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SUMMARY

The Beylerbeyi Palace was built between 1861 and 1865 on the Asian shore of Istanbul, and it is within the cultural
heritage treasury of theworld. Recent earthquakes in theMediterranean basin have highlighted the particular vulnerability
of historic masonry buildings and the need of properly defining retrofitting measures. In this respect, structural behaviour
and the earthquake performance of the palace have been investigated. It is seen that the inherent dynamic properties of the
palace make it vulnerable to earthquake ground shaking. In order to reduce the affect of ground shaking, the use of base
isolation system has been investigated. It is determined that base isolation can be used to reduce the earthquake effects on
the palace and ensure the structural performance under maximum considered earthquake. Copyright © 2014 JohnWiley
& Sons, Ltd.
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1. INTRODUCTION

Cultural heritage buildings are special structures and must be protected from natural disasters preserv-
ing at the same time their authenticity. In the Mediterranean basin, one of the building classes that are
consistently exposed to seismic risk is the one constituting the architectural heritage of the region [1].
To minimize further destruction under future seismic activity, it is necessary to reinforce the existing
structures that are more vulnerable, but this action always causes some perturbation to the authenticity
of these structures as far as the historical evolution of their design is concerned. The main purpose of
the engineering analysis of these structures is to obtain the best solution that minimizes the intervention
and, consequently, to balance between the need for safety and integrity and the need for preservation of
the original structure and tissue [2].

Being aware of the importance of the historical heritage structures and seismic danger of the
Mediterranean region, 16 institutions from 12 countries, mostly belonging to the South European
and Mediterranean area, have participated in a research project, named as ‘Earthquake Protection of
Historical Structures by Reversible Mixed Technologies’ (PROHITECH) [3]. The Beylerbeyi Palace,
built between 1861 and 1865 on the Asian shore of the Bosporus, is investigated within PROHITECH.
Dynamic identification and numerical analyses have shown that the Beylerbeyi Palace has some
inherent dynamic properties, making the palace vulnerable to the earthquake ground shaking.

In this study, base isolation retrofit strategy has been evaluated for the Beylerbeyi Palace. The first
historic structure seismically retrofitted with base isolation, the Salt Lake City and County Building,
drew attention to the use of isolation for sensitive existing buildings [4]. Later on, seismic isolation
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was applied to many vulnerable masonry buildings of historic significance, including the Ninth Circuit
US Court of Appeals building in San Francisco, Parliament Building and the Assembly Library in
Wellington and the Chapel of Rikkyo University in Tokyo [4–6]. Experimental and numerical investiga-
tions have also been performed to demonstrate the efficiency of base isolation to retrofit masonry
structures [7–10]. Because of the possibility of efficiently improving the seismic capacity of a building with
minimal disruption to its architectural features, base isolation system has been recently suggested as an in-
novative retrofitting strategy, and has been adopted for the seismic upgrading of some major monumental
buildings in the USA [7]. In that respect, as an innovative and applicable strategy, a base isolation system,
containing high damping rubber bearings (HDRB) is investigated for the rehabilitation of the Beylerbeyi
Palace. The structure is modelled with the proposed system and analysed under maximum considered
earthquake (MCE). The effects of the base isolation are discussed in detail. Before starting the technical
details, it is worth describing architectural and structural characteristics of the palace.
2. ARCHITECTURAL AND STRUCTURAL FEATURES OF THE BEYLERBEYI PALACE

The Beylerbeyi Palace is the largest and most elegant Ottoman palace in Asia. It was designed by Sarkis
Balyan during the reign of Sultan Abdulaziz. The sultan attached great importance to this palace and its
decorations. The Beylerbeyi Palace illustrates the distinct Western influence on Ottoman architecture.
Whilst the exterior side of the Beylerbeyi Palace reflects the Western architectural style, the interior plan
complies with traditional Turkish vernacular architecture. The exterior façade is covered by küfeki stone.
On the interior wall surface, special stucco plasters with drawings and wood covering with carvings are
used [11]. Figure 1 illustrates the palace with exterior appearance and interior spaces.

The palace consists of two main floors and a basement containing kitchens and storage rooms. In the
basement floor, storey heights vary between 1.5 and 2.2m; whereas in regular floors, they vary
between 6 and 9m. The building has a 72m length along the shore and 48m in the perpendicular di-
rection. The total height of the structure, excluding the timber roof, can be approximated to 20.60m.
Figure 2 shows the plan layouts of the palace.

The load-bearing system is mainly made of masonry walls and timber slabs. The basement floor of
the palace enables to identify the masonry, which is composed of lime mortar, brick and stones. These
walls are also forming the foundation system of the palace. The thickness of the walls in the basement
floor is generally 1.4m, whereas it is 80 cm in the first floor and 60 cm in the second floor of the palace.
It is determined that the slab of the structure is mainly composed of two types of timber cross-sections:
20 × 20 cm2 beams (supporting beam) were located on the masonry walls and 8 × 40 cm2 beams
Figure 1. Beylerbeyi Palace ((A) exterior appearance; (B–D) interior spaces).
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Figure 2. Plan layouts of the Beylerbeyi Palace.
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(slab beam) with 40 cm spacing lie between two walls perpendicular to wall direction. Oak was used
for the supporting beam, whilst slab beams were produced from fir. Figure 3 shows the structural
masonry walls and timber slab system in the foundation and the second floor of the palace.

The Beylerbeyi Palace is used as a museum now. A damage survey carried out in the palace has
shown that the palace is presenting the sign of earthquake-oriented damages [12]. For this reason,
the palace is investigated within the PROHITECH project [3], and experimental dynamic identification
is performed.
3. DYNAMIC PROPERTIES OF THE BEYLERBEYI PALACE

Because of many uncertainties associated with the construction systems, material properties, modelling
techniques, analysis methods and soil interactions, the determination of the dynamic properties of a
historical structure is indeed a difficult task. Ambient vibration survey (AVS) has recently become
the main experimental method for assessing the dynamic behaviour of full-scale structures, and it
has generally been preferred for testing historic structures [13].

Dynamic properties of the Beylerbeyi Palace were identified with AVS [14], and the results are used
to calibrate the finite element model of the palace. This process is presented in a previous paper in
detail [15]. Moreover, the palace adjoins an exterior wall that impairs the symmetrical plans of the
structure. However, performed analyses have shown that this wall is not effective in the dynamic
properties of the existing palace [16].

For definition of the dynamic characteristics of the Beylerbeyi Palace, ambient vibration measure-
ments were performed at 24 points on the structure, 6 points on four different levels – basement, first
storey level, second storey level and roof. For the postprocessing and analysis of the recorded vibra-
tions on all measuring points, ARTEMIS Extractor Pro Software [17] has been used. That software
is based on the peak picking technique and frequency domain decomposition and provides good graph-
ical presentation of the obtained data [14]. Figure 4 shows the geometry – built by the measurement
points, their respective location on the real structure and the terminology used for the explanation of
the mode shapes.

The obtained results are shown in Table I and Figure 5 and showed that the structure can be
assumed as fixed supported [14]. The stationary states of the first level in the illustrated mode shapes
also support this fact. The obtained mode shapes are showing complex vibration of the structure,
although it has a regular and symmetric shape in plan and in elevation. Thereby, the partial movements
Figure 3. Masonry walls and timber slab system in the Beylerbeyi Palace ((A and B) foundation floor; (C)
second floor).
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Figure 4. Position of the measuring points.

Table I. Modal properties of the palace, identified by ambient vibration survey.

Mode Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6 Mode 7 Mode 8

Period (s) 0.371 0.278 0.241 0.192 0.126 0.120 0.095 0.069
Damping ratio (%) 2.653 2.6 1.937 2.516 2.542 2.397 1.045 2.549

Mode 1: Movement of the 
left side along with the TD 

Mode 2: Body movement 
of the structure along  with 

the LD 

Mode 3: Movement of the 
land side-middle part along 

with the TD 

Mode 4: Movement of the 
left and right side together 

along with the TD 

Figure 5. Obtained mode shapes by ARTEMIS Extractor.
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form the mode shapes like in the first and third mode. The complexity seen in the mode shapes is
caused by the lack rigid floor diaphragms and nonuniform material properties of the walls. These
dynamic properties also make the external wall, seen in Figure 4, as ineffective in the dynamic properties
of the palace [16].

The obtained data of AVS are important but can provide more meaningful results if they are used to
update a finite element model of the building [18–22]. In that respect, finite element model of the
palace has been constructed in SAP2000-V10 computer package [23], and dynamic analysis has been
performed. Aiming to fit the modal properties, obtained from numerical analyses to those of the AVS, a
tuning procedure has been employed. Presented in another publication [15] in detail, the tuning process
has resulted in three different moduli of elasticity for brick masonry in the palace (Figure 6). Although
there are always some discrepancies between the real behaviour of structures and numerical analyses,
this model is the most appropriate mathematical model representing the dynamic behaviour of the real
structure. Earthquake performance of the palace and the effect of retrofit strategies can be examined
with this model accurately. Dynamic properties obtained from the numerical analysis of the tuned
mathematical model are listed in Table II.
4. EARTHQUAKE HAZARD IN THE BEYLERBEYI REGION

In order to have an appropriate safety assessment for a structure, not only a well-prepared computer
model but also the nature of the risk is required. On the basis of recent findings, a fault segmentation
model for the Marmara Sea region is developed by Erdik et al. [24]. By taking the National Earthquake
Hazard Reduction Programme (NEHRP) [25] B/C boundary (characterized with a 30m average shear



Figure 6. Numerical model of Beylerbeyi Palace before and after the modal tuning.

Table II. Dynamic parameters of the tuned numerical model.

Mode
Period
(s)

Mass participation
ratio in LD

Mass participation
ratio in TD

Total mass participation
ratio in LD

Total mass participation
ratio in TD

1 0.3706 0.0000 0.1200 0.0000 0.1200
2 0.2887 0.0054 0.0000 0.0054 0.1200
3 0.2809 0.1200 0.0010 0.1254 0.1210
4 0.2701 0.1900 0.0047 0.3154 0.1257
5 0.2597 0.0025 0.0826 0.3179 0.2084
6 0.2533 0.0342 0.0002 0.3521 0.2085
7 0.2309 0.0035 0.0086 0.3556 0.2171
8 0.2304 0.0049 0.1200 0.3605 0.3371
9 0.2294 0.0000 0.0001 0.3605 0.3372
10–
58

— — — — —

59 0.0090 0.1800 0.0258 0.9 0.74
60 0.0087 0.0257 0.1800 0.9257 0.9200
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wave propagation velocity of 760m/s) as the reference ground, hazard maps were obtained for 10%
and 2% probabilities of exceedence in 50 years for PGA and spectral acceleration (SA) values at 0.2
and 1 s by Erdik et al. [24]. A detailed soil investigation directed by Regional Directorate of National
Palaces has identified the soil type that the Beylerbeyi Palace sits on exactly B/C boundary of NEHRP
specification [26].

Under these conditions, to determine the earthquake hazard level for the Beylerbeyi Palace, the
hazard maps obtained by Erdik et al. [24] have been used to determine MCE that has 2% probability
of exceedence in 50 years and approximately 2500 years of return period [27]. Figure 7 shows the SA
contour maps. The numerical values of SAs are determined according to geometrical coordinates of the
Beylerbeyi Palace (private communication with Prof. M. Erdik of Kandilli Observatory and
Earthquake Research Institute) as 1.143 g for T = 0.2 s and 0.567 g for T = 1 s. These values are used
to construct the response spectrum of MCE according to NEHRP procedure [27]. The constructed
response spectrums for 2%, 5%, 10% and 20% damping ratios are illustrated in Figure 8.
5. STRUCTURAL BEHAVIOUR AND EARTHQUAKE SAFETY OF THE BEYLERBEYI PALACE

Experimental and numerical dynamic analyses of the palace have revealed important characteristics of
the structure. These characteristics distinguish the Beylerbeyi Palace from a regular and basic structure.
The lack of rigid diaphragm actions on the storey levels and distributed mass through the height of the
structure are the two most important structural characteristics that play important role in the behaviour
under earthquake loads. The lack of rigid slabs prevents the distribution of lateral forces through the
Copyright © 2014 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2015; 22: 347–364
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Figure 7. Hazard maps of Marmara region [24].
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Figure 8. Response spectrum of maximum considered earthquake for different damping ratios.
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structural walls. Moreover, out-of-plane failure modes are observed. Instead of lumped mass, distributed
mass through the height of the structure cause more complicated dynamic behaviour.

The evaluation of the response spectrum (Figure 8) and the modal parameters (Table II) can give
initial precognition about the earthquake safety of the palace. The first 44 modes of 60 modes are on
the flat plateau of the response spectrum. This situation makes the Beylerbeyi Palaces affected by
the ground shaking severely.

Another important dynamic characteristic, over the earthquake safety of the structures, is the
damping ratio. The bigger the damping ratio is, the lesser the earthquake loads acting on the structures
(Figure 8). AVS has indicated that the damping ratios are between 1% and 2.7% for the first eight modes
of the structure. Generally, the damping ratio of a linear system is assumed as 5%, and the seismic codes
give the response spectrum under this assumption [28,29]. In this respect, it can be concluded that; the
damping ratio of the Beylerbeyi Palace is such a small value that it increase the horizontal loads compared
with a regular system.

The earthquake safety of the Beylerbeyi Palace is assessed by response spectrum analysis (RSA)
with the tuned numerical model under characterized MCE. The analyses have been performed for both
transversal and longitudinal directions of the structure. In order to include at least 90% of the mass in
two orthogonal directions, 60 dynamic modes were accounted (Table II). The outputs of the modal
effects were combined by complete quadratic combination method.

The safety of the masonry walls, which are the main structural elements, was concerned. Figures 9–11
show the horizontal stresses (S11), vertical stresses (S22) and shear stresses (S12) under MCE for 2%
damping, performed in the longitudinal and transversal directions, respectively. The high stress concen-
tration regions are clearly seen. For horizontal stresses, the upper portion of the structure is under risk. It
is interesting to note that the high stress regions have been developed on the walls whose orientations are
perpendicular to the earthquake motion. These stresses reach to 7MPa. Obviously, these S11 stress stem
from the out-of-plane movement of the walls and correspond to the bending type deformed shape
Copyright © 2014 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2015; 22: 347–364
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Figure 9. S11 (horizontal) stresses under RSA of MCE for 2% damping.

Figure 10. S22 (vertical) stresses under RSA of MCE for 2% damping.

Figure 11. S12 (shear) stresses under RSA of MCE for 2% damping.
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(Figure 12). The magnitudes of the vertical stresses are less than those of horizontal stresses, and high
stress concentrations are gathered on the lower levels as expected. Additionally, wall segments between
two openings are under high stress. S22 stresses are beyond 3.5MPa. The magnitudes of shear stresses
Copyright © 2014 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2015; 22: 347–364
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Figure 12. Out-of-plane behaviour and S11 stress concentration.
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are less than that of vertical stresses. Generally, its maximum value is about 1.5MPa, and on the corners
of the opening, shear stress concentration is observed.

The creation of tensile and shearing stresses in walls of masonry buildings exposed to strong earth-
quakes is the primary cause of damage suffered by masonry buildings [30–32]. Although detailed
performance evaluation methods, defined in different codes and documents [27,33–36], can be used,
basic comparison between developed stresses under given action and material strength parameters
can give consistent results related to the safety of the structures. The experiments over the wall and
mortar specimens made in the laboratory have given the strength properties for the masonry walls in
the palace as 10MPa for compressive strength and 0.85MPa for tensile strength [16].

As the result of out-of-plane action of the walls, S11 stresses are well beyond the tension strength of
the masonry. This proves that out-of-plane failure occurs under MCE on the higher portion of the walls
(Figure 9). Secondly, the compression stresses (S22) are less than the compressive strength of the ma-
sonry. Thereby, it can be said that the palace is safe with respect to S22 stresses (Figure 10). Finally,
the shear stresses on the masonry walls exceed the tensile strength of the material; however, the shear
strength of the masonry depends on the compression stress on the masonry as stated in Equation (1),
where τsafety is the expected lateral shear strength of the masonry wall in the system, τ0 is the masonry
cracking shear obtained experimentally, μ is the friction coefficient and σ is the vertical stress on the
masonry wall in the system. τ0 and μ values can be accepted as tensile strength and 0.5, respectively.
Evaluation of the stress values showed that most of the walls in the palace are safe under S12 shear stress,
but there are manymasonry wall segments on which the shear stress exceeds the shear strength of the wall.

τsafety ¼ τ0 þ μσ (1)

The result of the safety evaluation has shown that the Beylerbeyi Palace is safe under vertical stresses. On
the other hand, horizontal and shear stresses exceed the strength parameters of the material. Especially hor-
izontal stresses, because of out-of-plane behaviour of the walls are very high (Figure 12). It can be concluded
that the structure is not capable to resist the earthquake ground motion, according to MCE.
6. REHABILITATION OF THE BEYLERBEYI PALACE WITH BASE ISOLATION

Retrofit of a historical monument is an important task and should take into account architectural,
historical and structural considerations very carefully. The efficiency of the strategy should clearly
be set with respect to application and final performance. The strategy should give the desired
performance level. Additionally, historical value of the structure is always of great importance. For this
reason, any application should be appropriate and must not disturb the cultural value of the structure.

The use of base isolation strategy is discussed in this study. The isolation approach is based on the
response control concept, aiming at controlling and limiting the dynamic effects on the structural
elements by means of special devices [37]. The elastomeric bearings are typical isolation devices that
Copyright © 2014 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2015; 22: 347–364
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are composed of alternating layers of steel and hard rubber. This type of bearing is stiff enough to
sustain vertical loads yet is sufficiently flexible under lateral forces.

Dynamic modes of the Beylerbeyi Palace showed that the first 44 modal frequencies of 60 modes
are on the flat plateau of the response spectrum. For this reason, shifting the fundamental periods is go-
ing to result in significant reduction in SA. Secondly, the small damping ratio of the existing palace is
another source deficiency. In these respects, HDRB is preferred to isolate the structure. HDRB devices
are composed of rubber and steel layers.
6.1. Isolation level and distribution of devices

The insertion of a seismic isolation system in an existing building needs a cut in the structure at floor
chosen as isolation level (most often at the level of foundations). This operation is very delicate be-
cause it could induce damages in the structural members, especially in a rigid and brittle structure such
as the Beylerbeyi Palace.

The isolation devices are planned to be inserted in basement walls of the palace. First of all, these
walls also form the foundation of the palace, and their wide thicknesses (1.4m) are appropriate for the
easy installation of the isolators. Secondly, there is no historical fabric on these walls; thereby, the base
isolation application does not give any direct damage to the palace’s historical authenticity. Thirdly, the
analyses of the existing palace have shown that, with their wide dimension, stone masonry basement
walls are stiff and safe under earthquake loads. The devices are placed not to transfer the ground
shaking to the super structure, but the substructure is still affected by the ground shaking. Verification
of the safety of basement walls ensures the safety of the walls under the isolation level. In these
respects, basement walls are suitable to instal the isolators with respect to applicability, authenticity
and safety concerns.

The installation requires cutting all basement walls and placing two-layered reinforced concrete
foundation systems and locating devices between them. The upper layer reinforced concrete system
is designed to transmit the structural loads to the isolator uniformly. The role of the bottom layer is
to connect the existing foundation and the isolators in order to transfer the effects of the ground shaking
to the isolators. In this respect, the isolator should be distributed to the plan of the structure in a way
that it does not disturb the load flow and cause torsional behaviour. The selected distribution of the
devices is shown in Figure 13A. The total number of bearing is determined as 123.

For the base isolation project, initial point is the determination of the target period of the isolated
structure. This is directly related to the amount of decrease in the maximum stress levels. In order to
reduce the maximum stress values to acceptable values, the period of the isolated structure should
be shifted beyond 2 s. With an additional decrease of damping effect, the stress values on the structure
would be acceptable.
Figure 13. HDRB application in Beylerbeyi Palace (A: Location of the devices on foundation, B: HDRB designed
for the structure, C: Application of the devices on the foundation walls).

Copyright © 2014 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2015; 22: 347–364
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Isolator design for the palace has been carried out according to the procedure defined in Yang et al.
and FEMA 302 [38,39]. Maximum shear deformation (γmax) and effective damping ratio (ζ eff) for the
isolator are selected as 150% and 20%, respectively. The International Rubber Hardness Degree 60-type
rubber (modulus of elasticity, E = 4.45MPa) [40] and A275-type steel (yield strength, Fy = 274.4MPa)
are used within the isolators (Appendix A).

The isolator design resulted in the HDRB illustrated in Figure 13B. The diameter of the circular
elastomeric portion of the device was determined as 90 cm, and 13 rubber layers of 12mm thickness
were used. The steel plate thickness was determined as 2mm. Finally, two rectangular steel plates
(1m× 1m) with a thickness of 3.5 cm have been used on the top and bottom side of the isolator.
Figure 13C shows the insertion of the devices to the structure.
6.2. Structural behaviour and earthquake safety of the isolated Beylerbeyi Palace

The efficiency of the base isolation has been investigated by RSA. The numerical model was revised to
contain the determined device properties. The HDRB were modelled by beam elements having 25 cm
height, geometrical and material properties of devices. The response spectrum, used for the isolated
model, has also been revised according to effective damping of isolator (Figure 8).

Table III represents the dynamic characteristics of the isolated Beylerbeyi Palace. The application of
isolation has altered the overall behaviour of the structure significantly. Mode shapes of the structure
turned to simple rigid body motions, indicating that the isolation task is completely accomplished,
and the period of the effective modes are beyond 2 s, indicating a great amount of reduction in SA.
The first mode is a torsional mode in which the right side is active in transversal direction, whilst
the second mode is the simple movement in longitudinal direction. The third mode is the final mode
to complete the overall mass of the structure to 100% mass participation ratio, and it is a torsional mode
in which the left side is active in transversal direction. Although the first and the third modes of the
isolated structure are formed by the torsional movements in transversal direction, their close periods
(2.08 and 2.03 s) eliminate the negative effects. These modes can be altered by changing the design
and location of some isolators. However, this may result to an impractical isolation strategy entailing
the use of different types of devices positioned at difficult locations.

Figures 14–16 show the S11, S22 and S12 stress values, respectively, for the isolated Beylerbeyi
Palace under MCE for two orthogonal directions. The stress values have been reduced significantly.
It is clear that the isolated structure is safe under maximum earthquake.

The brittle behaviour of masonry for in-plane and out-of-plane loading is related to limited ductility
of the material. For a regular building, in the range of a few millimetres interstorey drift, the masonry
walls cracking initiate [37]. In order to see the effect of the isolation, the drift values through the height
of the palace are compared for the original and isolated structure under MCE applied on longitudinal
and transversal directions. Both in-plane and out-of-plane behaviour have been illustrated via drifts.
Four reference lines are taken through the height of the structure, on the midpoint of the exterior walls
on the plan. The horizontal displacements, read from the numerical model of the palace, versus the
vertical location of the points are sketched on a diagram to see the lateral displacement for the original
and base isolated palace through the height of the palace (Figures 17–20). These figures have proven
the effect of the base isolation strategy to reduce the relative displacement through the height of the palace.
It is clear that the strategy that enables the palace has rigid body motion along with the earthquake
directions, thereby absorbing energy and limiting the amount of the force transmitting to the superstructure.
As a result, 35mm relative displacement (between the top and bottom of the structure) for in-plane direction
has been reduced to 5mm (between the top of the structure and the isolator’s top anchor). For the out-
of-plane behaviour, 78mm relative displacement (between the top and bottom of the structure) has been
Table III. Dynamic properties of the isolated Beylerbeyi Palace.

Mode
Period
(s)

Mass participation
ratio in LD

Mass participation
ratio in TD

Total mass participation
ratio in LD

Total mass participation
ratio in TD

1 2.08 0.04 0.49 0.04 0.49
2 2.05 0.92 0.08 0.96 0.57
3 2.03 0.04 0.43 1 1
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Figure 15. S22 stresses under MCE for isolated Beylerbeyi Palace with HDRB.

Figure 16. S12 stresses under MCE for isolated Beylerbeyi Palace with HDRB.

Figure 14. S11 stresses under MCE for isolated Beylerbeyi Palace with HDRB.
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reduced to 6mm (between the top of the structure and the isolator’s top anchor). The isolators have
experienced around 200mm displacement both along the longitudinal and transversal directions.

6.3. Architectural and historical aspects of the strategy

The proposed intervention is limited to the foundation level of the building, where a new reinforced
concrete beam system should be incorporated together with base isolators. In this way, the facade
Copyright © 2014 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2015; 22: 347–364
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and the interior features including frescoes, paintings and other architectural elements are fully preserved.
In this respect, seismic isolation is very convenient for aesthetic appearance and architectural features,
reflecting the historical importance of the palace.

However, at the level of foundation, an irreversible intervention by adding rigid foundation beams is
necessary. Reversibility means the ability to undo the change without harming the original structure.
Although base isolation intervention is irreversible, it does not touch the historic fabric of the palace
and other historical resources.

Secondly, the intervention technique should also be suitable for the environment of the palace. The
Beylerbeyi Palace is actually a palace complex with magnificent gardens, small pavilions and retaining
walls. It is obvious that the base isolation strategy has no negative impact on the palace environment.
However, there is an adjacent wall joining the Beylerbeyi Palace (Figure 4). The analyses, performed
formerly [16], have shown that this wall has no effect on the dynamic behaviour of the existing palace
because of the lack of rigid floor diagrams. On the other hand, the proposed base isolation intervention
changes the overall dynamic behaviour of the palace, and the structure experiences a rigid body motion
under lateral loads. In this respect, in order not to prevent this rigid body motion and cause additional
torsion effects for the isolated structure, an additional precaution should be taken to separate the
adjacent wall joining to the palace by forming a gap. The width of the gap should be calculated as
the sum of the maximum displacement of the isolators and the relative displacement of the masonry
wall through the separation line in isolated structure. In that respect, practically 25 cm separation is
suitable for the elimination of the effect of adjacent wall into dynamic behaviour of the isolated
Beylerbeyi Palace. A separation of the same amount needs to be arranged around the palace, and all
lifelines, ducts and the other required links must be connected to the palace via flexible connections.
7. CONCLUSIONS

As a representative of the great historical buildings, the Beylerbeyi Palace was investigated in this
study. Shortly, dynamic properties of the palace have shown that lateral ground shaking affects the
structure intensively and earthquake performance of the structure is inadequate under MCE. As a
result, the retrofit of the palace with base isolation strategy has been investigated, and it is determined
that the earthquake safety of the palace can be ensured by the application of the strategy with HDRB
devices. The main findings of this study are listed as follows:

• Modal periods of the structure are determined on the flat plateau of the site-specific response
spectrum, and the damping ratios for the first eight modes are between 1% and 3%. These
dynamic parameters have given the first intuition about the weakness of the palace against the
lateral ground shaking.
Copyright © 2014 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2015; 22: 347–364
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Co
• The analyses of the palace under MCE have proven the vulnerability of the structure. Especially, the
horizontal stresses (S11) because of out-of-plane behaviour of the walls are seen as the source
of weakness.

• In order to heal the dynamic behaviour of the structure and reduce the stress values to the
acceptable ranges, base isolation technique with HDRB devices is detailed. A proper device
configuration has been designed.

• The analyses of the isolated palace by RSA have shown that the isolated structure is capable to
withstand MCE as the result of changed dynamic behaviour and increased damping ratio. The
horizontal, vertical and shear stresses are reduced to acceptable ranges.

• Variation of the displacement through the height of the structure has been compared between the
original and base isolated structures. It is determined that the base isolation strategy resulted in
rigid body motion of the structure under earthquake loads. The average relative displacement
between the top and the base (top anchor level of the isolators) of the isolated structure is reduced
to one-seventh of that of the original structure. Moreover, the out-of-plane displacements of the
walls are reduced to acceptable ranges.

• Lastly, the architectural, aesthetic and historical aspects of the base isolation strategy have been
evaluated as acceptable for the palace.
APPENDIX A

DESIGN OF HIGH DAMPING RUBBER BEARINGS FOR BEYLERBEYI PALACE

For the base isolation project, initial point is the determination of the target period of the isolated structure.
This is directly related to the amount of decrease in the maximum stress levels. In order to reduce the max-
imum stress values to acceptable values, the period of the isolated structure should be shifted around 2.5 s.
With an additional decrease of damping effect, the stress values on the structure would be acceptable. For
the design of the system, the following steps are adopted [38,39]. Each of the parameters is defined at the
place where it first appears.

1. Select the material (rubber) properties used in the isolator device and design shear strain and
effective damping ratio. Depending on the hardness of the rubber, these values are obtained
from the manufacturer’s test report. In this study, International Rubber Hardness Degree 60
rubber has been used (E = 4.45MPa, G = 1.06MPa, εb = 500% and k = 0.57) [40]. Design shear
strain, γmax, and effective damping ratio, ζ eff, for the bearing are selected as 150% and 20%,
respectively.

2. Determine the effective horizontal stiffness, Keff, and design displacement, DD, of the bearing
by Equations (A.1) and (A.2):
Figure A1. Proposed locations of high damping rubber bearings on foundation.
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Figure A2. Illustration of load free area, Af and reduced cross-sectional area of circular bearing.
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Keff ¼ PDLþLL

g

2π
TD

� �2

(A:1)

DD ¼ g

4π2
SD1TD

BD
(A:2)

where PDL+LL is the vertical load acting on the isolator, SD1 is the design spectral acceleration at 1 s
period and BD is the damping coefficient, given in IBC2000 [25]. According to the number and locations
of isolators, the maximum value of PDL+LL was calculated 3200 kN, SD1 is 0.44 (modified value of S1
according to IBC2000) and BD is specified as 1.5 [25]. Keff and DD are calculated as 2060 kN/m and
0.183m, respectively.

3. Calculate the total height of rubber, tr, in the bearing according to the design displacement DD and design
shear strain γmax by Equation (A.3):

tr ¼ DD

γmax
(A:3)

where tr is computed as 0.121m and selected as 0.15m.

4. Determine the shape factor S (the ratio of the cross sectional area to circumferential area) by using
Equations (A.4) and (A.5):

KV

KH
¼ Ec

G
¼ E 1þ 2kS2

� �
G

> 400 (A:4)

S > 10 (A:5)

where KV is the vertical stiffness of the bearing, KH is the horizontal stiffness of the bearing, Ec is the
compression modulus of the rubber-steel composite and k is the modified factor depending on the
hardness of the rubber. As the result of Equation (A.4), S is required to be greater than 9.1. In this
study, S is selected as 20, and Ec has been calculated as 2034MPa.

5. Determine the design cross-sectional area of the isolator: It is the minimum of A0, A1 and A2 values
specified in Equations (A.6), (A.7) and (A.8):

σc ¼ PDLþLL

A0
: (A:6)

Design cross-sectional area A0 of the bearing based on the allowable vertical stress σc under PDL+LL is
Copyright © 2014 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2015; 22: 347–364
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calculated for the allowable value of σc as 7.84MPa. A0 value has been calculated as 0.408m2.

6S
PDLþLL

EcA1
〈
εb
3

(A:7)

Design cross-sectional area A1 of the bearing is intended to satisfy the shear strain requirement under
vertical load PDL+LL. A1 value has been calculated as 0.113m2.

A2 ¼ Are ¼ d2

4
β � sinβð Þ (A:8)

β ¼ 2 cos�1 ΔS
d

� �
(A:9)

Asf ¼ Keff *tr
G

¼ π*d2

4
(A:10)

Design cross-sectional area A2 is obtained as the reduced cross-sectional area Are (Figure A2). In the
calculation, Equations (A.9) and (A.10) are used to determine the β and d, respectively. Δs is the de-
sign displacement of the bearing. Asf and respective diameter have been computed as 0.297m2 and
0.62m, respectively. β is determined as 2.127 rad. Finally, A2 is computed as 0.191m2.As the min-
imum of 0.408, 0.113 and 0.191m2, design cross-sectional area of the isolator is selected as
0.408m2.

6. Determine the diameter of isolator as it can withstand all possible failure mechanism. In this step,
the critical parameter is the reduced area Are. In order to prevent the compression failure when the
isolator displaced by design amount, the reduced area must be at least 0.408m2.

In that respect, the diameter of the rubber in the isolator is chosen as 0.9m. In this condition, the cross-sectional
area of the isolator is computed as 0.636m2, whereas the reduced cross sectional area is 0.470m2.

7. Calculate the thickness and the number of individual rubber layers: As specified in Equations (A.11)
and (A.12), shape factor, S, is used to determine the thickness of individual rubber layer, t and
division of total rubber height by t results the number of required layers.

S ¼
π*d2

�
4

π*d*t
¼ d

4*t
(A:11)

N ¼ tr
t

(A:12)

The thickness of individual rubber layer, t, was calculated as 1.125 cm and selected as 1.2 cm. Number
of layer, N, was computed as 13.
Figure A3. Designed HDRB for Beylerbeyi Palace.
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8. Finally, compute the steel plate thickness ts by Equation (A.13):

tS ¼ 2 ti þ tiþ1ð Þ*PDLþLL

Are*FS
≥2mm (A:13)

where ti and ti+1 are the rubber layer thickness in top and bottom of the steel plate, FS is 60% of Fy,
yield strength of the steel plates (= 274.4MN/m2). The steel plate thickness is calculated as 1.9mm
and used as 2mm.

The isolator design has been resulted with the high damping rubber bearings illustrated in Figure A2.
Diameter of the circular elastomeric portion of the device is determined as 90 cm and 13 rubber layers of
12mm thickness have been used. The steel plate thickness was determined as 2mm. Finally, two
rectangular steel plates (1m×1m) with a thickness of 3.5 cm have been used on the top and bottom side
of the isolator. Figure A3 shows the designed isolator for the earthquake protection of Beylerbeyi Palace.
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