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ABSTRACT 
 
The construction of underground structures in Lisbon’s downtown, alongside with the consolidation of 

the soil, contributes to the ground’s vertical movement which may induce damage to masonry buildings, 

known as Pombalino buildings. 

Based on vertical movements measured in Lisbon’s downtown along 7 years, two settlements’ profiles 

and two settlements’ rate were identified. 

This paper studies the effect of ground vertical movement on the seismic capacity and seismic 

performance of Pombalino buildings.  

The numerical simulations were performed using 3MURI/TREMURI, which can simulate the nonlinear 

behaviour of the masonry structural elements.  

The seismic capacity of the Pombalino structure was analysed by means of a nonlinear static analysis 

which has shown that damages induced by settlements can reduce significantly the seismic 

performance. The building´s level of damage, when subjected to two combinations of settlement’s 

profiles, was analysed at a global level by mean of the capacity curves and at a local level, using the 

parameter drift. 

Finally, the seismic performance was evaluated using the N2 method, proposed in Eurocode 8. It is 

shown that the building does not meet safety requirements of the Eurocode 8. The results obtained put 

in evidence the higher vulnerability of the Pombalino buildings that are subjected to differential 

settlement prior to the seismic action. 

 

Keywords: Pombalino buildings; Settlements; Drift; Damage Analyses; Nonlinear static analyses; 

Seismic performance; 3MURI/TREMURI 

 

1.  Characterization of Lisbon’s 
downtown ground movement 
 

1.1.  Geological and geotechnical 
conditions 
Baixa Pombalina is limited to the north by D. 
Pedro IV square and to the South by the Tagus 
River. To East and West, it is limited 
respectively by the Castle of S. Jorge and 
Carmo Hills, forming a valley where once stood 
a stele of the Tagus River. 
 
Baixa Pombalina’s ground can be divided in 
three layers being, from the oldest to the most 
recent: Miocene, alluvial deposits and clay-
sand landfill. 
 

A large number of underground constructions 
that has been developing in Lisbon, has 
contributed to the vertical movement of Lisbon’s 
downtown’s ground. The buildings’ occupation 
on the upstream river’s area caused surface 
sealing and has reduced the water infiltration in 
this area, causing a debt in the water reaching 
the aquifers and, consequently, the lowering of 
the water tables.  
 
Simultaneously, excavations associated with 
the underground construction of cellars and 
tunnels can cause variations on the ground 
water level and decompression in the 
surrounding soil, triggering soil’s vertical 
movements. 
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1.2.  Vertical movement of Lisbon’s 
downtown 
Figure 1 shows the Lisbon’s downtown’s 
settlements isoline map measured by levelling 
rulers and surface marks from 2004 to 2010 [1]. 
Two areas with singular behaviours were identified 
(Figure 1), mark M53 and M41.  

 

 
Figure 1 - Settlement’s isoline 

 
Four settlements’ profiles were set, where two 
trends were observed: curved and linear profiles 
(Figure 2). 
Then, using the values obtained with the 
levelling rulers and surface marks, two series of 
settlement rates were identified (Figure 3). 
Series A shows a stable behaviour and rate B 
shows an increasing trend. The latter was 
chosen to determine the vertical ground 
movement for dates greater than the ones in the 
study (>2010). 

 

 
Figure 2 - Selected profile 

 

 
Figure 3 - Settlements’ rate 

 

2.  Damage assessment due to 
vertical ground movements 
In recent decades, underground construction 
has been increasing on major cities inducing 
vertical ground movements which leads to 
damages in the buildings nearby. This paper 
focus on three approaches to perform a 
damage assessment on a Pombalino building 
subjected to settlement described in the 
following sub-sections. 

 

2.1.  LSTM method 
The LSTM method is used to predict damage in 
buildings due to settlements. It has six levels of 
damage (D), based on the easiness of repair 
and damage width. D0 to D2 corresponds to 
architectural damage, D3 and D4 to functional 
damages and D5  and D6 to structural damages 
[2]. 
This method cannot be applied directly, 
because it is not possible to obtain crack 
opening on the numerical program used 
(TREMURI). 

 

2.2.  Global damage  
At a global level, the definition of the different 
levels of damage is set on the structure’s 
capacity curve. Table 1 presents the five 
displacement that limits each level of global 
damage (GDi) and the correspondence with 
LSTM method. Figure 4 shows an example of a 
capacity curve with the defined global 

damages. 
 

Table 1 - Proposed relationship for global 
damage levels  

d Definition GDi LSTM 

𝒅𝒇 Cracking displacement GD2 D0,D2 

𝒅𝒚 Yielding displacement GD2 D2 

𝒅𝑺𝑫 
Displacement at 

“Significant Damage” LS 
GD3 D3 

𝒅𝒖 
Displacement at 

“Near collapse” LS 
GD4 D4 

𝒅𝒄 
Displacement at 

collapse 
GD5 D5 

 

2.3.  Local damage  
At a local scale, the definition of the different 
levels of damage of the masonry walls is 
performed by means of the parameter drift of 
the structural elements (piers and spandrels) of 
the building. This parameter corresponds to the 
relative displacement between adjacent nodes 
on a structural element. Table 2 summarizes 
the five values of drift 𝜹𝒊 that limits each level of 
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damage (wall damage - WDi) and the 
equivalent grade of the LSTM method. 
 
The values for each damage level were taken 
from two studies ( [3], [4]) and from the values 
recommend in EC8-3 [5]. According to the 
latter, the safety verification for the structural 
elements is verified when the parameter drift  
does not reach 𝛿𝑆𝐷.Table 3 summarizes the 
values for each limit state ( [4], [5]) 
 

 
Figure 4 - Global damage (GD) on the 

structure’s capacity curve 

 
Table 2 - Proposed relationship for drift limit 

states  

𝜹 Definition WDi LSTM 

𝜹𝒇 
Drift at the onset of 

cracking 
WD1 D0,D2 

𝜹𝒚 Drift at yield WD2 D2 

𝜹𝑺𝑫 
Drift for “Significant 
Damage” limit state 

WD3 D3 

𝜹𝒖 
Drift for 

“Near collapse” limit 
state 

WD4 D4 

𝜹𝒄 Drift at collapse WD5 D5 

 
Table 3 - Limit values for each drift limit 

𝜹 Value 

𝜹𝒇 0,05% 

𝜹𝒚 Shear = 1/4 ∙ 𝛿𝑢      Flexure = 1/6,5 ∙ 𝛿𝑢 

𝜹𝑺𝑫 3/4 ∙ 𝛿𝑢 

𝜹𝒖 Shear = 0,6%      Flexure = 1,15% 

𝜹𝒄 1,15 ∙ 𝛿𝑢 

 

2.4.  Ultimate displacement  
For the safety verification of buildings, EC8-3 
proposes three limit states in function of the 
level of damage in the structure: damage 
limitation (DL), significant damage (SD) and 
near collapse (NC). Once the case study is an 
existing residential masonry structure, the 

safety verification should be made for the 
significant damage (SD). 
 
In order to determine the ultimate displacement 
two different criteria were set. Criterion 1 
corresponds to the method proposed on EC8-3 
where ultimate displacement is attained directly 
from the structure’s capacity curve in terms of 
the decay fraction of the maximum overall base 
shear. According to this criterion, the ultimate 
displacement corresponds to the point where 
total maximum shear force shows a decay of 
20%. The displacement for the significant 
damage limit state can be obtained by 
multiplying ultimate displacement by ¾. 
Criterion 2 is based on a structural element 
approach where it was assumed that the 
attainment of a certain damage level in the 
building corresponds to the step in which the 
first critical structural vertical element reaches 
the same damage level ( [6], [7]). 
 
The use of criterion 1 can be unreliable for 
buildings with flexible floors, such as the case 
study, since some structural elements can 
reach one limit state without being noticed on 
the capacity curve. In contrast, Criterion 2 can 
be quite conservative since the damage in the 
structural elements may not influence the global 
capacity curve nor the structural safety of the 
building. Nevertheless, the ultimate 
displacement, and thus the displacement for 
the significant damage, to be used in this study, 
is the smaller value obtained between the two 
criteria.  

 
 

3.  Case study 
 

3.1.  Introduction 
The building under analysis is a four-storey 
masonry structure representative of a Pombalino 
building with a height of 15m and an implantation 
area of 18x11m2. On the ground floor, the interior 
walls are made of brick masonry while in the 
upper floors the interior walls are frontal walls. The 
exterior walls of the structure are made of rubble 
stone masonry with air lime mortar and the 
pavements are made of wooden beams 
supported on the main and back façade. Figure 
5(a) allows to identify the building’s interior walls 
of the upper floors (frontal walls). 

 

3.2.  Structural model 
The structure was modelled with adjacent 
buildings, which is the representative situation 
of Lisbon’s Downtown. However, only the 
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response of the middle building is studied 
(Figure 5(b)). 
 
The building was modelled in TREMURI 
program based on the non-linear equivalent 
frame method, where each wall is subdivided in 
macro elements – piers (vertical elements) and 
spandrels (horizontal elements) - connected by 
rigid nodes [7]. Figure 6 depicts the location of 
the macro elements on the exterior walls of the 
building. 

 

 
(a) 

 
(b) 

Figure 5 - (a) 3D representation of the building 
under analysis with the representation of the 

interior walls; (b) representation of the building 
under analysis (orange) in a block  

 
Front façade Back façade 

  
Gable walls 

  
Figure 6 - Front façade, back façade and gable 
walls macro-elements’ representation (piers in 

red, spandrels in green and rigid nodes in 
blue). 

 

3.3.  Settlements’ configuration 
Two settlement configurations were imposed to 
the case study: 

i) Longitudinal configuration (L) – 
differential settlement occurs in the 
front and back façades; 

ii) Transversal configuration (T) – 
differential settlement occurs in the 
gable walls. 

 
The two types of settlements are represented in 
Figure 7. In total there are four settlements’ 
cases under analysis: longitudinal configuration 
with curved (L_curved) and linear profile 
(L_linear) and transversal configuration with 
curved (T_curved) and linear profile (T_linear). 

 
Longitudinal configuration 

 
Transversal configuration 

 
Figure 7 - Displacement configuration of the 

building 

 
According with the study shown in Section 2, 
the maximum settlement’s amplitude was 
extrapolated for the year 2020 corresponding to 
an angular distortion of 1/510. Therefore, and 
considering the plan dimensions of the building, 
the maximum settlement applied was 34 mm 
and 20 mm for longitudinal configuration and 
transversal configuration respectively. 

 
 

4.  Results 
 

4.1.  Damage assessment due to 
settlements. 
In order to identify the settlements’ profile 
(curved or linear) for both settlements’ 
configuration (longitudinal or transversal) that 
causes more damage to the building, the 
evolution of parameter drift (𝛿) on the exterior 
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walls’ structural elements was analysed. All the 
combination of analyses were performed [8], 
but only the results for the worst case are 
presented (Figure 8 and Figure 9).  
For longitudinal configuration and for the same 
value of angular distortion it was stated that the 
spandrels from both façades exhibit higher 
damage for L_curved than for L_linear. This 
happens due to the higher differential 
settlement induced by the curved profile. 
L_curved also shows some spandrels 
collapsed since its drift exceed  
𝛿𝑆𝐷. The results obtained for the building’s piers 
are very similar for both profiles. 
 

 
(a) 

 
(b) 

Figure 8 - Evolution of drift in the spandrels of 
back façade for longitudinal configuration with 

(a) curved profile and (b) linear profile 

 
For transversal configuration, the gable walls’ 
piers present roughly the same maximum drift 
for both profiles, but it is seen that the pier on 
the first floor shows a singular behaviour and 
starts deforming earlier in T_linear than in 
T_curved (Figure 9). For T_linear the façades’ 
spandrel also show more damage than for 
T_curved. 

 
Even though the building’s structural elements 
present damage, none of the above 
settlements’ configuration with an angular 
distortion of 1/510 leads to the collapse of the 
structure. However, the back-façade’s 
spandrels from the building subjected to 
L_curved reached the significant damage limit 
state’s drift. 

 
 

 
(a) 

 
(b) 

Figure 9 - Evolution of drift in the piers of gable 
walls for transversal configuration with (a) 

curved profile and (b) linear profile 
 
In conclusion, in the further, the configurations 
L_curved and T_linear were adopted, because 
they correspond to the most demanding 

settlements’ configurations. 
 

4.2.  Seismic capacity evaluation  
After selecting the most conditioning 
settlements’ configurations for the building, 
pushover analyses were performed in order to 
obtain the structure’s capacity curves. These 
curves were obtained for the façade’s direction 
(X) and for gable walls’ direction (Y), for both 
ways (positive and negative) and for two types 
of load distribution: proportional to mass 
(uniform) and proportional to mass x height  
(pseudo-triangular). Table 4 summarizes the 8 
pushover analyses realized for each situation. 
 
For the three analysed situations (initial stage, 
L_curved and T_linear), the X direction has 
higher stiffness and strength than the Y 
direction. This difference is justified by the 
presence of adjacent buildings in the X direction 
that increase stiffness in this direction and allow 
a better distribution of nonlinear behaviour. 
 
In X direction the capacity curves are 
characterized by a quick increasing on the base 
shear till reaching the maximum base shear 
and then a progressive reduction which 
evidences the structure’s capacity on stresses 
redistribution. In Y direction, an abrupt 
decrease in base shear force is observed which 
suggests a brittle behaviour, associated to an 
abrupt collapse of the gable walls. 
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Table 4 - Combinations simulated using  

pushover analysis 

X direction 

Uniform Pseudo triangular 
X,U,+ X,U,- X,T,+ X,T,- 

Y direction 

Uniform Pseudo triangular 
Y,U,+ Y,U,- Y,T,+ Y,T,- 

 
 
Through the analyse on the capacity curve’s 
main characteristics such as strength 
(maximum base shear), stiffness, and ultimate 
displacement, the most demanding pushover 
analyses were defined for each direction of 
each studied situation. 
 
For L_curved, the analyses performed in the 
negative X direction (see Figure 5) are more 
demanding as structural elements that resists 
the most in this direction are already damaged 
due to settlements’ effect. The curve (X,T,-) 
shows lower values of maximum strength and 
rigidity, although it is the curve with the highest 
ultimate displacement value (determined only in 
accordance with the proposed in EC8-3). For Y 
direction, the most demanding curve is (Y,T,+) 
for showing smaller maximum shear base. 
values. 

 
 
For T_linear, the curves attained in the X 
direction shows similar values, except the curve 
(X,T,-) which appears as the most demanding 
curve. For Y direction, the curves attained for 
the positive direction present lower values of 
maximum base shear and stiffness. This 
situation is again explained by the fact that the 
seismic analysis is carried out in the opposite 
direction of the settlement’s imposition. For this 
direction, the analysis (Y,T,+) was again 
considered as the most demanding. 
 
After the identification of the most demanding 
analysis the ultimate displacement was 
determined considering the proposal defined in 
2.4. For both directions of the building without 
settlement, ultimate displacement was 
obtained, where the Criterion 1 lead to the 
smallest value of ultimate displacement 
(defined in EC8-3). However, for L_curved X’s 
direction, one pier on a building’s interior wall 
(Figure 11-(a)) has collapsed before the 
reduction of maximum base shear by 20%, 
showing that criterion 2 is more demanding for 
this type of initial settlement configuration. On 
the other hand, for Y direction, no collapse of 
any critical element was observed until a 
reduction of 20% of shear force was observed. 
The same has happened for T_linear X’s 

Initial stage L_curved T_linear 

   

 

   

 
(a) (b) (c) 

Figure 10 - Capacity curves for X and Y direction and for all the studied situations 
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direction where Criterion 1 was found to be 
more demanding, while for Y direction, criterion 
2 was the most demanding since it was 
observed the collapse of a pier’s interior wall 
(Figure 11(b)) before the step corresponding to 
the reduction of the maximum base shear by 
20%. Figure 12 compares ultimate 
displacement obtained considering only 
criterion 1 and the methodology proposed, 
which take into account both criteria. 
 

  
(a) (b) 

Figure 11 - Piers’ collapsed for (a) L_curved ( 
X,T,-) (b) T_linear (Y,T,+) 

 

 
Figure 12 - Comparison of ultimate 

displacement obtained only through Criterion 1 
and through both criteria 

 

4.3.  Damage evaluation and 
classification 
To perform the evaluation of damage, the 
displacements corresponding to each global 
damage (see Table 1) were determined using 
the global analysis approach proposed in 
section 2.2.  (Table 5).   
 

For the analyses in the X direction, the 
longitudinal configuration is identified as the 
most demanding one since it reaches severe 
damage limit state’s displacement (dSD), and 
consequently the global damage level GD4, 
much earlier and for lower values of base shear 
than the other situations. However, for the Y 

direction, the transversal configuration is 
identified as the most demanding one since it 
reaches dSD and, consequently, the DG4 level, 
earlier and for lower values of base shear. 
 

Table 5 - Displacement [m] corresponding to 
each global damage  for the three studied 

situations. 
 Initial stage L_curved T_linear 

 (X,T,-) 

dcr 0,007 0,010 0,010 

dy 0,015 0,020 0,019 

dSD 0,038 0,028 0,045 

du 0,051 0,037 0,060 

dc - - - 

 (Y,T,+) 

dcr 0,005 0,004 - 

dy 0,011 0,009 - 

dSD 0,013 0,022 0,010 

du 0,017 0,029 0,013 

dc - 0,032 0,033 

 
Next, the evolution of drift for exterior walls’ 
structural elements was analysed considering 
the global damage’s levels (Figure 13). Only 
these walls were analysed because they 
contribute more to the seismic capacity of the 
structure. Once again, only the most 
demanding analyses are shown but a full 
analyse was performed [8].  
 
The analyses carried out for the X direction 
showed that, for the three studied situations, 
the back façade presents more damaged 
elements than the main façade. This happens 
due to the existence of smaller openings in the 
back façade which makes the wall stiffer than 
the main façade and subject to higher inertia 
values in the occurrence of an earthquake 
(even for the building with flexible, upper 
wooden floors). On the other hand, the smaller 
openings cause piers to have smaller H /L ratios 
and, consequently, damage is mainly 
conditioned by shear.  
 
At the end of the settlement’s imposition, the 
back-façade’s piers of L_curved and T_linear 
configuration present very slight damages 
(WD1). However, the gable wall’s piers for 
T_linear present WD2, which demonstrates the 
influence of T_linear settlement on the walls of 
the gable walls. On the other hand, on 
spandrels, severe damages (WD4) are 
observed for the L_curved and only slight 
damage (WD2) to the T_linear, evidencing the 
influence of the L_curved configuration on the 
façade walls. 
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Comparing the spandrel’s damage occurred for 
both settlement configurations, greater 
damages are observed for L_curved 
configuration up to the limit of DG2, which 
emphasize the damage caused by this 
settlement’s configuration on the structure’s  
spandrels. From DG3, the damage on the 
spandrels for both configurations reaches WD5 
  
Comparing the gable walls’ damage, it is 
observed that piers in T_linear are subjected to 
drift’s higher value. However, in T_linear these 
structural elements are behaving in flexure 
while in L_curved are behaving in shear. 
 

4.4.  Evaluation of the seismic 
performance - N2 Method 
The seismic performance’s evaluation was 
performed according to the method proposed in 
EC8-1 - N2 method. This method defines the 
structure’s target displacement (dt) through the 
intersection of the capacity curve of a single 
degree of freedom system with the response 
spectrum of the seismic action in the 
acceleration-displacement format. Then, the 
ratio between the ultimate displacement and 
the target displacement is analysed, and if this 
ratio is bigger than 1 it means the structure 
verify the safety for the seismic action.  
 

This evaluation was performed for the building’s 
initial stage (without settlements) and for both 
configurations of settlements: L_curved and 
T_linear. 
 

Figure 14 plots the ratio between the ultimate 
displacement for the significant damage limit 
state and the target displacement. The target 
displacement was obtained for the earthquake 
type 1 (far-field action) given that this type is 
more demanding for the case study than the 
earthquake type 2 (near-field action). The 
displacement for the significant damage limit 
state was obtained from the most demanding 
analyses and using both criteria. 
 

 
Figure 14 - Ratio dSD/dt using both criterion 

 
Even though the previous conclusions point to 
a decrease of the seismic capacity of the 
building due to the settlements’ effect, the ratio 
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Figure 13 - Drift’s evolution for back façade: (a) L_curved & (b) T_linear and for gable walls: (c) 
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attained using criteria 1 leads to incorrect 
values, where the effect of the settlement 
increases the seismic performance. In contrast, 
considering both criteria, the seismic 
performance decreases exponentially for the 
L_curved situation in the X direction and for the 
T_linear situation in the Y direction, when 
compared to the initial stage of the building. 
This happens because in this settlement’s 
configurations the resistant walls in each 
direction suffers a differential settlement.  
 
In addition, the seismic performance in the Y 
direction is far more demanding when 
compared to the X direction. 
 
Then, the final global damage level is defined 
for the three studied situations, subject to the 
seismic demanding action (earthquake type 1) 
(EC8-3). For each direction, the proposed 
global damage level is defined, and the final 
level’s damage of the structure will be the 
highest of the levels reached in each direction 
(Table 6) 
 

Table 6 - Final global damage 

  
dt 

[m] 
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GD 
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5.  Conclusions 
Based on Lisbon’s downtown settlements 
measurements, two settlement profiles and two 
settlement rates were identified. From mark 
M53 rate obtained for seven years, the vertical 
ground movements for year 2020 were 
extrapolated. 
 
The case studied considered in this paper is a 
Pombalino building, taking into account the 
block effect by including the surround buildings. 
 
The effect of different types of settlements 
(longitudinal and transverse configurations with 

linear and curved profiles) was analysed and it 
has been found that: (i) only the longitudinal 
configuration shows significant damage to the 
spandrels of the structure; (ii) none of the 
settlement’s’ types considered causes the 
collapse of the structure; and (iii) the curved 
profile is more constraining for the longitudinal 
configuration while the linear profile has been 
shown to be more constraining for the 
transversal configuration. 
 

The capacity curves of the building were 
obtained for the initial stage and for the most 
demanding settlement configurations from 
nonlinear static analysis. The analyses 
performed in the façade’s direction (X direction) 
have achieved higher stiffness and strength. 
The analyses performed in the gable walls’ 
direction (Y direction) shows brittle collapse 
mechanisms. In most cases, the analyses 
performed pseudo triangular load case were 
more demanding. 
 
A reduction of the structure’s resistant capacity 
when the building has been subject to 
settlements was observed. This highlight the 
importance of considering previous damages 
that the structure may have suffered when 
performing a seismic capacity analysis. 
 
The final displacement of the building was 
determined according to the proposal method 
herein presented (see section 2. ). The results 
obtained for the case study, with (flexible) 
wooden floors, allow to conclude that the 
method proposed in EC8-3 to determine the 
ultimate displacement (corresponding to 
Criterion 1) is not adequate and may not be 
representative of the overall behaviour of the 
structure. 
 
From the damage evaluation, it was observed 
that the settlement’s imposition on the structure 
leads to more damage on the structural 
elements when compared to the initial situation, 
(building without settlement). This study also 
showed that configuration L_curved is the most 
demanding settlement’s configuration since 
until the last level of global damage (GDi), 
presents structural elements suffering higher 
wall damage (WDi) when compared with the 
T_linear configuration. 
 
The seismic performance of the building was 
analysed through N2 method. The building’s 
safety verification was not satisfied for the three 
situations in study and earthquake type 1 is 
more demanding that earthquake type 2. 
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However, using only the criteria proposed in 
EC8-3, the results show an increase of the 
seismic performance for the building subjected 
to settlement when compared to the initial 
stage. When using both criteria, it was verified 
that longitudinal configuration has the worst 
seismic performance for analysis in the X 
direction and transversal configuration has the 
worst seismic performance for analysis in the Y 
direction, when compared to the other studied 
situations. This demonstrates that the 
settlement turns the building more vulnerable to 
seismic activity and that using only the 
reduction of resistance to identify ultimate 
displacement is not reliable on Pombalino 
buildings.  
 
In all situations, the structure reached GD5 
(extremely severe) but only when the 
longitudinal settlement configuration is 
adopted, GD5 is reaching for both directions. 
Thus, the longitudinal settlement configuration 
is the most critical settlements configuration. 
 
It is important to emphasise that during the 
occurrence of an earthquake, the amplitude of 
the settlements identified in Baixa Pombalina 
can be aggravated due to the conditions of the 
foundations of these buildings which can 
decrease even more the seismic capacity and 
performance. 
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