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Abstract. Since the 1990s, the recordings of ambient vibrations in structures have gained in-

terest in the civil engineering community due to technological improvements of portable sen-

sors, allowing the recordings of small amplitude vibrations, and the possibility of processing 

a large amount of data even in real time. Many applications, based on the analysis of seismic 

noise, exist in the literature for checking the serviceability limit state of existing construction 

in the case of earthquakes. These applications can be extended to the case of occurrence of 

induced and triggered seismicity and its potential impact on the built environment. The latter 

impact has heightened both public concern and regulatory scrutiny, emphasizing the need for 

an integrated risk management framework. Considering the case of induced seismicity, the 

vulnerability assessment requires the expected damage to refer to non-structural components. 

In this study, some historical masonry buildings located in Alsace France are considered and 

the dynamic characteristics of these structures were estimated by the analysis of seismic noise 

recordings by sensors installed at each floor of the buildings under study. The estimated dy-

namic properties for small amplitude vibrations of these historical structures were used to 

derive simplified vulnerability models. Moreover, the Eurocode 8 defines the interstory drift 

limit of a building for non-structural damage, by looking at its displacement-sensitive non-

structural components at the serviceability limit state. Therefore, by adopting these limits and 

the developed simplified vulnerability models, new fragility curves for typical historical ma-

sonry building types dominant in the region under study are proposed.  The fragility curves 

have been calculated using incremental dynamic analysis for the seismic demands generally 

imposed upon linear and slightly non-linear models of single and multiple degrees of freedom, 

which is the case for the effects of induced seismicity. These results will prove useful for both 

local end-users and industrial stakeholders, with a clear perspective for a better understand-

ing of the risk related to induced and triggered seismicity and its sound management. 



Konstantinos G. Megalooikonomou 

1 INTRODUCTION 

Since the 1990s, the recordings of ambient vibrations in structures have gained interest in 

the civil engineering community due to technological improvements of portable sensors, al-

lowing the recordings of small amplitude vibrations, and the possibility of processing a large 

amount of data even in real time. Many applications, based on the analysis of seismic noise, 

exist in the literature for checking the serviceability limit state of existing construction in the 

case of earthquakes. These applications can be extended to the case of occurrence of induced 

and triggered seismicity and its potential impact on the built environment. The latter impact 

has heightened both public concern and regulatory scrutiny, emphasizing the need for an inte-

grated risk management framework. Considering the case of induced seismicity, the vulnera-

bility assessment requires the expected damage to refer to non-structural components. 

The ultimate goal of seismic design of a structure is to prevent structural collapse and hu-

man losses in case of an earthquake event. Over time, advances in earthquake engineering 

have led to a wide range of methodologies for earthquake resistant structural design. As a re-

sult, structures built with current methods are generally able to resist expected seismic activity 

and preserve their structural integrity. However, although a building remains structurally 

sound, it can be rendered unusable due to damage to its non-structural components. Addition-

ally, the majority of the value of some specific buildings lies in their non-structural compo-

nents. For instance, it has been shown that non-structural components account for 82%, 87% 

and 92% of building costs for offices, hotels and hospital buildings, respectively [1]. There-

fore, building owners may still be burdened with high expenses due to the need to repair and 

replace non-structural components, despite applying the current seismic design standards. 

The Eurocode 8 (Cl.4.4.3.2) [2] defines the maximum interstory drift (IDR) limit of a 

building for non-structural damage of its displacement-sensitive non-structural components 

for the serviceability limit state. The latter relates to structural performance for normal service 

conditions, under which the function of a building, its appearance, maintainability, durability 

and comfort for its occupants must be preserved. In that case, the IDR obtained from elastic 

analyses should be limited to the following values, set as a function of the non-structural ty-

pology/detailing and represented by θns, which is the limiting story drift ratio, equal to the rel-

ative inter-story displacement divided by the story height: 

• for buildings having non-structural components fixed in a way so as not to interfere with 

structural deformations: θns ≤ 1.0%; 

• for buildings having ductile non-structural components: θns ≤ 0.75%; 

• for buildings having non-structural components, realized with brittle materials, attached 

to the structure: θns ≤ 0.5%. 

It is not clear from the above definitions in Eurocode 8 how ductile non-structural compo-

nents are distinguished from the other mentioned types. In addition, a minimum required duc-

tility capacity is not provided in these guidelines. Moreover, the drift limit of 1.0% for non-

structural components fixed in a way not to interfere with structural deformations appears to 

be very high for masonry structures and there are not clear indications of how it is set to this 

value also for this case. However, the above criteria provide a test-bed for drift sensitive non-

structural damage to be considered as damage thresholds in the analytical definition of fragili-

ty curves. 

In this paper the focus will be on the rapid and efficient modeling of an urban area from the 

vulnerability point of view (considering only the possible damage to non-structural compo-

nents), which is the key component for the efficient and reliable implementation of risk moni-

toring applications. 
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2 CASE STUDIES 

In this study, some historical masonry buildings located in Alsace France are considered 

and the dynamic characteristics of these structures were estimated by the analysis of seismic 

noise recordings by sensors installed at each floor of the buildings under study (Fig. 1). 

In the considered test site, the analysis of the collected exposure information indicates that 

traditional or historical masonry structures occur in large numbers near in the mostly rural ar-

eas close to the geothermal platforms in Alsace region in France [3]. Two general classes of 

structures, namely unreinforced masonry (URM) and timber-framed masonry (TFM) build-

ings have been considered, and the simple performance assessment models ([4], [5]) have 

been adopted in order to carry out a preliminary vulnerability assessment for these classes of 

structures. The objective is to rapidly identify buildings and their non-structural components 

that are at greater risk in the event of an induced earthquake, and to model their non-structural 

fragility.  

The vulnerability modelling focused on buildings constructed of masonry, which may be 

more susceptible to the range of ground motion expected in the event of induced seismicity in 

the area. The measurements have been carried out using the MPwise (Multi-Parameter Wire-

less Sensing System) smart device [6], which has been designed to carry out rapid measure-

ment activities by exploiting the computing and advanced networking capacities embedded in 

individual units. Based on measurements of environmental seismic noise, the fundamental 

frequency of vibration of the inspected buildings has been estimated and used to calibrate the 

respective fragility curves. 

In collaboration with GFZ and ES-Géothermie a three-day acquisition campaign was orga-

nized which involved the installation of four sets of sensors in private houses located in vil-

lages located around the Soultz and Rittershoffen geothermal sites. The fundamental period of 

these structures was verified by analyzing the ambient noise measured using the MPwise sen-

sors [6], with one sensor installed outside of the buildings, and the three others installed on 

each floor of the houses (basement, ground floor and first floor). The sensors were installed to 

record the ambient noise and to draw a vulnerability mode that allows the issuing of damage 

forecasts (Table 1, [7]). Finally, the main geometry required as input for the simplified vul-

nerability models was taken through field inspection of these buildings.  

 

No 

 

Building 

Type 

Building 

Latitude 

Building 

Longitude 

Fundamental 

ESDOF Model 

Period (s) 

Fundamen-

tal Frequen-

cy Sensor 

(Hz) 

1 URM 48.964946 7.881095 0.17 5.5 

2 URM 48.902075 7.874917 0.37 2.7 

3 URM 48.905270 7.950266 0.11 9 

4 TFM 48.914307 7.882233 0.15 6.7 

5 URM 48.932865 7.874377 0.32 3.1 

Table 1: Real URM and TFM buildings located near the geothermal platforms in Alsace region in France [7]. 
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Figure 1: a) Example of timber-framed masonry building b) Measurements of the fundamental frequency of vi-

bration estimated from the spectral analysis of environmental seismic noise. c) Installation of MPwise floor sen-

sor 

3 VALIDATION OF THE NUMERICAL MODEL 

The estimated dynamic properties for small amplitude vibrations of these historical struc-

tures were used to derive simplified vulnerability models. 

While steel or concrete frames are mostly lumped systems with stiff diaphragms, URM 

buildings have distributed mass and stiffness commonly in combination with flexible dia-

phragms. This fact obstructs the adoption of the established methodologies to URM buildings. 

Specifically, the fundamental mode shape of the latter buildings involves a low percentage of 

the total mass of the building below the 75% limit required for the good performance of 

ESDOF-based methods. In order to solve this issue, the simplified procedure of Vamvatsikos 

et al. (2015) [4] was adopted. In their procedure the dynamic URM building response is repre-

a) b) 

c) 
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sented. Global response indices are transformed to local deformation measures in closed-form 

seismic assessment solution both for demand and supply in the critical structural locations. 

The solution involves the definition of the fundamental vibration mode, approximated by 3D 

shape function consistent with the building’s boundary conditions. Strength and deformation 

indices are adopted for the evaluation of the acceptance criteria. Typical local failures are es-

timated through a local shape of deformation while the model captures the global dynamic 

characteristics. The adopted method allows the automation of the necessary calculations 

through closed-form expressions.  The application of the methodology presented in this work 

to produce the analytical fragility curves for URM buildings is demonstrated here (Table 2) 

on a box-shaped unreinforced masonry structure of the townhall of Keffenach (URM building 

No.1 in Table 1) in Alsace region in France near the geothermal platforms of this region 

(Soultz-sous-Forêts and Rittershoffen). 

 
 

Longitudinal wall length 9.14 m 

Transverse wall length 12.04 m 

Roof height 3.5 m 

Wall thickness 0.25 m 

Shear Modulus 930 MPa 

Shear Strength 0.93 MPa 

Wall mass 75.57 tn 

Story mass 2.1 tn 

Roof mass 3.27 tn 

Total mass 80.94 tb 

Horizontal “gravity” load 226.85 kN/m 

Wall total area 10.59 m2 

Wall box moment of inertia 157.64 m4 

Resistance of wall plan 33.58 m3 

Wall plate stiffness factor 8470 kNm 

Total crest acceleration at flexural cracking 2.7 g 

Shear deformation 0.141 mm 

In-plane flexural deformation 0.0044 mm 

1st floor windows shear deformation 0.0006 mm 

2nd floor doors shear deformation 0.002 mm 

2nd floor windows shear deformation 0.01 mm 

Out-of-plane flexural deformation 8.48 mm 

In-plane deformation participation 0.025 

Out-of-plane deformation participation 0.975 

ESDOF generalized mass 7.98 tn 

ESDOF generalized stiffness 10398.56 kN/m 

ESDOF period 0.17 sec 

ESDOF earthquake excitation factor 15.03 tn 

ESDOF effective mass ratio 0.35 

ESDOF participation factor 1.88 

Table 2: Simplified model parameters for URM building (No.1 in Table 1) under transverse/short/weak building 

plan direction loading. Values are calculated based on Vamvatsikos et al. (2015) [4]. 
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TFM walls are reinforced with timber elements, both horizontal and vertical but also X-

type diagonal braces. It is evident historically, since the Bronze Age that the timber rein-

forcement into masonry walls is strongly related to seismic resistance in earthquake-prone 

areas. In TFM walls there is also recent experimental and numerical evidence [5] that the con-

tribution of the diagonal braces is vital for walls’ lateral behavior in the nonlinear range due to 

early detachment of the masonry infill from the surrounding timber frame in the event of an 

earthquake. In addition, it is observed that for very low horizontal displacement the diagonals 

in tension detach from the surrounding frame. Therefore, it is suggested [5] that the diagonals 

should contribute to the lateral behavior only in compression and moreover the infill masonry 

walls of the timber frame should not be considered in the analytical model. Based on these 

considerations, a macro-model was proposed ([5], [8]) where its input can be easily deter-

mined since it involves only the key geometric characteristics of the timber panels and the 

timber strength. The latter model facilitates the seismic assessment of TFM walls resulting in 

a valuable tool for simplified seismic vulnerability and risk analyses [9]. Based on the result-

ing pushover curves produced by pushover analysis [10] of the TFM walls’ macro-model, a 

shape-function is defined for the derivation of the ESDOF properties which is similar to the 

methodology already described for URM buildings [4]. An example (TFM building No.4 in 

Table 1) of the resulting pushover curve [10] is given in Fig. 2 and the overall analysis results 

are tabulated below (Table 3). 

 

 
Figure 2: a) TFM wall model with panels incorporating X-type diagonal braces (No.4 in Table 1). b) Pushover 

curve from the methodology adopted by Kouris et al. (2014) [5]. 

a) 

 b) 
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Longitudinal wall length 7.7 m 

Transverse wall length 17 m 

Roof height 5.15 m  

Wall thickness 0.2 m 

Shear Modulus 930 MPa 

Shear Strength 0.93 MPa 

Wall mass 103.73 tn 

Story mass 2.1 tn 

Roof mass 3.27 tn 

Total mass 109.1 tn 

Horizontal “gravity” load 207.83 kN/m 

Wall total area 9.88 m2 

Wall box moment of inertia 116.06 m4 

Resistance of wall plan 29.38 m3 

Wall plate stiffness factor 4340 kNm 

In-plane deformation (Fig. 2b) 14 mm 

Out-of-plane flexural deformation 60.54 mm 

In-plane deformation participation 0.188 

Out-of-plane deformation participation 0.812 

ESDOF generalized mass 15.62 tn 

ESDOF generalized stiffness 27653.24 kN/m 

ESDOF period 0.15 sec 

ESDOF earthquake excitation factor 31.38 tn 

ESDOF effective mass ratio 0.58 

ESDOF participation factor 2.01 

Table 3: Simplified model parameters for TFM building (No.4 in Table 1) under transverse/short/weak building 

plan direction loading. Values are calculated based on Vamvatsikos et al. (2015) [4]. 

4 ESTIMATION OF THE NON-STRUCTURAL DAMAGE LEVEL 

Considering these real TFM and URM building cases in Alsace France (Table 1) the corre-

sponding fragility curves are derived in terms of peak ground acceleration (PGA) with the aid 

of structural analysis for a gradually increasing intensity (incremental dynamic analysis - IDA) 

[11]. The latter analysis of ESDOF of the building cases under study was performed with the 

MATLAB [12] toolbox FEDEAS Lab [13]. The correlation of the PGA values of the record-

ings used in the IDA analysis with the corresponding PGV values follows the rule that for 

very flexible structures (very high fundamental periods) the relative velocity response spec-

trum of the used record tends to the peak ground velocity (PGV).  The induced ground mo-

tions obtained from the PEER database were employed and applied in the 

transverse/short/weak building plan direction ([7], [14]). The fundamental periods of these 

structures as already mentioned were verified with ambient noise vibration measurements us-

ing sensors [5] located at each floor of the buildings under study (Table 1). Moreover, the 

main geometry required as input for the simplified vulnerability models was taken through 

field inspection of these buildings. The results are shown in Fig. 3. It can be seen that the fra-

gilities for URM buildings have more or less the same range of probability of damage while 

the more earthquake resistant TFM building is less fragile for low and medium intensities. 
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URM-Rigid Diaphragm- T=0.17s

URM-Rigid Diaphragm- T=0.37s

URM-Flexible Diaphragm- T=0.11s

TFM-Flexible Diaphragm- T=0.15s

URM-Rigid Diaphragm- T=0.32s

 

Figure 3: Proposed analytical fragility curves for first damage state (pre-yielding damage state –DS1-0.1% drift 

limit for non-structural damage) for Unreinforced Masonry Buildings (URM) and Timber-Framed Masonry 

Buildings (TFM). The buildings are located near the geothermal platforms in Alsace France and are loaded in the 

weak/short plan view direction of shaking. The fundamental period of these structures was verified with ambient 

noise measurements through applied sensors [7]. 

5 CONCLUSIONS  

• The estimated dynamic properties for small amplitude vibrations of the historical struc-

tures near the geothermal platforms in Alsace, France considered in this work were used 

to derive simplified vulnerability models.  

• Moreover, the Eurocode 8 defines the interstory drift limit of a building for non-

structural damage, by looking at its displacement-sensitive non-structural components at 

the serviceability limit state.  

• Therefore, by adopting these limits and the developed simplified vulnerability models, 

new non-structural fragility curves for typical historical masonry building types dominant 

in the region under study are proposed.   

• The fragility curves have been calculated using incremental dynamic analysis for the 

seismic demands generally imposed upon linear and slightly non-linear models of single 

and multiple degrees of freedom, which is the case for the effects of induced seismicity.  

• These results will prove useful for both local end-users and industrial stakeholders, with 

a clear perspective for a better understanding of the risk related to induced and triggered 

seismicity and its sound management. 
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