is automatically added to the 
ArcGIS project and symbolized. 

3.4. Prediction of damage classes for buildings 

After the vulnerability and impact classes have been defined, a ma
trix is used to evaluate the damage class for each building. The 4 × 4 
matrix plots the four vulnerability classes against the four impact 

classes. Different matrix combinations and number of damage classes 
can be defined. The matrix configuration depends on the willingness to 
take risk which will often depend on the severity of the potential con
sequences. Thus, the distribution of the damage classes within the ma
trix can vary as a function of the project under investigation. The matrix 
proposed in this paper has five damage classes and a “stair” classification 
(Fig. 5). The classification used corresponds to the one used by several 
authors to classify visible damages of buildings (e.g. Jennings and Ker
rich, 1962; MacLeod and Littlejohn, 1974; National Coal Board, 1975; 
Burland et al., 1977; Boscardin and Cording, 1989): D0-negligible 
(green), D1-very slight (light green), D2-slight (yellow), D3-moderate 
(amber), D4/D5-severe and very severe (red). 

4. Validation of the GIBV damage assessment method: 
Comparison between predicted and back-calculated damage 
classes 

4.1. Application of the tool and definition of back-calculated damage 
classes 

The GIS tool was applied to two case studies in Norway with different 
urban contexts: Jong-Asker, Sandvika and Kredittkassen, Oslo. The first 
case study examines typical Norwegian wooden houses with shallow 
foundations nearby an excavation west of the town Sandvika. The 
houses range from one to three stories, but they are mostly two-storey 
buildings. The second case study is in the Oslo city centre. This exca
vation was surrounded by several urban buildings with different ge
ometries and structure types. Settlement measurements are available for 
both case studies. The aim of the case studies was to test the reliability of 
the ArcGIS tool, apply the GIBV method to two different urban contexts, 
and validate/evaluate the results by comparing the predicted and 
measured damage classes. 

The shapefiles necessary to run the analyses are houses and exca
vation polygons. Moreover, a raster reproducing the depth to bedrock is 

Table 5 
Name and formula of the performance indicators considered.   

Formula 

Accuracy ∑
CP/

∑4
i,j=1cells, ij  

Overestimation rate ∑
O/

∑4
i,j=1cells, ij  

Error rate ∑
E/

∑4
i,j=1cells, ij  

Underestimation ∑
U/

∑4
i,j=1cells, ij   

Phase 1

Phase 2

Sandvika

N

Fig. 8. Phase 1 and Phase 2 location of the Jong-Asker excavation.  
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needed to evaluate the long-term settlements. The raster for Jong-Asker 
case study was established based on total soundings available in the 
area. About 360 geotechnical drillings were used to construct the 
bedrock model for the Jong-Asker case study. The drillings were located 
mostly along the railway corridor or at especially deep sediment basins. 

The distance between the boreholes varied from 10 to 200 m. The depth 
to bedrock values (clay thickness) were interpolated using Kriging with 
variable search radius and zero nugget. The semivariogram range was 
set to 200 m to match the borehole data. The final bedrock raster was 
produced with 1 × 1 m cell size to match the scale of the buildings. To 
avoid unrealistic rotation values for short wall segments, the raster was 
then smoothed using the Focal Statistics GIS tool, averaging three cells 
in two directions. The depth values were interpolated, and the bedrock 
elevation was later calculated by subtracting the depth map from the 
terrain topography. The depth to bedrock model for Kredittkassen was 
provided by Oslo municipality (Eriksson et al., 2014). It is based on all 
reported drillings since the end of the 19th century until today. 

To validate the predicted damage classes, the fragility curves for 
settlement-affected masonry buildings, developed by Peduto et al. 
(2019), were used to back-calculate damage classes based on measured 
settlement data for the two case studies. According to Peduto et al. 
(2019), the differential settlement of buildings, which was defined as the 
difference between the maximum and minimum settlements along sec
tions of interpolated Interferometric synthetic aperture radar (InSAR) 

Table 6 
The input parameters for Jong-Asker and Kredittkassen case studies.  

Variable Unit Jong- 
Asker 

Kredittkassen 

Depth of excavation [m] 17 16 
Dry crust thickness [m] 1 3 
Groundwater depth [m] 2 2 
Soil unit weight [kN/ 

m3] 
18.5 19 

Overconsolidated ratio [-] 1.1 1 
Janbu’s modulus number [-] 19 19 
Pore water pressure reduction at the 

bedrock 
[kPa] 105 98  

Fig. 9. Maps obtained applying the tool to the Jong-Asker case study: a. Impact classes; b. Vulnerability classes c. Damage classes; d. Comparison between predicted 
damage classes and back-calculated ones (dots). 
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derived settlement data, is the best subsidence-related metric that can be 
correlated to damage classes. For the case studies, the differential set
tlement of each building has been defined as the difference between the 
maximum and minimum measured settlements. Although this definition 
of differential displacements is slightly different compared to the one 
used in Peduto et al. (2019), this solution was the most feasible and 
applicable to obtain an indirect estimation of the damage classes for 
buildings. A log-normal distribution function is assumed to relate dif
ferential settlements with damage severity levels in the form of empir
ical fragility curves. For our purposes, the probability of having 80% of a 
given damage class was defined as threshold (see Fig. 6). Table 4 pro
vides the differential settlement values and the associated damage 
classes. 

To quantify the tool performance of correctly predicting the building 
damage classes a matrix (i.e., contingency table) of predicted versus 
back-calculated damage classes and a set of indicators were considered 
(Calvello and Piciullo, 2016; Piciullo et al., 2020). This approach stems 
from the contingency table analysis (Gokhale and Kullback, 1978; Jol
lifee and Stephenson, 2003). The 4 × 4 matrix has the measured damage 
classes as columns and the back-calculated ones as rows (Fig. 7). The 
matrix cells are classified in correct prediction (CP), overestimation (O), 
underestimation (U) and error (E). The cells along the matrix principal 
diagonal are considered correct predictions. An exceedance of 1 damage 
class between predicted and back-calculated is also considered to be a 
correct prediction (CP). More than 2 damage classes difference between 
the prediction and the back-calculation is considered an overestimation 
(O). The underestimations are considered errors (E) if there is more than 
1 class difference between back-calculated and predicted classes; 
otherwise they are underestimations (U). The cells are filled with the 
number of buildings belonging to a given combination of predicted and 
back-calculated damage classes (dij). The indicators used to quantify the 
matrix are also derived from contingency table analyses. The formulas 
and names are provided in Table 5. 

4.2. Project description: Jong-Asker 

The Norwegian National Rail Administration, Bane NOR (previously 
Jernbaneverket) built a double rail track between Sandvika and Asker 
during the period 2000–2004. The new double track branches off from 
the old railway line west of Sandvika (Fig. 8). A cut-and-cover tunnel 
was built for the first 700 m. The westernmost 400 m of the double track 
run in partly very soft clay, in an area surrounded by buildings. Here the 
depth of the excavation reached 17 m (15 m below the ground water 
level). The excavation was supported by up to four levels of tie-back 
anchors installed into bedrock. In total, more than 1000 anchors were 
installed. The final structure was either founded directly on bedrock or 
on steel core piles that were drilled into bedrock. The depth to bedrock 
varied significantly along the alignment from outcrop rock to 40 m. The 
soft ground above the bedrock consists mostly of clay. A moraine layer 
with variable thickness was registered above the bedrock and below the 
very thick clay deposit. The soft clay was characterized as normally 
consolidated. Undrained shear strength su was in the range of 5–15 kPa. 
The geotechnical parameters of the clay are: tangent modulus M = 5 
MPa, Janbu’s module number m = 15–22 and consolidation coefficient 
cv = 2–10 m2/year (Braaten et al., 2004). 

During the excavation work, considerable drainage to the excavation 
occurred through or around casings for tie-back anchors and drilled 
piles. Considerable pore pressure decrease was observed as far as 
200–300 m from the excavation (Braaten et al., 2004). Levelling bolts 
were installed on buildings within 100 m from the excavation and 

settlements of up to 14 cm were recorded. Brendbekken et al. (2004) 
summarise the geotechnical design and Braaten et al. (2004) provide a 
detailed discussion of this case study including a likely explanation of 
the observed pore pressure reduction and excavation-induced settle
ments. A summary of the main parameters used as input for the damage 
assessment analysis of Jong-Asker case study are summarized in Table 6. 

4.3. Jong-Asker results 

The maps obtained through the application of the tool are shown in 
Fig. 8. The impact has been evaluated considering the vertical settle
ments caused by both short-and long-term settlements and has been 
classified into 4 classes (see Section 3.2). The houses are categorised 
considering the maximum vertical settlement of the corner points. Most 
of the houses (28 out of 29) have a predicted maximum vertical settle
ment greater than 10 mm (Fig. 9a). The main factors producing impact 
on the houses are the depth of the excavation, the distance from the 
excavation and the depth to bedrock. The vulnerability of buildings was 
evaluated considering four out of five parameters: length and shape 
(geometrical characteristics), foundation type (structural characteris
tics) and visual damages (condition). The houses are wooden with 
shallow foundations. The visual damage varies, essentially, between 
good and medium. The final vulnerability index does not vary signifi
cantly (between medium and high, Fig. 9b), since the houses have the 
same structural characteristics and similar geometries. The combination 
of impact and vulnerability is depicted in Fig. 9c, where the houses are 
coloured in accordance with the estimated damage class (see Section 
3.4). Most of the houses (55%) have a predicted level of damage be
tween D0-D2 (Fig. 10a). Respectively 31% and 14% of the houses were 
predicted to be in damage classes D3 and D4/D5. The damage to houses 
in these damage classes may vary from minor functional damage to 
serious structural damages i.e., from doors and windows sticking, to 
distorted frames, walls bulging, service pipes disrupted and, in extreme 
cases, beams losing bearing, walls badly leaning, and windows breaking, 
requiring major repair. 

A comparison between the predicted and the back-calculated dam
age classes was carried out. The differential settlement was calculated 
for each house, as the maximum among all the corner points, and was 
used to define damage classes accordingly to the criteria described in 
Section 4.1. The comparison between predicted and back-calculated 
damage classes, evaluated from the measured settlements, is provided 
in Fig. 9d. The predicted buildings with damage classes D3-D4/D5 are 
overestimated using the proposed method (Fig. 10). A detailed analysis, 
quantifying the overestimation level is provided in Section 5. 

4.4. Project description: Kredittkassen 

This excavation in Oslo had a depth of 16 m over an area of around 
150 m × 100 m. The excavation was supported by a sheet pile wall 
installed to bedrock, supported by five levels of tie-back anchors drilled 
to bedrock. The soil conditions consisted of 1–2 m dry crust clay over 
normally consolidated soft clay. Beneath 8 m depth, the clay was quick. 
The depth to bedrock in that area varies from 10 to 30 m. The excavation 
was performed in an urbanized area in Oslo, surrounded by several old 
buildings, some of them founded on shallow foundations. Undrained 
shear strength, su, in clay is generally between 15 and 40 kPa. The 
natural water content is around 30–40%, and soil unit weight is 19 kN/ 
m3. The groundwater level is at approximately 2–3 m below terrain. The 
pore pressure measurements showed a pressure distribution with depth 
somewhat lower than hydrostatic. A summary of the input parameters 
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for this case study is provided in Table 6. 
Ongoing settlements of 20 mm/year were registered at the time of 

construction, caused by drainage to existing tunnels in the area that 
caused a pore water pressure reduction at the bedrock of around 10–35 
kPa. The bedrock beneath the sheet pile wall was grouted to a depth of 
10–15 m below the bedrock surface. The rock grouting was drilled 
vertically from the terrain level. Six infiltration wells were used to 
maintain pore pressure levels during construction. The pore pressure 
was monitored at bedrock and in the clay with several piezometers. 

4.5. Kredittkassen results 

The results obtained by applying the tool to this case study are shown 
in Fig. 11. Also, for this case the impact was evaluated considering the 
vertical settlements as the main deformation parameter (see Section 
3.2). The impact analysis alone predicts that 25 out of 33 (76%) build
ings are in the highest impact class (I4). The remaining buildings (24%) 
belong to the second highest class (I3). This is mostly due to the build
ings proximity to the excavation, typical of an urban environment, and 
the large depth to bedrock, up to 35 m (Fig. 11a). Based on the infor
mation available, the vulnerability of buildings was evaluated consid
ering three parameters: length and shape (geometrical characteristics), 
and foundation type (structural characteristics). The vulnerability 
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Fig. 11. Maps obtained applying the tool to the Kredittkassen case study: (a) Impact classes; (b) Vulnerability classes c. Damage classes; d. Comparison between 
predicted damage classes and back-calculated ones (dots). 

70%

21%

6%
3 %

8 %

40 %

43 %
9 % D0/D1

D2
D3
D4/D5

)b)a

Fig. 12. Percentage of building belonging to different damage classes for Kre
dittkassen case study: (a) Predicted; (b) Back-calculated. 

58 %21 %

14 %
7 %

41 %

14 %

31 %

14 %
D0/D1
D2
D3
D4/D5

)b)a

Fig. 10. Percentage of buildings belonging to different damage classes for 
Jong-Asker case study: (a) Predicted; (b) Back-calculated. 
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classes vary from low to high (Fig. 11b). The buildings falling into the 
high vulnerability class are characterized by having both a shallow 
foundation and complex geometry. The impact and vulnerability are 
combined in the matrix (see Section 3.4) to define the final expected 
damage classes (Fig. 11c). For 48% of the buildings, damage classes 
between D0-D2 were predicted (Fig. 12a). The remaining buildings have 
a damage class of D3 (43%) and D4/D5 (9%). 

A comparison between the predicted and the measured damage 
classes is provided in Figs. 11d and 12. The damage classes for the 
measured settlements were again back-calculated considering the 
fragility curves from Peduto et al. (2019). The differential settlement 
was calculated for each building and was used to define damage classes 
accordingly to the criteria described in Section 4.1. In Fig. 11d the 
coloured dots represent the damage classes evaluated considering the 
measured settlements. Also, for this case study, an overestimation of 
damage classes D3-D4/D5 is observed using the proposed method. The 
predicted exposed buildings in damage classes D4/D5 are 9% against the 
3% calculated considering the measured settlements. There is a high 
percentage of buildings predicted by the tool with a damage class D3 
(43%). This seems to be a quite high overestimation. A detailed analysis 
is carried out in Section 5 to better understand the reasons for this 
finding. 

5. Discussion 

The previous section described the results obtained by applying the 
tool to two case studies. The comparison between predicted and back- 
calculated damage classes showed that the tool tends to overestimate 
the number of buildings in damage classes D3-D4/5. This agrees with 
the rationale of avoiding underestimation of potential damage to 

neighbouring buildings and unexpected economic losses. On the other 
hand, one would want to avoid excessive overestimations and to focus 
attention and resources on buildings that are most susceptible to dam
age. A detailed analysis of the method performance is described in the 
following. A quantification of the accuracy, overestimation, underesti
mation and error rates is provided for both case studies. Moreover, a 
detailed comparison between predicted and back-calculated damage 
classes, considering just the impact (no vulnerability) and the coupled 
analysis (impact and vulnerability), has been carried out and is pre
sented in the following. 

The performance analysis was carried out by evaluating the predic
tion accuracy index (PAI), as defined by Schuster et al. (2009), and 
evaluating performance indicators of a contingency table (Calvello and 
Piciullo, 2016; Piciullo et al., 2020). The PAI is calculated for each 
building by taking the difference between the predicted and the 
back-calculated damage classes. The index indicates the number of 
classes a building has been under- or overestimated. The value is posi
tive for overestimation and negative for underestimation. Figs. 13a and 
14a show the PAI respectively for the Jong-Asker and Kredittkassen case 
studies. The results for the latter case study show a higher number of 
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back-calculated
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overestimation rate 14 %

error rate 0 %
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accuracy 76 %
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Fig. 13. Jong-Asker case study. The performance analysis has been carried out comparing the damages classes predicted considering the coupled analysis (a, c) and 
just the impact (b, d). The prediction accuracy index (PAI), as defined by Schuster et al. (2009) (a, b), and the contingency matrix (c, d) have been evaluated. 

Table 7 
Jong-Asker case study. Performance indicators considering the coupled analysis 
and just the impact.   

Impact and vulnerability Impact 

accuracy 86% 76% 
overestimation rate 14% 24% 
error rate 0% 0% 
underestimation 3% 0%  
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overestimated buildings. The contingency tables (or contingency 
matrices) and indicator values are respectively provided in Fig. 13c and 
Table 7 for the Jong-Asker case study and in Fig. 14c and Table 8 for 
Kredittkassen. The Jong-Asker case study has a high accuracy (86%) 
with an overestimation rate of 14%. Four out of 29 buildings were 
overestimated by two damage classes (Fig. 13a, c). The underestimation 
rate is 3% because one building was underestimated by one damage 
class (D3 instead of D4/D5). The Kredittkassen results show a lower 
accuracy (70%) and a higher overestimation rate (30%) compared to 
Jong-Asker. Nine out of 33 buildings were overestimated by two damage 
classes and one building by three classes (Fig. 14a, c). The error rate and 
the underestimation rate are both 0% (Fig. 14c). The two case studies 
show a relatively high accuracy, and a low or null underestimation rate. 
It is important to underline that none of the case studies showed errors 
(defined as underestimation of 2 or more damage classes). However, 
Kredittkassen showed a quite high overestimation rate (30%): D3 was 
predicted for nine buildings instead of D0/D1 (Fig. 14a). This result 
could be refined if more information about the building type of structure 
were gathered. In this way, the vulnerability model could be improved, 
probably leading to lower damage classes for some of the buildings. It is 
also important to mention that the long-term settlements were calcu
lated considering full primary consolidation and this also may lead to an 
overestimation of the impact classes for buildings. One option to resolve 
this issue is to implement the U-T curve of Terzaghi and to evaluate the 
degree of consolidation at a time step that represents the period the 

excavation remained open. Moreover, the maximum vertical displace
ment of a building is used as the metric to define the buildings impact 
classes (see Section 3). This displacement parameter cannot be related to 
building deformations (i.e. strains) and thus likely overestimates the 
damage class. Further improvement of the proposed method is also 
envisioned when the predictions can be directly related to observed 
damage based on building inspections. 

To evaluate the importance of considering the vulnerability of 
buildings in the damage assessment, the predicted damage classes ob
tained considering just the impact model were compared with the 
coupled analysis that considers both impact and vulnerability. Figs. 13 
and 14 respectively show the detailed results of the performance anal
ysis for Jong-Asker and Kredittkassen case studies. Tables 7 and 8 
summarize the indicators values. One can observe that the model 
considering just the impact has lower accuracy and higher over
estimation rate for both case studies. For Kredittkassen, the over
estimation rate considering solely the impact is very high (88%), since 
29 out of 33 buildings are overpredicted of more than two damage 
classes (Fig. 14d). This is in line with the discussion above on the 
calculation of the long-term settlements and impact classes. 

6. Conclusions 

An original methodology for the assessment of building damage due 
to excavation-induced displacements was described. Both the impact (i. 
e. short- and long-term displacements caused by the excavation) and the 
vulnerability of the neighbouring buildings are considered in the GIBV 
damage assessment method. Considering the long-term settlement and 
vulnerability of the buildings in the damage assessment is an innovative 
aspect of the methodology. The comparative analyses carried out for two 
case studies showed that coupling the impact analysis with vulnerability 
assessment increases the accuracy of the damage class predictions. A 
model that is exclusively based on the impact evaluation, which applies 
the greenfield displacements to the buildings and neglects the soil- 
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accuracy 70 %
overestimation rate 30 %

error rate 0 %
underestimation 0 %

accuracy 12 %
overestimation rate 88 %

error rate 0 %
underestimation 0 %

Fig. 14. Kredittkassen case study. The performance analysis has been carried out comparing the damages classes predicted considering the coupled analysis (a, c) and 
just the impact (b, d). The prediction accuracy index (PAI), as defined by Schuster et al. (2009) (a, b), and the contingency matrix (c, d) have been evaluated. 

Table 8 
Kredittkassen case study. Performance indicators considering the coupled 
analysis and just the impact.   

Impact and vulnerability Impact 

accuracy 70% 12% 
overestimation rate 30% 88% 
error rate 0% 0% 
underestimation 0% 0%  
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structure interaction, will lead to overestimation of the buildings dam
age classes. On the other hand, in excavations producing high porewater 
pressure reduction, neglecting the long-term consolidation processes 
will lead to an underestimation of the impact. 

The GIBV method was implemented in ArcGIS software using Python 
scripts, providing a user-friendly tool for preliminary evaluation of 
buildings prone to damages due to excavation-induced displacements. 
The GIS environment enables conducting a rapid assessment for a 
considerable number of buildings, which is particularly crucial for pre- 
construction damage assessment of infrastructure projects in urban 
settings. The application of the tool was demonstrated for two excava
tions in different urban contexts. The performance analysis showed 
relatively good accuracy for both case studies. The tool is modular, long- 
term displacements and vulnerability analyses can be neglected for lack 
of information, or if not relevant. 

The empirical curves currently implemented into the impact analysis 
are a simple way to estimate the expected settlements as a function of 
geometric distance from an excavation. On the other hand, these curves 
are representative of a specific type of excavation and soil (i.e., Nor
wegian clay). The short-term analysis considers empirical curves 
representative of internally braced excavations supported by sheet pile 
walls, with different factor of safety and wall depths. The long-term 
analysis is based on measured observations of pore water pressure 
reduction in different excavation projects in Norway. Both for the short- 
term and long-term analysis, the empirical curves can be adjusted/ 
substitued to represent other ground conditions. The vulnerability 
assessment is based on six parameters. The weights assigned to them can 
be changed accordingly to the reliability of the information at hand. 

Currently, the GIBV method is based on the computation of 
maximum settlements and slope values respectively for the corner points 
and walls of buildings. The methodology can be further developed 
implementing new relations for different retaining structures and type of 
soils in the impact analysis, considering a more quantitative soil- 
structure interaction, evaluating settlements at different degrees of 
consolidations and quantifying the uncertainties on the geotechnical 
parameters. Moreover, a natural progression of this work would be to 
obtain more direct data on building damage caused by excavation 
works. Such future data could be used to better compare predicted and 
observed building damage and could be used for refining the calibration 
of the GIBV method. Deformation parameters other than the maximum 
settlement and slope (i.e., deflection ratio, the angular distortion and the 
horizontal strain) are currently under consideration for damage 
assessment. 
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