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Abstract 
The intensity of earthquakes as a result of blasting with deep mine drilling can be measured 

and defined as the rate of fluctuation of soil vibrations. In the same way we can define the influence 
of vibrations caused by construction machinery and transport. Heritage structures are especially 
susceptible to the impact of vibrations. In case of blasting nearby structure vibrations are short-
term. Vibrations caused by operation of construction machinery or traffic are long-term. To identify 
any damage resulting from the described activities it is necessary to implement structural 
monitoring which may be based on the planned use of construction machinery and optimization of 
the quantity of explosive filling to reduce the negative effects of vibrations which might cause 
injuries. 
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INTRODUCTION 

There are several sources of ground vibrations which may cause structural 
damage, particularly in urban areas. Focusing on the life-cycle of motorways, the most 
threatening sources of vibrations are tunnel blasts during construction including drilling, 
vibrations caused by construction machines during road construction and pavement 
maintenance and vibrations caused by heavy road traffic. The effects of these vibrations 
on historic heritage buildings, including their occupants, are complex and have been 
studied a lot in the past. The fact that human body senses and responds to vibrations in a 
different way than sophisticated scientific measurement equipment makes the task of 
reducing the negative impact even more difficult [1]. The impact of railway traffic has 
been studied the most [2]. There is also a lot of evidence on damage caused by road 
traffic [3] and the measurement and prediction of (airborne and ground-borne) vibrations 
[4], [5]. Some recommendations and evidence can be also found on countermeasures 
against road traffic vibrations [6], [7]. Suppressing the ground vibration effects generated 
by blasts of commercial explosives in tunnel construction on buildings in the surrounding 
area is important. The same problem, namely to achieve the greatest possible effect of 
vibrations and the least possible mitigation, is to be solved also during the implementation 
of (compressing, vibrating) construction machinery. The intensity of ground vibration is 
influenced by numerous factors, studied on a lot of specific sites ([8], for example). 

PHYSICAL CHARACTERISTICS OF MINING, OPERATION OF 
CONSTRUCTION MACHINERY AND HEAVY TRAFFIC 

Blasting and seismic impacts 

Seismic waves resulting from blasting cause movements of soil which are 
manifested by non-stationary periodic fluctuations. When seismic waves reach the 
facility, part of the energy fluctuations in soil transfers to the foundations of the building. 
Dynamic forces in these structural assemblies cause stress. High intensity of seismic 
waves can cause stresses which can result in permanent deformation and local destruction 
of the building. The intensity of the earthquake as a result of blasting and the impact on 
the surrounding buildings mainly depend on: 

- physical and mechanical properties of soil, 
- geological composition of soil, 
- the quantity and type of explosive, 
- type of blasting and 
- distance from the blast fields to facilities. 
Protection of buildings from the effects of earthquakes caused by blasting is a 

problem that can be solved through the application of research. The research consists 
mainly of defining the mathematical relationship between intensity fluctuations in the 
soil, the explosive charge quantity and the distance from the blast fields. The known 
solution is presented by theoretical and empirical equations which are primarily based on 
a large number of measurements and the use of statistical methods. Tal intensity 
fluctuations can appear in different physical quantities, such as the oscillation velocity, 
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acceleration, frequency, ground motion intensity (degree), displacement and energy. In 
the field of vibration measurements in the construction industry Slovenia does not have 
its own standards. By joining the European Union, we got the opportunity to take over the 
standards in this area that are already established in Europe. The following standards 
could be taken over:  

- DIN 4150 Vibrations in buildings, which has three parts, Part 1: Prediction of 
vibration parameters, Part 2: Effects on persons in buildings and Part 3: Effects on 
structures, 

- ÖNORM S 9020 Building vibrations; blasting vibrations and comparable 
emissions of impulse shape, and 

- SN 640 312a Swiss Standard on vibration effects on buildings. 
In the field of measuring and assessing the impact of vibrations on buildings the 

most commonly used standard in Slovenia is DIN 4150. This standard prescribes the 
maximum oscillation velocity as follows: 

- 3 mm / s for monumental buildings protected, 
- 5 mm / s on residential buildings and 
- 10 mm / s for industrial facilities. 
The oscillation velocity is given as the limit value as a function of frequency. DIN 

4150 is the most restrictive standard compared to others as it actually intends to minimize 
perceptions and complaints [8], [9]. Blasting is a very demanding and precise science 
forming part of the technological process in the construction industry. It is essential to 
proper planning and should include: 

- determining the hole depth, geometry and spacing of blast holes, 
- determining the type of explosives and the optimal amount of selected explosives 

and 
- determining the maximum charge quantity per initiation interval. 
In the vicinity of settlements and facilities that are historically protected, it is 

necessary to determine blasting with small charges. In this way it is ensured that the effect 
of vibration on the environment is minimal. When blasting is properly selected and the 
technology is optimal we can achieve significant effects. This means that almost all 
energy is consumed in the blasting area which represents the blast field. Technological 
process of blasting in the vicinity of residential buildings and historically protected 
buildings must be chosen so that vibrations will be the lowest. This means that blasting 
should be carried out as a series of small chain explosions. In practice this is achieved if 
the field is provided for blasting with several blast holes reaching a certain depth being 
filled with explosive and clogged. Filling with explosive is associated with time-delayed 
explosive initiators. Blasting in this way reliably achieves successive initiation of 
individual blast holes within a specified time and sequence. The impact of such blasting 
on the surrounding area is thus very similar to a blasting effect with only one small 
charge. The reasons for such impacts are primarily in the fact that the effects of vibration 
are divided into several intervals. The immediate effect of blasting is not only to cause 
ground vibrations and throw, but also an air shock wave. 
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The effect of vibrations caused by construction machinery  

Many earthworks, such as driving piles, vibrating compaction of earth materials, 
and driving heavy construction machinery, cause vibrations which may be transmitted to 
nearby earth facilities. Due to these vibrations and resulting dynamic forces damage may 
be caused on the structure. In the design and planning activities on the site it is necessary 
to assess the potential effects of vibrations, and adjust the operation of vibration causing 
machinery so as to minimize the effects on adjacent buildings [10]. The effects of 
vibrations which are caused by construction machinery depend on many factors such as: 

- intensity of the source of vibration, 
- different composition of the soil between the source of vibrations and the facility,  
- quality of implemented foundations, 
- dimensions of the building and 
- quality of construction materials. 
Duration, frequency and number of vibration events have a considerable influence 

on the effect of vibration intensity. The effect of vibration caused by construction 
machinery can: 

- excite users of buildings,  
- affect facilities, since there is a shake and movement of structures, and 
- threat the structural integrity of buildings. 

The effect of vibrations caused by traffic 

Since 2002 the Statistical Office of the Republic of Slovenia has been carrying out 
a survey on the environmental costs of different environmental purposes in accordance 
with the European statistical classification of activities in relation to the environment 
(CEPA). In this survey data are collected on: 

- financial resources for investment in environmental protection and 
- financial revenue from the activities of environmental protection. 
CEPA is a general multi-purpose classification and functional classification of 

environmental protection. The primary purpose is environmental protection. This 
protection includes reducing noise and vibrations caused by traffic. Vibrations caused by 
traffic are common concerns of society, because they very often cause problems to 
individuals and structures. Vibrations caused by traffic represent an external source and 
result from heavy traffic caused by buses and trucks. Cars and light trucks rarely cause 
vibrations that are discernible in buildings. Road transport usually causes vibration 
frequency in the range between 5 and 25 Hz and a speed variation of soil from 0.05 to 25 
mm / s [4]. Dominant frequency and velocity fluctuations depend on many factors, such 
as:  

- state of the road surface (primarily damage and roughness), 
- speed and weight of vehicles, 
- vehicle suspension system, 
- soil type,  
- season, and the distance between a structure and road,  
- structure type. 
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ON-SITE MEASUREMENTS AND A DESCRIPTION OF THE 
EXPERIMENT 

The old castle of Trebnje is located near the new road alignment, on the motorway 
section between Pluska and Ponikve in Slovenia. The building is historically protected. It 
was built around 1000 A.D. and was first mentioned in written sources in 1386. The 
castle retains some of its ancient parts: the square tower which has Roman foundations, 
the round tower with a secret exit from the period of Turkish raids, and the left and right 
wings of the building from the beginning of the 16th century. We performed 
measurements of vibrations during the construction of the above road section from May 
2008 onwards. In the immediate vicinity of the castle blasting was performed from June 
2008 until October 2008. From December 2008 vibration compaction of earth materials 
by vibrating rollers was carried out in the vicinity of the castle. Measurements of 
vibrations were performed to protect the building from potential damage. The nearby 
castle is located along the old motorway creating heavy traffic. In 2009, the effects and 
response of the building to vibrations caused by daily traffic were measured. In parallel to 
measurements of vibration, the following was also measured: 

- movements in all three orthogonal directions with retro targets and 
- movements of cracks in load-bearing structures. 
The intensity of earthquakes as a result of blasting was measured by seismographic 

instruments. The measuring equipment manufactured by Instantel - Minimate Plus was 
used for the measurement. The Minimate Plus seismograph is a measuring instrument 
used for recording blast vibrations on quarries and construction sites. The Minimate Plus 
seismograph consists of an Instantel seismic data acquisition module and a Siemens 
remote-controlled consultation system. During measurements of blasting the apparatus 
was set to automatic actuation of the oscillation velocity of 0.3 mm/s. The event was 
measured for 3 seconds. We measured the response operation of construction machinery 
and vibrations caused by traffic with a manual actuation of instruments. The measurement 
time was 15 seconds. 

ANALYSIS OF MEASUREMENT RESULTS 

Results of seismic effects measurements 

The measurements of vibrations and air shock wave pressure on the castle of 
Trebnje were performed at two measuring points (Fig 1a, b). Both geophones and a linear 
microphone were located perpendicular to the location of the blast field. The results of the 
measurements are the values of individual components of soil fluctuation in all three 
orthogonal directions. Measurements are presented graphically with the seismogram of 
individual components of measured oscillation velocity of the soil.  
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Figure 1. Measuring point: (a) soil at the base of the southeastern part of the building, (b) 
soil at the base wall at the main entrance to the building. 

In the time period from 9.6.2008 to 18.10.2008, the blasting was carried out at  the 
facility near the castle of Trebnje. The results of five control measurements are shown in 
Table 1, where Q = amount of explosive charge used for detonation, MP = measuring 
point, R = distance between measuring point and blasting field, f = frequency at 
maximum oscillation velocity, ν = maximum component oscillation velocity (L-
longitudinal, V-vertical, T-transversal) and PVS = (peak vector sum) resultant vector of 
oscillation velocity. 

Table 1: Measurements of seismic impact on the heritage structure 

Date and time Q 
(kg/int) 

MP 
 

R 
(m) 

f 
(Hz) 

ν 
 (mm/s) 

PVS 
(mm/s) 

20.06.08; 12:10:51 260/30 a 257,5 37 1,76 L 1,94 
20.06.08; 12:10:51 260/30 b 208,2 43 1,49 T 1,60 
23.06.08; 14:09:37 2000/30 a 383,4 51 0,81 T 0,99 
23.06.08; 14:09:37 2000/30 b 379,7 12 1,32 T 1,64 
24.06.08; 12:10:51 2500/20 a 374,2 11 1,10 L 1,28 
24.06.08; 12:10:51 2500/20 b 371,3 26 3,21 L 3,32 
7.10.08; 11:24.29 1140/20 a 301,5 34 1,84 T 1,86 
7.10.08; 11:24.29 1140/20 b 283,1 21 2,65 T 2,97 
14.10.08; 11:14:39 1340/26 a 332,6 17 4,06 T 4,10 
14.10.08; 11:14:39 1340/26 b 326,8 21 2,44 T 2,74 

 

The set of measurements results presented in Table 1 shows that the security 
criteria of maximum oscillation velocity of soil were exceeded twice (on 24.06.08 and 
14.10.08). The castle of Trebnje is a very old and poorly maintained facility. This fact 
required very strict criteria for securing the building against possible effects of vibrations 
resulting from blasting. We determined that the maximum oscillation velocity of soil 
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should be 3 mm/s. The typical seismic records and their analyses based on DIN 4150 
standard are presented in Fig. 2. Because the distance from the blast fields to measuring 
points was large, a very low air shock wave pressure was recorded, namely about 12 Pa. 
These values are not given. The graph in Fig. 3. illustrates the maximum components 
resultant vector (PVS) of ground oscillation velocity at various distances from the blast 
fields, caused by various blasting. 

 

Figure 2. Seismic records and analyses according to DIN 4150 of events on 24.06.08. 

 

Figure 3. The distribution histogram of ground oscillation velocity and distance from 
blast fields. 

The results of the measured vibrations caused by a vibratory roller 

During the construction of the motorway embankment the roller type HAM 3520 
was applied. This machine has the following technical characteristics: the roller operating 
weight = 12,480 kg, the weight of the rear wheels axle load = 7320 kg, the frequency of 
vibration = 30 Hz, with the amplitude of 1.19 mm. Vibrations and air shock wave 
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pressure were measured at the location directly below the embankment, at the distance of 
about 10 m from the center of vibration on the motorway route, where vibratory roller 
was used. Figs. 4a and 4b show the location of the measuring points with the measuring 
kit. 

 

Figure 4. Measuring point: (a) soil under the embankment, (b) soil near the basic wall and 
basic wall with mounted triaxial geophone. 

Vibrations and air shock wave pressure were measured at standard measuring 
points of the castle so that one triaxial geophone was placed on the soil while the other 
was rigidly fixed to the base wall of the pavilion. This measuring point, together with the 
measuring kit, is shown in Fig. 4b. At the site of the castle of Trebnje several 
measurements of vibration impact were performed. On 22.12.2008 and 2.03.2009, we 
took measurements of the operation of one vibratory roller, and on 3.04.2009 we took 
measurements of the operation of two vibratory rollers. When we measured the impact of 
one vibratory roller both instruments were activated when the roller was the closest to the 
instrument. A time interval for each measurement was 10 seconds. The results are 
presented in Tables 2, 3 and 4, where GL = location of geophone, NZ = geophone on the 
soil under the embankment, Z = geophone on the soil near the castle basic wall, TZ = 
geophone mounted on the basic wall and T, V, L are transvesal, vertical and longitudinal 
oscillation velocity / frequency, respectivelly. The graphs in Figs. 5 and 6 illustrate 
typical seismic records with analyses according to the standard DIN 4150. Fig. 5 show a 
typical spectrum of vibration velocity caused by the effect of one operating vibratory 
roller. Fig. 6 presents a typical spectrum caused by the operation of two vibratory rollers. 

Table 2: Monitoring on 22.12.2008 
Time T (mm/s – Hz) V (mm/s –Hz) L (mm/s – Hz) PVS (mm/s) GL 
12:52 0,270/47 0,206/28 0,397/51 0,417 NZ 
12:52 0,0957/34 0,0794/85 0,0794/37 0,116 Z 
12:52 0,0794/39 0,0952/22 0,127/23 0,135 TZ 
12:55 0,238/51 0,190/26 0,381/43 0,419 NZ 
12:55 0,0636/85 0,0952/>100 0,0635/>100 0,0966 Z 
12:55 0,0635/>100 0,0794/85 0,0794/39 0,0870 TZ 
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Table 3: Monitoring on 2.3.2009 
Time T (mm/s – Hz) V (mm/s – Hz) L (mm/s – Hz) PVS (mm/s) GL 
13:05 0,333/47 0,19/43 0,381/64 0,434 NZ 
13:05 0,0635/>100 0,0794/>100 0,0635/>100 0,0855 Z 
13:05 0,0635/>100 0,0794/57 0,0794/34 0,102 TZ 
13:06 0,810/51 0,270/57 0,952/57 1,17 NZ 
13:06 0,0952/34 0,0794/>100 0,476/>100 0,108 Z 
13:06 0,0794/>100 0,0952/34 0,111/21 0,136 TZ 

 

Table 4: Monitoring on 3.4.2009 
Time T (mm/s – Hz) V (mm/s – Hz) L (mm/s – Hz) PVS (mm/s) GL 
12:22,37 0,159/43 0,0952/64 0,222/85 0,226 NZ 
12:22,32 0,0635/>100 0,0794/>100 0,0635/43 0,0912 Z 
12:22,32 0,0476/>100 0,0794/27 0,0794/34 0,0939 TZ 
12:25,22 0,159/26 0,111/48 0,206/57 0,218 NZ 
12:25,18 0,0794/24 0,095/>100 0,270/>100 0,272 Z 
12:25,18 0,0635/>100 0,0794/57 0,0952/30 0,0979 TZ 
12:26,14 0,206/43 0,0794/73 0,19/85 0,216 NZ 
12:26,10 0,0635/>100 0,0794/>100 0,476/64 0,0809 Z 
12:26,10 0,0476/>100 0,0794/73 0,0794/47 0,0926 TZ 
12:27,07 0,175/47 0,0794/>100 0,143/73 0,18 NZ 
12:27,03 0,0635/>100 0,0794/>100 0,476/>100 0,0898 Z 
12:27,03 0,0635/>100 0,0794/>100 0,0794/57 0,0912 TZ 
12:27,58 0,127/39 0,0952/23 0,143/85 0,166 NZ 
12:27,51 0,0635/>100 0,0794/>100 0,476/>100 0,0855 Z 
12:27,51 0,0635/>100 0,0794/34 0,0794/21 0,079 TZ 
12:28,52 0,206/47 0,111/30 0,333/>100 0,335 NZ 
12:28,47 0,0635/>100 0,0635/>100 0,470/>100 0,0808 Z 
12:28,47 0,0635/73 0,0794/20 0,111/20 0,14 TZ 
12:29,42 0,127/43 0,0794/>100 0,19/73 0,202 NZ 
12:29,38 0,0635/>100 0,0635/>100 0,0476/>100 0,0794 Z 
12:29,38 0,0635/85 0,0794/85 0,0794/39 0,0939 TZ 
12:30,29 0,206/43 0,0952/43 0,143/>100 0,209 NZ 
12:30,25 0,0635/>100 0,0794/>100 0,476/>100 0,0855 Z 
12:30,25 0,0794/>100 0,0952/85 0,111/>100 0,0952 TZ 
12:31,33 0,175/43 0,0952/22 0,206/19 0,218 NZ 
12:31,29 0,0794/39 0,0794/>100 0,0635/>100 0,0912 Z 
12:31,29 0,0635/85 0,0794/26 0,111/20 0,117 TZ 
12:32,19 0,127/27 0,0952/28 0,175/20 0,212 NZ 
12:32,15 0,0635/>100 0,0794/>100 0,0635/85 0,0939 Z 
12:32,15 0,0635/64 0,0794/20 0,111/24 0,124 TZ 
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Figure 5. Seismic records and analyses according to DIN 4150 of events on 2.3.2009: (a) 
measurement NZ, (b) measurement (Z), (c) measurement (TZ). 
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Figure 6. Seismic records and analyses according to DIN 4150 of events on 3.4.2009: (a) 
measurement NZ, (b) measurement (Z), (c) measurement (TZ). 
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PROGNOSIS ON FOUNDATIONS VELOCITY CAUSED BY 
VIBRATION ROLLING 

The foundations oscillation velocity is taken as a basic value for the prognosis 
about the potential damage of buildings instead of the soil oscillation velocity. Maximum 
velocity changes in case of the transfer to the foundations. In general, there is a reduction 
of the oscillation velocity and only the appearance of the resonance can lead to a very 
slight, small increase in oscillation velocity. Because of uncertainty with regard to the 
factors of transmission it is useful to have at ones disposal direct forecast equations for 
the maximum foundations oscillation velocity components. Since the measuring devices 
for measurement of vibrations are placed on fundamentals and not on the soil, then such 
an equation can be easily calibrated. Such forecasting equations are not yet widespread, 
but mainly based on practical experience. As the produced energy of vibrating heavy 
machinery is difficult to estimate, the critical parameter in the prognostic equations is the 
operating weight of the machine. In this paper, two prognostic equations for foundations 
oscillation velocity were used. The first equation (1) was proposed by Wieck [11], the 
other (2) by Achmus et al. [12]. 

7,0max, 1,1
r

GvFi =   (1) 

r
GKvFi =max,   (2) 

where υFi,max = maximum foundations oscillation velocity (mm/s), G = operating 
weight of vibrating machine (t) and r = distance of the origin of vibration from foundation 
(m). The coefficient K in equation (2) was 4.31 for a 50 percent probability of results. In 
this experimental study, the data of foundations oscillation velocity measurements at a 
distance of 139 m from the foundation of the building were analyzed. The origin of 
vibration was vibration rolling of the soil. The operating weight of the vibratory roller 
amounted to 12480 kg, at a frequency of 30 Hz. The results of vertical and longitudinal 
components of foundations oscillation velocity (designated as V an L in Tables 2, 3 and 
4), are graphically presented in Fig. 7. Also lines of prognostic equations (1) and (2) and 
the related data from the literature [12] are presented. It is evident from Fig. 7 that the 
measured foundations oscillation velocity very well coincides with the line of the 
prognostic equation (2). It can be concluded that the prognostic equation (2) can be used 
for preliminary estimation of foundations oscillation velocity under the risk assessment.  

It can be seen from the calculation by the prognostic equation (2) that the likely 
value of the foundations oscillation velocity is 0.12 mm/s, while the standard DIN 4150-3 
provides guidance values up to 5 mm/s for the horizontal component of oscillation 
velocity. If this value is not exceeded, no damage to the building is expected. Horizontal 
oscillations of the structural elements in the top floor of the building due to the increase of 
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the amplitude can also be excluded. For the vertical oscillation velocity of the ceilings of 
the studied building the standard DIN 4150-3 provides a guidance value of up to 8 mm/s. 
Vibrating rollers at a frequency of up to 30 Hz could present a risk of resonance. 
However, considering the transfer factor for wood ceilings kz ≤ 15 [13] , the value of the 
maximum oscillation velocity obtained with the prognostic equation (2) is 1.8 mm/s, 
which means that in any case the guidance value of the standard DIN 4150-3 is not 
exceeded and no damage to the building is expected. 

 

Figure 7. Presentation of measured and calculated results with prognostic equations. 

CONCLUSIONS 

In the planning of works it is necessary to assess the possible effects of vibrations 
and the resulting risks. It is necessary to select the construction equipment so that the 
impact of their operation on nearby structures is prevented or at least reduced to a 
minimum. Measurements and calculations of velocity oscillations show that: 

- at a distance of between 50 and 130 meters there is practically no difference in 
the value of velocity oscillation when one or two vibrating rollers are operating, 

- adjustments to data from the literature under well-known empirical equations 
[11, 12] coincide with our measurements at significantly longer distances from the 
measuring point to the source of vibration.  

Transport of heavy vehicles can cause similar vibrations as construction 
machinery. We found that at distances greater than 250 meters the number of heavy 
vehicles does not substantially affect the intensity of vibration. Even at low levels of 
velocity oscillation, on the lightweight ceilings in the last floor, vibrations may occur at 
very low frequencies. 
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Abstract 
Road and rail traffic-induced vibrations are one of the most important sources of risk in the 

preservation of heritage buildings, and thus it is not surprising that this topic is attracting several 
researches in the last years. In fact, although additional loads imposed by traffic vibrations cause 
only a small fraction of the stresses, the available strength reserve is typically jeopardized, given 
that historical buildings can be remarkably deteriorated and weakened: for instance, the long 
exposition of heritage structures to low levels of vibrations can contribute to fatigue damage, 
increasing its vulnerability and, eventually, leading to several undesired scenarios (typically 
cosmetic damages or non-structural collapses). Within this framework, the present paper deals with 
the optimal sensors placement for the structural health monitoring of the Colosseum. In the first part 
of the document, a very short presentation of the monument is given and the adopted finite element 
model is illustrated. In doing this, a preliminary estimation of the materials properties is performed 
with reference to the evidences of the visual inspection and taking into account the results of recent 
experimental tests. Subsequently, we define the adopted optimum criterion for sensors network 
design and the corresponding final configuration is carried out. 

Keywords: Colosseum, Fisher Information Matrix, Heritage Structure, Optimal Sensors 
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INTRODUCTION 

Vibrations of small amplitude are the most typical dynamic loading for civil 
constructions and thus they offer the most usual scenario for updating finite element 
models by means of dynamic measurements. Additionally, the assessment of the dynamic 
response of heritage structures deserves a careful analysis because frequent but moderate 
time-dependent loads (i.e., due to wind and/or traffic) can increase (over the years) the 
structural vulnerability in damaged and/or deteriorated elements. For instance, in heritage 
buildings with old masonry structures, vibrations with a high number of cycles lead to a 
reduction of the masonry strength due to deterioration of the mortar, thus causing its 
detachment from the bricks. In view of these considerations, both model updating and 
vulnerability assessment of heritage structures under moderate dynamic actions is a 
demand of outstanding importance. However, one has to pay attention when monitoring 
the structural responses under low vibrations because the disturbances due to 
measurement noise become crucial: if the noise level is excessively high, then the 
extraction of the structural responses from noisy signals is very hard and less reliable. It is 
very hard when the noise level is higher than the magnitude of the structural response.  

A critical issue deals with the adopted sensors technology: for example, in order to 
enhance the sensor resolution, one has to look at the noise density, the accelerometer 
bandwidth and the speed of the microcontroller counter. The number of measurement 
points and appropriate signal processing techniques are further aspects concerning the 
enhancement of the sensor network performances. Unfortunately, economic constraints 
impose a maximum number of sensors to be installed as well as some restrictions about 
their technological characteristics. Therefore, to monitor the most significant information 
it is all too evident that sensors must be accurately positioned on the structures. From a 
mathematical standpoint, the optimal sensors placement (OSP) is a constrained topologic 
combinatorial (or mixed) optimization problem. As for any optimization problem, the 
optimum criterion (the objective function of the optimization problem) should be defined 
for the goal of the sensors positioning and should be selected with reference to the 
investigated mechanical system.  

In this paper we resolve the OSP problem for a special heritage structures, that is 
the Flavian Amphitheater (Colosseum) in Rome, Italy. Firstly, we present the finite 
element model adopted to carry out the most significant information in terms of natural 
frequencies and mode shapes. Subsequently, we will define the assumed optimum 
criterion for sensors placement and the optimal network topology is exposed and 
examined. 

THE ADOPTED FINITE ELEMENT MODEL FOR MODAL ANLYSIS 

Few historical details 

The Flavian Amphitheater (Figure 1) – which took the name “Colosseum” from 
the colossal statue that once stood nearby – is certainly the most famous monuments of 
the ancient Roman empire (Figure 1). The Emperor Vespasion (69 – 79 A.D.) began its 
construction: to this end he decided to raze the Domus Aurea built by the previous 
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Emperor Nero and to build over this area a monument for popular recreation. The 
Colusseum was built on the area originally occupied by the artificial lake adorning the 
Nero’s residence (Stagnus Neronis) and was completed under the Emperor Tito (79 – 81 
A.D.). Unfortunately, only in modern times the Colosseum has been considered an 
exceptional monument and thus over the past centuries its integrity has not been 
preserved adequately. For instance, marble stands and seats were quarried by Renaissance 
popes and by Roman aristocracy for use in new buildings. Natural and artificial hazards 
as fire, soil settlement and earthquakes have damaged the monument heavily. The wall 
outside the arena is partially missing on the southern side (see Figure 2) and part of the 
interior wall has been rebuilt. 

 

Figure 1: Photographical view of the Colosseum’s arena 

Two buttresses support the remaining part of the external wall. The first one was 
built at the eastern end by Stern (1805 – 1807) and the second one at the western end by 
Valadier (1846 – 1852). The restoration of the connections between radial and annular 
elements by anchors was realized by Salvi (1846 – 1852). Although no severe and 
exceptional loads have occurred in the past decades, the health of the monument is 
strongly uncertain. 
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Figure 2: The plan of the monument 

Finite element model 

A dynamic monitoring network for the Colosseum should be able to acquire the 
structural response under low levels of excitations, being wind and traffic-induced 
vibrations the expected prevalent dynamic loads. Within this framework, the hypothesis 
of linearity is totally fulfilled and previous experimental investigations confirm it [1].  

Starting from this consideration, a global finite element model has been used to 
evaluate the modal properties of the monument (Figure 3). The adopted model taken into 
account geometrical details and different building materials. It was built by using brick 
elements, 26169 nodes and 75867 degrees of freedom (DOFs). The soil-structure 
interaction has not been taken into account for modal analysis, according to previous 
studies [1], and the motivations are the following. The northern part of the Colosseum is 
situated on a layer of the Pleistocene continental deposits whereas the southern side of the 
monument sits on much softer and recent alluvial (Holocene) materials (the estimated 
shear wave velocities are 400 m/s and 100-200 m/s respectively). Therefore, the 
remaining part of the external wall is located on more resist and stiffer sediments and the 
soil-foundation iteration can be replaced by imposing no displacements for all nodes on 
the bottom. The nodes on the upper part as well as those on the lateral side of the 
foundation have all the original DOFs. However this hypothesis can be not exactly 
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fulfilled for the southern part but it is of scant significance for the present analysis 
because our interest is mainly focused on the opposite side of the monument. 

 

 

Figure 3: Finite element model of the monument 

In a different way respect to [1], the interaction between the structure and the 
foundation is considered in this paper: substantially, the foundation of the Colosseum is a 
plate with oval ring shape and with average depth equal to 12 m. The adopted finite 
element model benefits of very recent destructive and non-destructive tests performed for 
better assessing the mechanical properties of the monuments in view of the construction 
of the third underground railway line of the city [2]. In detail, compression tests was 
performed on samples extracted from masonry structures, pillar assembled by travertine 
block as well as from several points of the foundation. Flat jack tests were conducted on 
masonry and tuff elements whereas the wave propagation velocities was measured on 
several structural and non-structural elements subject to impact tests. All the available 
data was analyzed and numerical values for different mechanical properties have been 
carried out, such as elastic moduli, densities, ultimate strengths, actual tensions. Having 
so done, several mechanical parameters have been estimated from different experimental 
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tests (i.e., the elastic modulus can be directly estimated from compression tests and from 
the wave propagation velocities indirectly). Since these mechanical parameters have been 
found from local tests, the need exists to correct their final values in view of the global 
validity of the modal analyses. To achieve this goal, the mechanical properties of the 
considered materials have been tuned for better matching the natural frequencies 
experimentally estimated by [1]. The properties of the different adopted materials are 
listed in Table 1. All materials listed in Table 1 are supposed isotropic linearly elastic, 
similar to [1]. 

Table 1: Mechanical parameters for the adopted finite element model 

Material Density  
(kg/m3) 

Elastic modulus 
(N/mm2) 

Poisson’s coefficient 
(ad) 

Travertine 2450 10000 0.10 
Masonry 1800 2000 0.20 
Tuff 1800 4500 0.15 
Concrete for vaults 2000 1600 0.10 
Foundation 2400 1500 0.10 

 

Modal analysis 

The first ten mode shapes are depicted from Figure 4 to Figure 13. 

 

Figure 4: First mode shape (1.05 Hz) 
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Figure 5: Second mode shape (1.08 Hz) 

 

Figure 6: Third mode shape (1.37 Hz) 
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Figure 7: Fourth mode shape (1.44 Hz) 

 

Figure 8: Fifth mode shape (1.69 Hz) 
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Figure 9: Sixth mode shape (1.82 Hz) 

 

Figure 10: Seventh mode shape (2.05 Hz) 
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Figure 11: Eighth mode shape (2.35 Hz)  

 

Figure 12: Ninth mode shape (2.46 Hz) 
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Figure 13: Tenth mode shape (2.59 Hz) 

The percent effective masses are listed in Table 2. 

Table 2: Percent effective masses (reference system is indicated in Figure 3). 

Mode (frequency) X (%) Y (%) Z (%) 
First 0.65 0.11 0.00 
Second 0.87 0.05 0.00 
Third 0.16 0.02 0.00 
Fourth 0.63 0.00 0.00 
Fifth 0.69 1.96 0.00 
Sixth 0.29 7.51 0.00 
Seventh 0.01 1.28 0.00 
Eighth 0.25 0.30 0.00 
Ninth 0.10 0.22 0.00 
Tenth 0.05 0.38 0.00 

 

The estimated natural frequencies are in satisfactory agreement with those 
obtained by [1] from dynamic measurements, being the mean error (over the first six 
mode shapes) equal to 7%. However, these data and the modal results are obtained 
without a complete model updating because much more efforts will be realized once a 
new set of dynamic measurements will be acquired. The first two mode shapes are two 
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local bending modes involving both Stern’s and Valadier’s buttresses. The first eight 
modes involves the northern part of the wall, so that the initial hypotheses adopted for 
analyzing the finite element model are well posed. Starting from the ninth mode the 
dynamic behavior of the monument concerns the southern part of the amphitheater. 
Looking at the mode shapes involving the northern wall, when the mode order increase 
the wavelength decreases so that a greater volume contributes to the global response of 
the structure. One of the most interesting aspect deals with the high modal density since 
the first eight modes are within a low spectrum range (from 1.05 Hz to 2.05 Hz): 
therefore a very high number of modes is necessary to taken into account a significant 
total effective mass. This observation can be confirmed looking at Table 2 in which the 
maximum total effective mass is equal to 11.83% (Y direction). The high modal density 
requires a very sensible technology for dynamic monitoring in order to improve the 
reliability of the measurements and an opportune topology of the sensor network is 
needed to improve the robustness against the noise. 

SENSORS NETWORK DESIGN 

Optimum criterion 

The Effective Independence Method (EfI) deals with the goal to maximize both 
spatial independence and signal strength of the target mode shapes by maximizing the 
determinant of the associated Fisher information matrix (FIM) [3]. For a linear system, in 
modal space the structural response y can be expressed as 

= +yΦq w   (1) 

where Φ is the matrix collecting N target mode shapes, q is the coefficient 
response vector and w the zero mean White Gaussian Noise (WGN) whose standard 
deviation is σ. The linear assumption is generally fulfilled in usual dynamic testing 
especially if one is interested to monitor the system response under small or moderate 
dynamic loads. By evaluating the coefficient response vector q through an efficient 
unbiased estimator, it is possible to estimate the covariance matrix C as follows 

( )( ) ( ) 12ˆ ˆE T Tσ
−

= − − =  C q q q qΦ Φ
 (2) 

that results the inverse of the Fisher information matrix, according to the Cramer-
Rao Lower Bound (CRLB) theorem (E[·] denotes the expected value operator). In virtue 
of the fact that the best estimation of q occurs when the Fisher information matrix is 
maximized, the procedure for selecting the OSP is to unselect candidate sensor positions 
such that its particular crisp value (trace or determinant) is maximized. In an iterative 
manner, from a computational point of view, the analysis starts by computing the 
effective independence distribution (EID) vector 
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[ ] [ ] 1−= ×ε ΦΨ ΦΨ Λ 1
 (3) 

In (3), Ψ is the eigenvector matrix of ΦTΦ and Λ the associated eigenvalue matrix, 
symbol × denotes the Hadamard product (term-by-term matrix multiplication), 1 is the 
N×1 vector with all elements equal to one. Operatively, the selection procedure sorts the 
element of ε and removes the smallest one in each iteration. Thus, the EID vector (3) is 
updated, according to the new modal shapes matrix. The process is restarted until the 
number of remained sensors equals a desired value. 

Sensors network topology 

The EfI based optimum criterion has been used for selecting the best topological 
configuration for the northern wall of the monument. To this end (and based on the results 
of the modal analysis) we assume N=6. The network robustness against the instrumental 
noise can be estimated by means of the dimensionless value of the FIM.  

The so-called robustness curve of the network designed by using the EfI criterion 
is plotted in Figure 14.  

 

Figure 14: Robustness curve 

Since a non-singular Fisher information matrix is obtained by considering at least 
six measured DOFs, we plot the corresponding network topology based on seven 
measurement points (Figure 15). The EfI method leads to a quite regular topology in 
which five measurement points are located on the upper part of the monument and the 
distance between them is approximately constant. All optimal DOFs are referred to the Y 
direction. The sensor located on both left and right sides are essentially required for 
monitoring the modal displacements due to the first two local bending modes. However, 
their reciprocal positions are dissimilar because the sensor located on the right side is 
much more influenced by superior modes, specifically the fourth and the sixth mode. 
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Please observe that two measurement points are chosen in the middle part of the 
monument and their positions are compatible with the higher modes (from the third mode 
to the sixth mode). 

 

Figure 15: Sensors network topology (circular markers denote the best locations) 

CONCLUSIONS 

Within the framework of the dynamic monitoring of heritage structures subject to 
low excitation levels, this paper formulated and resolved the OSP for the Flavian 
Amphitheater (Colosseum). Although the adopted criterion leads to the most robust 
sensor network topology (because of its formulation), it is always advisable the 
investigation of further optimum criteria (i.e., taking into account both energetic and 
mechanic criteria) for better supporting the decision makers in sensors network design. In 
this sense, the results obtained in this paper will be included in [4], with the aim of 
performing a comparative analysis involving five different optimum criteria. 
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Abstract 
Historic structures are often of extraordinary architecture, design or material. The 

conservation of such structures for next European generations is one of the main future tasks. To 
conserve historic structures it is more and more required to understand the deterioration processes 
mainly caused by the environment. In certain cases continuous monitoring systems have been 
installed to obtain information about the deterioration processes. However, most of these 
monitoring systems were just weather or air pollution data acquisition systems and use only basic 
models for data analysis. The real influence of the environment to the structure or the structural 
material is often unaccounted for. That means that the structural resistance is just calculated from 
the measurements and not determined by sufficient sensors. Another aspect is the fact that most 
monitoring systems require cabling, which is neither aesthetically appealing nor in some cases 
applicable due to the needed fastening techniques. 

This paper will give an overview about the activities of the collaborative project SMooHS, 
Smart Monitoring of Historic Structures, funded by the European Commission in the 7th Framework 
Program (www.smoohs.eu). The project aims at the development of competitive tools for 
practitioners which goes beyond the mere accumulation of data. Smart monitoring systems using 
wireless sensor networks, new miniature sensor technologies (e.g. MEMS) for minimally invasive 
installation as well as smart data processing will be developed. It will provide help in the sense of 
warnings (e.g. increase of damaging factors) and recommendations for action (e.g. window 
opening/closing, ventilation on/off, heating on/off, etc.) using data fusion and interpretation that is 
implemented within the monitoring system. 

Keywords: SMooHS, Cultural Heritage, Monitoring, Wireless monitoring systems, 
European Project 
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INTRODUCTION 

The SMooHS-project brings together scientists and small enterprises from six 
countries (Tab. 1) aiming to establish competitive and simple to use monitoring 
methodologies based on wireless sensors to be applied to buildings and structures 
belonging to Cultural Heritage. The monitoring systems to be developed will be capable 
of taking advantage of the reduction of costs of wireless sensors. Such novel approach 
will deliver a “place-and-forget” SHM solution. Although the market offers a large 
number of different sensors their applicability for long-term monitoring of cultural 
heritage has not been validated in detail. In order to provide the practitioner in the field of 
cultural heritage with a tool which goes beyond the mere accumulation of data, but 
instead provides help in the sense of warnings and recommendations for action, 
procedures for data fusion and interpretation are implemented within the monitoring 
system. The proposed wireless system is intended to be user friendly, open source for 
maximum transparency, open for extensions and new modules, so to be adopted by 
practitioners in the field. Three main case studies from three different climate zones are 
included to be used to demonstrate and to validate the work that is done in the core Work 
Packages. In addition, two further test sites will serve for method and system 
enhancement. All are described in chapter 3 of this paper. 

Measures of physical, chemical and mechanical material and environmental 
parameters during monitoring in varying environmental conditions are done to better 
understand structural and material deterioration processes due to environment. Physical 
models simulate the form of structural and will contain simulated defects such as voids, 
irregular mortar joints, inclusions, etc. Reliability and applicability of employed 
techniques to the specific cases of complex historic structures will be studied. 

TYPE OF TECHNOLOGY/METHODOLOGY 

Developments in the proposed project are designed as smart monitoring techniques 
that employ permanently installed technologies addressing mainly the following aspects: 
• Competitiveness 
• Simple application (installation, data interpretation, calibration capability) 
• Stable long term behavior 
• Minimally invasive mounting and installation (interchangeability, miniaturization, 

aesthetically appealing) 
• Open for different sensor technologies (multi sensor platform) 
• Integrated data analysis and interpretation methodologies (automatized 

procedures) 
Taking these aspects into consideration, the focus of the monitoring system 

development will be on small wireless sensor networks and autonomous wireless sensors 
based on platforms that (i) could be used in combination with any kind of low power 
sensors (Fig.1), (ii) provide self organizing and reorganizing network functionality, (iii) 
have very low power consumption with optimized soft- and hardware functionality and 
(iv) achieve sufficient methodologies for data analysis, data fusion and data reduction. 
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Additionally, competitive sensors and sensor technologies (e.g. MEMS – Micro Electro 
Mechanical Systems) will be developed or used, if they are already available on the 
market. 

Table 1: Partners of the SMooHS project. 

 Name Abbreviation Country 

1 MPA Universität Stuttgart MPA.USTUTT Germany, Stuttgart 

2 AuRA Restorer AURA Germany, Schwäbisch 
Gmünd 

3 IWB Universität Stuttgart USTUTT Germany, Stuttgart 

4 Accademia Europea Bolzano EURAC Italy, Bolzano 

5 Alma Mater Studiorum – 
Universitá di Bologna 

UNIBO Italy, Bologna 

6 Rathgen Research Laboratory - 
National Museums Berlin 

RRL Germany, Berlin 

7 Polish Academy of Sciences PASc Poland, Krakow 

8 Technisches Büro Käferhaus TBK Austria, Schönbrunn 

9 TTI GmbH – TGU Smartmote TTI Germany, Stuttgart 

10 Metalmobile S.R.L. Metalmobile Italy, Bologna 

11 Artemis srl Artemis Italy, Ancona 

12 Consorzio Cetma CETMA Italy, Brindisi 

13 Riwaq - Centre for  
Architectural Conservation 

RIWAQ Palestinian-administered 
areas, Ramallah 

14 University of Zagreb UNIZAG Croatia, Zagreb 
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Figure 1.  Wireless sensing systems 

However, continuous monitoring of structures is not useful if just a large amount 
of data is recorded and stored without further adequate analysis. This is why often 
continuous monitoring is unappreciated. There is a lack of sufficient models for material 
and structural deterioration that take into account the data from continuous monitoring (1, 
2, 3, 4). In order to provide the practitioner in the field of cultural heritage with a tool 
which goes beyond the mere accumulation of data, but instead provides help in the sense 
of warnings (e.g. if damaging factor values increase) and recommendations for action 
(e.g. window opening/closing, ventilation on/off, heating on/off, etc.) data fusion and 
interpretation is implemented within the monitoring system. To this aim software will be 
developed which is: 
• user friendly, to be used by practitioners in the field, 
• modular (modules for specific questions arising at the object to be monitored and 

sensor combinations), 
• open source, for maximum transparency, 
• open for extensions and new modules, also from other research groups.  

The modularity and open source concepts are most important for providing a 
dynamic tool, which can and will be updated and broadened continuously with new 
research results, both from partners within this project team and from other research 
groups with their special expertise. 

TYPE OF PREFERENTIALLY MEASURED PARAMETERS AND OF 
MONITORED MATERIAL  

A number of building materials (wood, brick and stone masonry, mortars, plasters, 
terracotta, pigment layers, etc.) and material assemblies typical for historic structures will 
be monitored for better investigation of structural damage and environmental pollution 
effects. With respect to the aspects of smart monitoring techniques defined above, for 
some applications there are presently no sufficient sensor technologies available. This is 
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especially true for chemical attack due to gases or salts, for the measurement of moisture 
content inside a material and for the measurement of air flow at low speed inside 
buildings. For this reason new sensor technologies will be investigated and tested with 
these purposes (especially air flow sensors for low air speed, humidity and temperature 
sensors as well as acoustic emission sensors will be developed). In particular the 
following parameters will be measured/monitored: 
• temperature & humidity (in environment and materials using resistive sensors air 

humidity sensors and miniaturized MEMS) 
• air velocity (especially for low air speed measurement inside buildings) 
• strain and crack opening (strain gauges etc.) 
• acoustic emissions 
• vibration, inclination (MEMS) 
• ambient light, UV light, (with regard to paintings and pigments) 
• chemical attack due to gases (e.g. HCl, O3, SO2, NH3 NOx, etc.) or salts 

(chlorides, sulphates etc.) 

IN SITU APPLICATION 

There are three climatic zones (Central European, Northern and Southern 
Mediterranean) represented in three main and three additional case studies during the 
project. Those sites offer the possibility of indoor and outdoor testing. Three main case 
studies are used to test and to demonstrate several different methodologies simultaneously 
and are also used for the modelling:  
1. Museum Island, Berlin, Germany. World Cultural Heritage since 1999 
2. Polychrome Portals of the Holy Cross Minster Schwäbisch Gmünd, Germany 
3. Main office of the Province of Bologna, Italy  

The additional case studies (freely selectable by each partner) are located in 
Palestinian-administered area and Austria where specific partners are responsible for: 
4. Old town of Hebron in the Palestinian administered areas (Westbank) 
5. Schönbrunn Palace, Vienna, Austria. World Cultural Heritage since 1996. 

However, there might be some additional small case studies selected during the 
project which might be of more interest or closer to each partner that saves travel costs.  

Monitoring demands would be the determination of temperature and moisture 
profiles within the wall thickness (at different heights), of wall surface temperature (at 
different heights) and the measurement of air temperature near the wall (at different 
heights). It would have to be checked if the water content is in liquid or gaseous form and 
how large is the humidity exchange at wall-air interface. Therefore, another important 
aspect is the air velocity at the wall surface, which directly drives desorption and 
absorption of water. With regard to diffusion processes, the determination of salt 
concentration within walls becomes one of the most important aspects of monitoring, 
because salt crystallization/hydration cycles within the wall could lead to internal stress 
and as a consequence to micro-cracking and loss of strength. 
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Figure 2.  The three main case studies (1, 2 and 3 as described in the text above) 

  

Figure 3.  The three additional case studies (4 and 5 as described in the text above). 
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EVALUATION OF METHODOLOGY/TECHNOLOGY USED 

Measures of physical, chemical and mechanical material and environmental 
parameters during repeated monitoring on samples and specimens in varying 
environmental conditions are aimed to simulate and better understand structural and 
material deterioration processes due to environment (Fig. 4).  

 

Figure 4.  Interconnection between measurements, simulation and data evaluation 

Based on previous experiences of authors (5,6,7,8), physical models built in the 
lab will simulate the form of structural elements made of brick and stone masonry, with 
addition of plaster layers; component materials and masonry layout will be chosen in 
view to reproduce complex elements typical for historical structures. Specimens will be 
of two types: the first type (Fig. 5) is aimed at evaluating the effectiveness of different 
NDT methods to quantitatively detect defects and inhomogeneities. Therefore these 
physical models will contain simulated defects such as voids, irregular mortar joints, 
inclusions, etc.  
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Figure 5.  Masonry specimens for NDT 

The lower part of the specimens will be immersed in water with different values of 
salt concentration. Periodical testing will be carried out with: 
• sonic tests, 
• impact echo tests, 
• ultrasonics tests, 
• radar tests, 
• infrared thermography 

Continuous wireless monitoring will be done for temperature, air humidity, 
masonry humidity, resistivity and salt distribution. 

The second type of specimens (Fig. 6) will be used to evaluate the capacity of the 
NDT methods to detect the beginning of material and structural damage and its evolution 
over longer periods, by measuring mechanical and physical properties. Therefore in their 
as-built condition, these specimens will not contain simulated defects and after a first 
measurement campaign, they will be subjected to compressive tests. The NDT tests will 
be repeated at different load levels. Reliability and applicability of employed techniques 
to the specific cases of complex historic structures will be studied. The following methods 
will be applied: 
• sonic tests, 
• impact echo tests, 
• ultrasonics tests, 
• radar, 
• infrared thermography, 
• acoustic emission. 

 

Figure 6.  Construction of masonry specimens for mechanical tests 

One objective of the project is the provision of methods and algorithms of data 
reduction and analysis for continuous monitoring of historic structures intended for 
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preventive conservation. Therefore it is necessary to determine materials and 
deterioration models, considering the most important influences of environment (data 
fusion), that could be monitored by sufficient technologies. The models to be considered 
deal with: 
• masonry mechanical behavior; 
• transport processes; 
• microclimate. 

As an example, a mechanical model for masonry is represented in Figures 7 and 8. 

 

Fig. 7. Mechanical model for masonry (9) 

 

Fig. 8. Final deformation pattern for a masonry wall (9) 

 
  



P a g e  | 290  CSHM-3; 11-13 August 2010, Ottawa-Gatineau, CANADA 

Grosse, “Smart Monitoring of Historic Structures by Wireless Sensors”, 10/10 

REFERENCES  

1. Grosse, C., Pascale, G., Simon,, S., Krüger, M., Troi, A.,  Colla, C., Rajcic, V.,  
Lukomski, M.: Smart Monitoring of Historic Structures - overview about a 
medium-scale research project in the EU 7th Research Framework Programme, 
Proc. Workshop “In situ Monitoring of Monumental Surfaces” (SMW08), Eds. P. 
Tiano, C. Pardini, ISBN 978-88-7970-390-1, Edifir Publ. Florence, Italy, 27-28 
Oct. 2008, 6 p. 

2. Grosse, C.; Ohtsu, M. (Eds.): Acoustic Emission Testing in Engineering - Basics 
and Applications. Springer publ., Heidelberg (2008), ca. 410 p (in print). 

3. Grosse, C.; Krüger, M.: Inspection and Monitoring of Structures in Civil Engi-
neering. NDT.net – The electronic Journal on Non-Destructive Testing. January 
2006, Vol.11, No.1. 

4. Frick, J., Grassegger, G., Reinhardt, H.-W.: Entwicklung und Erprobung eines 
Qualitätssicherungs- und Überwachungskonzeptes mit zerstörungsfreien 
Methoden für die konservierten Portale des Heilig-Kreuz-Münsters in Schwäbisch 
Gmünd. Proc. 4th International Conference on Non-Destructive Testing of Works 
of Art – 4. Internationale Konferenz Zerstörungsfreie Untersuchungen an Kunst- 
und Kulturgütern DGZfP, Vol. 45, part 1 (1994), 606-618. 

5. Colla, C., “Non-destructive evaluation of brick masonry via scanning impact-echo 
testing”, Proc. 9th North American Masonry Conference, Clemson, South 
Carolina, USA, June 1-4, 2003, The Masonry Society, book of abstracts and CD-
Rom, paper 6A.1, pp. 954-965. 

6. Pascale G., Colla C., Carli R. , Bonfiglioli B., “Wave propagation based methods 
for investigation of concrete and masonry architectural members”, 8th 
International Conference on Non-Destructive Testing and Microanalysis for the 
Diagnostics and Conservation of the Cultural and Environmental Heritage, Lecce 
(Italy), 15-19 May 2005, CD, Contribution N° 170. 

7. Colla, C., Pascale, G., “Non-Destructive Defect Location and Sizing in Concrete 
Columns and Masonry Pillars from Impact-Echo Testing”, Structural Faults + 
Repair-2006, 13th - 15th June 2006, Edinburgh, Scotland, UK. 

8. Colla, C., de Miranda, S., Ubertini, F., On site diagnostic investigations for the 
assessment of the Casa del Tramezzo di Legno in Herculaneum, Proceedings of 
RILEM Int. Conf. On site Assessment of concrete, masonry and timber structures, 
Varenna (LC), Italy, 1-2 settembre 2008 (in print). 

9. Brasile, S., Casciaro, R., Formica, G.: Multilevel approach to brick masonry walls: 
Part I: A numerical strategy for the non linear analysis, Computer methods in 
applied mechanics and engineering 196 (2007) pp. 4934 – 4951. 
 



CSHM-3; 11-13 August 2010, Ottawa-Gatineau, CANADA P a g e  | 291 

Manos, “A Numerical Investigation of the Dynamic and Earthquake Behavior of 
Byzantine and Post-Byzantine Basilicas”, 1/15 

 A Numerical Investigation of the Dynamic and Earthquake 
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Abstract.  
The dynamic and earthquake behavior of Byzantine and Post-Byzantine stone masonry 

churches of the “Basilica” form is investigated numerically. The study aims to identify critical 
responses and to explain observed damage. Three specific structures are studied here numerically; 
Two of them are typical 19th century Post-Byzantine Basilicas with dimensions  approximately 19m 
x 11m in plan and 6.8m high and they retain their original structural formation as a whole, whereas 
the third church is a much older (13th century) and larger structure (37.8m  x 17.8m in plan and 12m 
height). An additional feature of this 3rd structure is the fact that its South nave is completely 
missing today, as it collapsed well in the past. The numerical results together with assumed strength 
values for the various masonry elements are utilized to predict the behavior of these masonry parts 
in in-plane shear and normal stress conditions as well as in out-of-plane bending. When comparing 
the numerically predicted regions that reach limit state conditions with actual damage patterns a 
reasonably good agreement in a qualitative sense can be observed. A retrofitting scheme for the 
missing nave, including an additional bracing system, gave promising results in reducing somewhat 
the vulnerability of the existing structural system with the missing nave; this must be investigated 
further.   

Keywords: - 
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INTRODUCTION 

During the last thirty years various parts of  Greece have been subjected to a 
number of damaging earthquakes ranging from Ms=5.2 to Ms=7.2 on the Richter scale. 
Some of these events, not necessarily the most intense, occurred  near urban  areas. One 
of the most demanding tasks for counteracting the consequences of all these seismic 
events was the effort to ensure the structural integrity of old churches, that were built in 
periods ranging from 400 A.D. till today; in many cases they sustained considerable 
damage (ref. 1). In what follows, selected results and summary observations of the 
dynamic and seismic behavior of a specific type of structural system are presented. This 
system is utilized in many churches belonging to the so called Byzantine and Post-
Byzantine period (11th to 19th century A.D.). This structural system is one of the oldest 
structural forms and is termed “Basilica” (Vasiliki); it is frequently utilized for Greek 
Christian Churches with a number of variations in plan and height.  

The “Basilica” structural system is of rectangular shape, formed by the peripheral 
walls; a semi-cylindrical apse is usually part of the East wall, whereas the interior is 
divided in a number of naves by longitudinal colonnades of various dimensions and 
shapes, as shown in figure 1a. The roofing system is mainly in the longitudinal direction; 
this roofing system at the central nave usually rises at a higher level than that of the side-
naves; in this sense, it can be seen as an elevated extension of the interior colonnades. On 
the contrary, the roofing system that covers the side naves is partially supported on the 
peripheral walls and is usually lower than the roof of the central nave (figure 1b). In some 
instances naves in the transverse direction are built, extending from the middle of the 
peripheral walls thus forming the cruciform in plan. 

  

Figure 1a. The Basilica structural 
system with the interior colonnade of 

the central nave 

Figure 1b. The Basilica structural 
system with the peripheral longitudinal 

and transverse walls 

The dynamic and earthquake behavior of this “Basilica” structural form will be 
investigated through the following distinct three structural systems. All of them are 
composed of stone masonry for the peripheral walls, vaults and domes and internal 
transverse partitions with an apse at the East wall and a wooden roofing system. 
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a) The first case is a three-nave Post Byzantine “Basilica” structural formation 
which, in the overall geometry, is typical of a number of churches with similar geometry 
which were damaged by a strong earthquake sequence in the region of Western 
Macedonia, Greece during the Kozani Earthquake of 1995. The overall dimensions of this 
“typical” case are 19m length, 11m width and 6.8m height of the central nave (the level at 
the top of the roof). The internal colonnades are made of wood. 

  

Figure 2a 1st Post-Byzantine “Basilica”– 
plan 

Figure 2b 1st Post-Byzantine “Basilica” – 
Cross section 

  

Figure 3a 2nd Post-Byzantine “Basilica”  
plan 

Figure 3b 2nd Post-Byzantine “Basilica” – 
South Elevation 

b) This structural formation is also a 19th century Post Byzantine church of 
Taxiarhes at the village of Rodiani in the prefectures of Kozani, Greece; it was also 
damaged by the Kozani Earthquake of 1995. The length of the longitudinal walls is 18.7m 
whereas that of the transverse walls 11.75m, almost similar to the plan dimensions of the 
1st church. However, the height of the peripheral walls is 4.85m, lower than that of the 1st 
case. Moreover, an additional distinct difference from the 1st case is a system of masonry 
cylindrical vaults, spherical domes and arches which are utilized to support the wooden 
roof that rises another 2.0m from the top of the peripheral masonry walls (Figures 3a and 
3b). The thickness of the masonry walls varies from 700mm to 1200mm. 

c) The third case is again a three-nave Basilica; however, this is a much older 
Byzantine church and this time the overall dimensions are much larger (Figures 4a and 
4b). This church is 37.8m long in the longitudinal direction and 17.8m wide in the 
transverse direction. The height of the central nave is 12m. The internal colonnades are 
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made of masonry piers as well as marble columns. The thickness of the masonry walls 
varies from 0.85m to 1.10m.  

The investigation of the 3rd structural formation includes the study of the 
following: 
-  The original structural formation, which does not survive today.  
-  The existing structural formation, with one of the side naves missing 

  

Figure 4a. Byzantine Basilica - Plan Figure 4b Byzantine Basilica - Elevation 

RESULTS FROM THE MODAL ANALYSIS OF THE POST-BYZANTINE 
AND THE BYZANTINE BASILICAS 

A linear-elastic modal analysis was conducted assuming a value for the Young’s 
Modulus for the masonry walls equal to 2500Mpa. The mass of these stone masonry 
walls was assumed to be equal to 2.70t/m3.    All the walls were numerically simulated by 
shell F.E. The arches on top of the internal colonnades as well as the wooden roof was 
also numerically simulated; the Young’s Modulus of all the wooden parts was taken equal 
to 8400Mpa  with the corresponding mass equal to 0.66t/m3.  

a) Figures 5a and 5b depict the mainly horizontal translational eigen-modes for the 
1st structure. The translational eigen-mode in the transverse North-South (y-y) direction is 
the one with the longest eigen-period (Figure 5a, T = 0.102seconds). The structural 
response in this mode displaces the longitudinal peripheral walls mainly out-of-plane; this 
is done with the transverse peripheral walls resisting mainly in-plane. The translational 
eigen-mode in the longitudinal East-West (x-x) direction is the next longest eigen-period 
(Figure 5b, T = 0.069 seconds). The structural response in this mode displaces the 
longitudinal peripheral walls mainly in-plane; this is done with the transverse peripheral 
walls resisting mainly out-of-plane. Each one of these modes mobilizes approximately 
50% of the total mass of the structure. These two modes are next followed by higher 
horizontal modes; however; these latter modes mobilize relatively small portions of the 
total mass.  

b) In comparison, figures 6a and 6b depict the mainly horizontal translational 
modes for the 2nd structure. It can be seen that the eigen-periods in both the longitudinal 
and the transverse directions for the 2nd church are somewhat longer than those of the 1st 
structure. However, this time the modal mass ratios, that are mobilized by these two 
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translational modes, are noticeably larger than those of the 1st structure. Both these effects 
must be attributed to the mass of the system of masonry cylindrical vaults, spherical 
domes and arches. 

 

  
Figure 5a.  Ty = 0.102 seconds, uy = 

51.38% 
Figure 5b. Tx = 0.069 seconds  ux = 

49,63% 

  
Figure 6a.  Ty = 0.1053 seconds, uy = 

61.8% 
Figure 6b. Tx = 0.0724 seconds  ux = 

63,966% 

c) the modal analysis of the third structure (3rd church) which represents the old 
“Byzantine Basilica” structural formation includes the study of the existing structural 
formation, with one of the side naves missing (Model 1, figure 7a) and the original 
structural formation, which does not survive today (Model 2, figure 7b). By comparing 
the eigen-period values of the fundamental translational modes resulting from the two 
structural formations of this 3rd church the following observations can be made. As 
expected, the main influence of the missing nave is in the transverse rather than in the 
longitudinal direction. It must be noted that the masonry piers of the remaining West part 
that are in line with the internal colonnades provide sufficient stiffness in the longitudinal 
direction to compensate for the missing longitudinal wall of the missing nave. 
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Figure 7a. Model 1 Longitudinal Transl. Transverse Translational 

 
MG+0.3Q=2342,0 tn 

 

Tx = 0.1334sec Ty = 0.2399sec 

  
Mass Partic. Ratio % Mass Partic. Ratio %  
Ux Uy Uz Ux Uy Uz 

56.32 0.00 0.00 0.00 43.38 0.00 

Figure 7b. Model 2 Longitudinal Transl. Transverse Translational 

 
MG+0.3Q=3102,5 tn 

 

Tx = 0.1374sec Ty  = 0.2101sec 

  
Mass Partic. Ratio % Mass Partic. Ratio % 
Ux Uy Uz Ux Uy Uz 

40.56 0.00 0.00 0.00 42.67 0.00 
The missing portion of the transverse peripheral East and West walls as well as 

that of the Narthex results in a noticeably more flexible system than the original structural 
formation. Apart from the stiffness variation resulting from the missing nave one should 
also take into account the absence of the mass of the missing masonry part. When 
comparing the obtained dynamic characteristics of the above two models of the Byzantine 
Basilica with the ones presented before for the two Post-Byzantine Basilicas the 
following observations can be made. 

a1. Again, the translational eigen-mode in the transverse North-South (y-y) 
direction for the third church is the one with the longest eigen-period (see Figures 7a and 
5a, 6a). The structural response in this mode displaces the longitudinal peripheral walls 
mainly out-of-plane; this is done with the transverse peripheral walls resisting mainly in-
plane. Because of the relatively larger size of the Byzantine Basilica the values for this 
eigen-period are much longer (Ty = 0.2101sec. –  Ty  =0.239sec) than the values obtained 
for this eigen-mode for the two Post-Byzantine Basilicas (of the order of T = 0.10 
seconds). 
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a2. Again, the translational eigen-mode in the longitudinal East-West (x-x) 
direction for the third church is the next longest eigen-period (see Figures 7b and 5b, 6b). 
The structural response in this mode displaces the longitudinal peripheral walls mainly in-
plane; this is done with the transverse peripheral walls resisting mainly out-of-plane. 
Because of the relatively larger size of this Byzantine Basilica the values for this eigen-
period are much longer (Ty = 0.131sec. –  Ty  =0.137sec) than the values obtained for this 
eigen-mode for the two Post-Byzantine Basilicas  (of the order of T = 0.07 seconds). 
However; because of the increased stiffness in the longitudinal direction relative to the 
transverse direction, the difference in the eigen-period values is comparatively smaller 
than that in the longitudinal direction, as noted in observation  a1 above.  

a3. Again, each one of these modes mobilizes approximately 50% of the total mass 
of the structure. These two modes are next followed by higher horizontal modes; 
however; these latter modes mobilize relatively small portions of the total mass.  

THE TWO POST-BYZANTINE AND THE BYZANTINE BASILICAS 
SUBJECTED TO GRAVITATIONAL AND EARTHQUAKE LOADING 
IMPOSED IN A STATIC MANNER 

The behavior of all three structures was examined next when they were subjected 
to three distinct loading conditions. The forces in all these three loading conditions were 
applied in a static manner. Base fixity was assumed for all masonry at the foundation 
level. The first loading case included the dead (G) loads of all parts plus the live (Q) loads 
(mainly snow at the roof level plus the live load at the level used as women’s quarters). 
During the second and third loading conditions the earthquake forces Ex and Ey were 
applied along the x-x and the y-y axis, respectively. This was done in a simple way 
assuming unit acceleration for all the parts of the structure equal to 1g (where g is the 
acceleration of gravity). The dynamic nature of the seismic forces was taken into account 
in a separate series of simulations presented in the next section .  

The results for the 1st and 2nd Post-Byzantine Basilicas are depicted in figures 8 
and 9, respectively. As can be seen in these figures, the structural system of both churches 
is more flexible in the transverse than in the longitudinal direction. The resistance of the 
internal colonnades to either the x-x or the y-y seismic forces is very small as these 
structural elements are quite flexible. The maximum horizontal displacement at the roof 
level is equal to 1.94mm for the 1st church (0.16mm for the 2nd church) for the loading 
case Ex whereas it attains the value of 4.447mm for the 1st church (3.86mm for the 2nd 
church) for the loading case Ey, more than double. The seismic forces are mainly resisted 
by the in-plane action of the peripheral walls parallel to the direction of these forces as 
well as by the out-of-plane action of the peripheral walls normal to the direction of these 
forces. The maximum value of deformations from the gravitational forces is equal to 
0.812mm for the 1st church (1.0mm for the 2nd church); this occurs along the vertical 
direction at mid-span of the top of the roof. The vertical deformations at the top of the 
peripheral walls are of the order of 0.1mm to 0.2mm; moreover, the out-of-plane 
flexibility of the longitudinal walls results, at their top, in out-of-plane deformations of 
the order of 0.15mm when the structure is subjected to the gravitational forces. 
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1st Church 2nd  Church 

  

Figure 8a. Deformations for seismic forces 
Ex 

Figure 9a. Deformations for seismic forces 
Ex 

  

Figure 8b. Deformations for seismic 
forces Ey 

Figure 9b. Deformations for seismic forces 
Ey 

  

Figure 8c. Deformations for gravity forces   Figure 9c. Deformations for gravity forces   

The 3rd church (Byzantine Basilica) deformations are depicted in figures 10 and 11 
for model 1 (existing structure) and model 2 (original structure), respectively. Due to the 

 



CSHM-3; 11-13 August 2010, Ottawa-Gatineau, CANADA P a g e  | 299 

Manos, “A Numerical Investigation of the Dynamic and Earthquake Behavior of 
Byzantine and Post-Byzantine Basilicas”, 9/15 

larger size of this structure the horizontal displacements at the top of the peripheral walls 
and at the top of the roof levels are much larger, as expected, than those of the relatively 
smaller Post-Byzantine Basilicas. The observations made before for the Post- Byzantine 
Basilicas with regard to the flexibility of this structural system in the y-y direction for the 
Ey earthquake forces are much more evident here. This effect is further amplified by the 
missing nave, as can be seen by comparing the maximum horizontal displacement due to 
the earthquake forces Ey for model 1 and model 2 in figures 10b and 11b, respectively 

3rd Church – Model 1 3rd Church – Model 2 

  

Figure 10a. Deformations for seismic 
forces Ex 

Figure 11a. Deformations for seismic 
forces Ex 

  

Figure 10b. Deformations for seismic 
forces Ey 

Figure 11b. Deformations for seismic 
forces Ey 

  

Figure 10c. Deformations for gravity 
forces   

Figure 11c. Deformations for gravity 
forces   
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EVALUATION OF THE STRESS RESULTS FOR THE THREE 
BASILICAS SUBJECTED TO EARTHQUAKE LOADING.  

This time the design spectrum of the Greek Seismic Code (Greek Seismic Code 
2000, ref. 2) was utilized for seismic zone I (ground design acceleration 0.16g), soil 
category B, response modification factor q = 1.5 and importance factor 1.3.  In the 
spectral dynamic analyses that were conducted, the resultant seismic forces were obtained 
from the Greek Seismic Code response spectrum and the following loading combinations 
(G the dead loads, Ex and Ey the earthquake action in the x and y directions). 0.9G+1.4Ey 
/ 0.9G+1.4Ex / G+Ey+0.3Ex / G+Ex+0.3Ey. 

From all the load combinations, the most critical in-plane demand values, either in 
normal or shear stresses, can be identified for all four peripheral walls. This can also be 
done for the most critical out-of-plane normal stress demand values for all four peripheral 
walls. For the 2nd church this study was also extended to the masonry vaults and domes of 
the superstructure. Next, certain commonly used masonry failure criteria were adopted for 
either in-plane  tension-compression or shear or out-of-plane tension. Table 1 lists values 
which were assumed to be valid for the critical mechanical properties for the masonry 
segments (refs. 1 and 3, 4, 5, 6).   

Table 1. Assumed Mechanical Characteristics of the Stone Masonry 

 
Young’s 
Modulus 
(N/mm2) 

Poisson’s 
Ratio 

Stone Masonry 
Compressive Strength  
(N/mm2) 

Stone Masonry 
Tensile  Strength 
(N/mm2) 

Shear Strength, fvko, 
(N/mm2) 

Upper 
limit 2500 0.2 3.846 0.250 0.192 

Lower 
limit 2500 0.2 1.00 0.192 0.192 

 

Moreover, a Mohr-Coulomb failure envelope was adopted for the in-plane shear 
limit state of the stone masonry, when a σn normal stress is acting simultaneously, that is 
defined through the relationship 

fvk = fvko + 0.4 σn          (1) 

where: fvko is the shear strength of the stone masonry when the normal stress is 
zero; fvko was  assumed to be equal to 0.192 N/mm2.  

All the masonry parts of the studied structures were examined in terms of in-plane 
and out-of-plane stress demands posed by the considered load combinations against the 
corresponding capacities, as these capacities were obtained by applying the Mohr-
Coulomb criterion of equation 1 or the upper stone masonry compressive and tensile 
strength limits listed in Table 1. Due to space limitations such results are not shown in 
detail here. Selective results obtained from this evaluation process are shown in figures 
12, 13 and 14. With Rσ or with Rτ the ratio of the in-plane tensile or shear strength value 
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over the corresponding demand is signified whereas with RM the ratio of the out-of-plane 
tensile strength value over the corresponding demand is denoted. Ratio values smaller 
than 1.0 predict a corresponding limit state condition. 

 
1st Church 

 
2nd Church 

Figure 12. East wall – Ratio values of strength over demands 

 
1st Church 

 
2nd Church 

Figure 13. South wall – Ratio values of strength over demands 

 
3rd Church – Model 1 

 
3rd Church – Model 2 

Figure 14. East wall – Ratio values of strength over demands 
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THE RESPONSE OF THE BYZANTINE CHURCH WITH EXTRA 
BRACING IN THE PLACE OF THE MISSING NAVE 

- An alternative structural formation was studied for the 3rd Byzantine Basilica, 
which tries to simulate a retrofitting scheme for the existing church with the missing nave 
that utilizes an external bracing system Model 3, figure 15). This is achieved by a 
colonnade with diagonal braces, crowned by a longitudinal girder supporting the wooden 
roof, in place of the exterior missing peripheral South wall as well as the portions of the 
East and the West peripheral walls and Narthex. Figure 15 depicts the translational eigen-
modes and eigen-periods for this 3rd model whereas figures 16a and 16b depict the 
deformations for the seismic actions. 

Model 3 Longitudinal Translational  Transverse Translational  

 
 

MG+0.3Q=2362,8 tn 
 

Tx = 0.1307sec Ty = 0.2286sec 

  
Mass Participation Ratio % Mass Participation Ratio % 

Ux Uy Uz Ux Uy Uz 
55.36 0.00 0.00 0.00 45.81 0.00 

Figure 15. Dynamic Characteristics of the Byzantine Basilica with external bracing 

 

Figure16a.Deformations for seismic forces  
Ey - Model 3 

 

Figure16b.Deformations for seismic 
forces  Ex - Model 3 
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Figures 17a to 17f depict the stress response results (in-plane and out-of plane) for 
the peripheral masonry walls for this structural formation that included the bracing system 
in the place of the missing nave. The Rς, Rτ or RM ratio values of the strength over the 
corresponding demand is denoted in figures 18a and 18b for this structural formation. 
Ratio values smaller than 1.0 predict a corresponding limit state condition.  By comparing 
the corresponding values that were obtained for models 1 and 2 (3rd Byzantine church, 
figures 10, 11 and 14) the bracing system reduces somewhat the seismic vulnerability of 
the existing church. Naturally, the original church (Model 2) is the less vulnerable. 

 

17a. West wall of the central nave– In-
plane normal stresses  0,9G+1,4Ey 

 

17b. East wall – Οut-of-plane normal 
stresses 0,9G+1,4Ex 

 

17c. South wall of the central nave– In-
plane normal stresses  0,9G+1,4Ex 

 

17d. South wall of the central nave– Οut-
of-plane normal stresses  0,9G+1,4Ey 

 

17e. West wall of the central nave– In-
plane shear stresses  0,9G+1,4Ey 

 

17f. East wall – In-plane shear stresses  
0,9G+1,4Ey 

Figure 17. Characteristic stress patterns developing on the walls of  Model 3 
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18a. West wall – Ratio values of strength 
over demands Model  3 

 

18b.  East wall – Ratio values of strength 
over demands Model 3 

CONCLUSIONS 

1. The eigen-periods, eigen-modes, and the deformation patterns to horizontal 
earthquake actions of the examined Basilicas demonstrate that these structural 
formations develop much larger displacements at the top of their longitudinal 
peripheral walls in a direction normal to the plane of these walls than at a direction 
parallel to that plane.  

2. The numerical stress results together with assumed strength values for the various 
masonry elements of the examined Basilicas predict that the most vulnerable 
regions to be damaged are near the door and window openings for the in-plane 
behavior. These regions together with the regions near the foundation appear to be 
the most vulnerable in out-of-plane bending, particularly for the longitudinal 
masonry walls. These regions that are shown to be vulnerable to damage are in 
reasonably good agreement, in a qualitative sense, with actual observed damage. 
The masonry superstructure for the 2nd church is also shown to be vulnerable. 

3.  One of the examined structural formations has a missing nave as it exists today 
(Model 1). The current investigation demonstrated that the structure with the 
missing nave is more vulnerable than this structure in its original completed form 
(Model 2) with all naves in place. The behavior of a retrofitting scheme for the 
missing nave, including an additional bracing system (Model 3), gave promising 
results in reducing somewhat the vulnerability of the existing structural system 
with the missing nave; this must be investigated further.  Naturally, the original 
church is the less vulnerable. 
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Abstract 
The growing need to enlarge the transportation networks throughout railway lines occurring 

in the latest years worldwide, has spurred a renewed interest for studying the impact of train 
vibrations on stability of neighbouring structures. Often this represents one the most critical 
components of subway networks design that could induce some damages to the above neighbouring 
structures such as historical buildings. In this study, using a 3D FEM approach, the effects of 
vibrations of Isfahan subway on a very famous historical masonry bridge named as Sio-se-pole 
Bridge in Isfahan, Iran is assessed. In order to evaluate the critical distance between the tunnel and 
the bridge a set of parametric numerical analysis for different train weights and speeds were 
performed. Through a back analysis some other important factors such as EPB pressure of the TBM 
used for excavation and the contraction ratio during the construction were also evaluated. Using 
Fourier transform, the main contributing frequencies of the loading induced by the moving train 
corresponding to a given train speed are evaluated. On the other hand, through the macro-modeling 
approach, where the masonry is regarded as an anisotropic composite having a relation between 
average masonry strains and average masonry stresses, the natural frequencies of the masonry 
bridge are obtained. 

Keywords: Sio-Se-Pol, Subway, Vibration, Masonry, Bridge, Isfahan 
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INTRODUCTION  

Using subway systems for public transportation in metropolitan areas, besides 
easing the public transportation, leads to decrease air and sound pollutions. Excavation 
during the tunneling process and the vibrations induced during the subway operation may 
cause some undesirable surface settlements to the neighboring buildings [1]. This hazard 
could be more pronounced, when the subway should pass underneath the vicinities of 
historical places. The North-South route of Isfahan subway is going to cross Zayandeh 
rud river in the vicinity of a very famous historical bridge named after Allahverdi Khan 
(Figure 1). Zayandeh rud river is flowing in Isfahan plain area formed by mostly 
alluviums and sands. Crossing Isfahan city of Iran, Zayandeh rud subdivides the city into 
two parts and therefore, bridges built on the river have become the most important of the 
city’s monuments. The bridge of Allahverdi Khan so-called Sio-se-pol across Zayandeh 
rud river in Isfahan is built at the beginning of 17th century. The bridge is 13.75 m wide 
and 295 m long made by masonry brick having two decks. It used to have 40 arches 
called “Cheshmeh” and now referring to its name it has 33 arches.  

  

Figure 1. Sio-se pol bridge 

The main objective of this study is to predict the base vibration amplitudes of Sio-
se-pol bridge due to the train traveling with different train speeds, when the Isfahan 
subways operates. 

EVALUATION OF DYNAMIC SOIL PROPERTIES 

An accurate estimation of the induced deformations during the tunneling process 
as well as train traveling in any numerical analysis needs proper evaluation of dynamic 
strength and deformability characteristics of the soil mass. In the ordinary analyses, using 
the parameters obtained from laboratory testing, the numerical model is developed, 
provided that a comprehensive and detailed geotechnical studies was carried out to get 
inside the spatial variations of mechanical and dynamic properties of the soil mass. 
According to geotechnical studies in the area [5], three different soil layers can be 
observed (Figure 2). The top layer is an upper clay deposit having different thicknesses 
varying from 0 to 10 meters. In the mid layer a saturated sand and gravel mix layer (down 
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to the maximum depth of 40 meters) can be seen. The lower layer is again a fine cohesive 
layer (lower clay deposit) down to the examined depth. The underground water table is 
located mostly at 2-10 meters below the ground surface. Since the mechanical properties 
of the soil mass are essential for Isfahan subway project, a reverse analysis was used 
alternatively in this study. In the back analysis, the soil strength and deformability 
characteristics including soil constitutive model parameters are obtained from field 
measurements of instrumentation during the construction. Furthermore to the conducted 
geotechnical studies for Isfahan subway project, Taheri and Mohkam [6] evaluated the 
soil cohesion and the soil internal friction angle through a back analysis [7]. 

 

Figure 2. Soil Profile along the N-S line 

 In this study, the contraction ratio after excavation defined as is evaluated through 
a reverse analysis approach. This parameter determines the shrinkage of tunnel defining 
the percentage of decreasing the cross section of the tunnel. To do this task, the 
extensometers installed at one of locations in Chaharbagh St. in the eastern tunnel were 
used. Figure 4 shows the monitoring results recorded by the extensometer EX-00EA2 at 
the different depths. Comparison the monitoring results with the numerical results 
obtained from a FE model for the same location reveals the contraction ratio is almost 
zero. Similar result was reported by Midal et. al [8].   

The tunnels in Isfahan subway is bored by TBM (Tunneling Boring Machine) 
using the pressure wall applying Earth Pressure Balance (EPB) to protect the excavated 
trenches. In this type of TBM, a pressure on the cutter head provides the stability of 
excavation reducing the ground settlement [2]. Employing the values obtained for the 
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mechanical properties of the soil mass including the contraction ratio, the excavation is 
simulated in soil layers considering the effect of EPB in tunnelling process under the 
famous Chaharbagh Street. For the numerical analyses, PLAXIS 3D Tunnel program, 
based on the Finite Elements Method, is used. The triangular prismatic elements of 15 
nodes are used to generate the finite element mesh of the model (Figure 4). In addition, in 
order to make the mesh generated around the tunnel periphery finer, where there are areas 
of highly stress concentration, the smaller elements have been taken around the tunnels. 
The diameter of each excavated tunnel is 6.88 m and their embedment depth from the 
ground surface is 9 m. The horizontal distance between the tunnels’ centrelines is 20 m. 

 

Figure 3. Displacements in different depth of the ground obtained from extensometers 

 

Figure 4. 3D finite elements model for Tunnels 

The tunnels are excavated using TBM (Tunnel Boring Machine) applying the EPB 
to protect the excavated trenches. To reduce the effects of the boundary conditions on the 

9 m 

20 m 

6.88 m 
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system, besides applying the absorbing boundary conditions, model dimensions are 
considered large enough to reduce the effect of stress errors arising from the stiffness of 
the unbounded medium beyond the artificial boundaries. The constitutive model used for 
the layers is Mohr-Coulomb with undrained behaviour. According to the geotechnical 
studies for the site, the mechanical and model parameters are given in Table 1. 

Table 1.   Properties of underground layers in the location of Chaharbagh Street 

 Fill deposit Upper clay  Sandy Gravel  Silty sedimentary 
Depth 0.4-2 2-11 11-32 32-40 
γdry (kN/m3) 17.7 16.13 17.70 16.60 
γwet (kN/m3) 21.3 20.40 21.20 20.50 
Kx (m/s) 1.0 E-5 1.20 E-8 2.50 E-3 2 E-9 
Ky (m/s) 2.0 E-6 2.50 E-9 2.5 E-3 1E-8 
ν 0.27 0.35 0.30 0.32 
Et (Kg/m2) 150 200 600 450 
C (Kg/cm2) 0.15 0.30 0 0.40 
φο 23 25 35 30 

 

The concrete lining is assumed to be linear elastic. The lining specifications are 
given in Table 2.  

At the time of excavation, the ground water level was observed at 12 m below the 
ground surface. The hydrostatic pressure contour before the excavation is shown in 
Figure 5. A traffic loading surcharge is assumed to be 10 kPa, while the EPB pressure is 
evaluated to be applied equal to 25kPa. The model should be at an initial force-
equilibrium state before the excavation can be simulated. The boundary and initial 
conditions are assigned so that the model is at equilibrium initially. However, it is 
necessary to calculate the initial equilibrium state under the at rest condition, K0. 
Therefore, after modelling the soil mass with the boundary conditions, the model is 
solved to obtain the initial equilibrium. Before simulating the excavation, the 
displacements should be reset, so that the change in the displacements due to the 
excavation can be examined. After fixing the bottom boundary in the vertical direction, 
the excavation is performed. The mean effective stress contours in the model before the 
excavation are shown in Figure 6. Figure 7a shows vertical displacement contours with 
the maximum value equal to 8.49 mm while EPB is applied. Figure 7b illustrates similar 
contours but with the maximum value equal to 10.03 mm without applying EPB. This 
shows using EPB could lead to 15 percentage decrease in the vertical settlement. 

Table 2. Properties of reinforced concrete linings  

Bending stiffness (EI) (kN.m2/m)   4.5 E4 
Axial stiffness (EA) (kN/m)   6 e E6 
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Figure 5. Contours of the hydrostatic 
pressure 

Figure 6. Contours of the mean 
effective stress   

  

Figure (7a)- Vertical displacements 
with EPB  (Extreme Vertical 
Displacement 8.49×10-3m)  

Figure (7b) - Vertical displacements 
without EPB (Extreme Vertical 

Displacement 10.03×10-3m) 

THE BASE VIBRATION INDUCED DUE TO THE TRAIN TRAVELING 

Since it is planned to investigate the effect of the train travelling of Isfahan subway 
on the of the vibrations induced in the Sio-se-pol bridge base, three different analysis 
have been taken into account: 
• In the first stage the ground settlements are evaluated during the boring process 

while the segments are also installed in the back. 
• The second stage is assigned to the state that the EPB is applied to the cutter head. 

In this stage the contraction ratio obtained from the reverse analysis performed for 
Chaharbagh street was used. 

• In the third stage the train dynamic loading is applied to the model. 
Having Ground Penetration Radar (GPR) test conducted to investigate the 

invisible part of the structure, a shallow foundation made of stone brick setting is 
recognized for the bridge’s foundation. According to GPR images and visual inspections, 
the depth of foundation in this case is assumed to be equal 2m.  



CSHM-3; 11-13 August 2010, Ottawa-Gatineau, CANADA P a g e  | 313 

Halabian, “The Effect of Subway Vibrations on Stability of Neighboring Historical Sio-
Se-Pol Bridge in Isfahan”, 7/14 

 

Figure 8. FEM model of the structure’s foundation 

A 2-D FEM model having the bridge’s foundation resting on supporting soil along 
the subway tunnels shown in Figure 8 was developed using Plaxis 3D Tunnel. The 
diameter of each excavated tunnel is the same as 6.88 m and their embedment depth from 
the ground surface is 9 m. The horizontal distance between the tunnels’ centerlines is 18 
m and the horizontal distance of the eastern tunnel’s centreline to the edge of the bridge’s 
foundation assumed to be 40 m which was examined in the first part of this study as the 
safe distance for N-S line of Isfahan subway to Sio-se-pol bridge when only the 
excavation is considered. The ground was modelled by plane strain elements and the 
tunnel was modelled by beam elements. The lateral boundary and the base boundary were 
modelled by a free boundary and a rigid boundary respectively. Figure 9 shows the 
geometry of the developed model in which the level of the underground water table was 
assumed to be about 2m below the ground. The mechanical and model parameters for the 
soil layers are given in Table 3. Figure 6 show the initial effective stresses before 
tunneling. The EPB pressure in this case is equal to 130 kPa and the surcharge of the 
bridge is assumed 75 kPa. 

  

Figure 9. The geometry of the 
developed model with shallow 

foundation 
Figure 10. Initial effective stresses 

before tunneling in the model 
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Table 3.   Properties of underground layers in the location of Sio-se-pol 

 Upper clay Sandy Gravel Silty sedimentary 
Depth 2-11 11-32 32-40 
γdry (kN/m3) 16.13 17.70 16.60 
γwet (kN/m3) 20.40 21.20 20.50 
Kx (m/s) 1.20 E-8 2.50 E-3 2 E-9 
Ky (m/s) 2.50 E-9 2.5 E-3 1E-8 
ν 0.35 0.25 0.32 
Et (Kg/m2) 200 600 450 
C (Kg/cm2) 0.30 0 0.40 
φο 25 35 30 

 

TRAIN LOADING 

Dynamic loading due to train traveling can be simulated with some concentrated 
loads that are repeated after a given time period as a function of the train's speed. Figure 
11 shows the loading axles of the train along with the definition parameters. To consider 
the extreme case, the train weight is assumed to be 100 ton. The other characterizations of 
the train are summarized at Table (4).   

 

Figure 11.  Parameters for definition of dynamic train loading 
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Table 4. Characterizations of the train 

Length of the each wagon L=12m 
Speed of the train V=80 (Km/h) 
Distance between two wagon   X1 0.6m 
Distance between two axle  X: 2m 
Weight of train and the passengers 100 ton 
Load form one axle 490.50 kN 

 

Having the distance between the axles shown in Figure 11, dynamic loading of the 
train can be formulated as a periodic function defined between t1 and t4 time interval as: 
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Having the periodic loading function defined in Eqs.1, the coefficients of its 
Fourier transform are calculated as:   
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If the first ten or twenty frequencies are taken into account, the variations of the 
train loading are shown in Figure 12 in terms of the travelling time, where the train speed 
is 80 Km/h. As it is shown, the train loading can be accurately represented by the first ten 
Fourier frequencies.  
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Figure 12. Dynamic load of the train for V=80 km/h, calculated based on the Fourier 
transform 

NUMERICAL RESULTS  

For assumed train speeds, the dynamic analyses of the proposed model subjected 
to harmonic loadings corresponding to contributed frequencies of the Fourier transform of 
the train loading for each speed were conducted. Vertical base vibrations of the Sio-se-Pol 
bridge as the perhaps the most important dynamic factor on the damage pattern of the 
bridge made of masonry were monitored. Figures 13 to 15 show the time history of the 
bridge foundation displacement in terms of some contributed Fourier frequencies, where 
the train speed is 80 km/h. Figure 16 shows the maximum displacement amplitude in 
terms of different frequencies. As it can be noted, after the critical frequency, which is 
about 1 Hz, the displacement amplitude decreases, as the loading frequency increases. 
Therefore, it can be concluded that the effect of the higher frequencies are much less than 
lower frequencies. 

  

Figure 13. Time history of the vertical 
displacement for f=0.5 Hz  

Figure 14. Time history of the vertical 
displacement for f=1 Hz  
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Figure 15. Time history of the vertical displacement for f=2 Hz 

 

Figure 16. Variation of displacement amplitude in terms of different frequencies  

Having the response of the model subjected to different harmonic components is 
evaluated, the overall dynamic response of the structure under the train loading is 
assessed for each train speed using the superposition principle. The Figures 17 to 20 
present the obtained numerical results for selected train speeds.  
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Figure 17. Time history of the vertical displacement for W=100 ton, V=10 Km/h  

 

Figure 18. Time history of the vertical displacement for W=100 ton, V=20 Km/h  
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Figure 19. Time history of the vertical displacement for W=100 ton, V=30 Km/h  

 

Figure 20. Time history of the vertical displacement for W=100 ton, V=80 Km/h  

Similar analyses for wide range of train speed from 10 to 80 km/h were performed, 
where the train weight assumed to be 50 and 25 ton.  Based on the obtained results, for 
very high speeds, say more than 80 km/h, and very low for example less than 20 km/h, 
vertical displacement of the bridge's foundation show lower values, compared with mid 
range speeds between 20 to 40 km/h. Also as it was mentioned earlier, the effect of the 
higher frequencies in each speed is much less compared to the train speeds with the 
predominant frequency in the range of 0.8 to 1 Hz.  
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SUMMARY AND CONCLUSION  

To evaluate the effect of the train induced vibrations on the historical Sio-Se-Pol 
bridge, a 3D finite element model of the Isfahan subway tunnels crossing nearby Sio-se-
pol foundation was developed. A set of numerical dynamic analysis have been performed 
aiming to examine the effect of the train speeds on the induced vibration to the Sio-se-pol 
bridge. The results demonstrated that for different train speeds, the critical frequencies 
between 0.8 to 1.0 Hz are the most affecting frequencies on the base vibration of the 
bridge which should be damped, where the isolation systems is designed.  

It was concluded that frequencies more than 4 Hz have very little effect and then 
can be neglected. Considering the nature of the underground soil layers and the 
corresponded natural frequency, and also the shape of the bridge, this results is 
reasonable. Numerical results showed also that the vibration due to the train travelling 
could be remarkable at mid-range speeds between 20 to 40 km/hr while for higher speeds 
vertical vibrations of the foundation's bridge is of lesser order.  
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