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ABSTRACT: There are many structures that can be classified as “masonry structures” in 
Istanbul’s historical peninsula. Since this region is prone to earthquake, seismic assessment and 
rehabilitation of these structures have become an attractive research area. The assessment of 
existing masonry structures is generally performed with or without considering material 
nonlinearity. The effects of material nonlinearity concept to overall assessment results are still 
discussed in engineering practice to decide to strengthen or demolish these critical masonry 
structures. This paper presents the results of the seismic assessment performed on an existing 
masonry structure located in Istanbul’s historical peninsula, having some reinforced concrete 
structural members. Two different analyses in which the material is considered as linear or 
nonlinear were carried to assess related structure. The evaluation of the results is done according 
to the recommendations given in Turkish Seismic Code (2007) and the effect of material 
nonlinearity on the response of the structure is discussed. Both analyses of the structure were 
carried using MIDAS GEN software. The software adopts “Equivalent nonlinear stress-strain 
concept and material homogenization techniques” in the nonlinear masonry model based on the 
theory of J.S. Lee & G. N. Pande. The behavior of this nonlinear material model is dominated 
by different variables such as the layout of bricks and the binding material’s properties between 
the bricks. The aim of this study is to compare and enlighten the precision and accuracy of 
assessment results for masonry structures by using linear and nonlinear material models. 
Probable benefits to engineering practice are discussed based on the obtained results with a 
perspective of codified rules. 

1 INTRODUCTION 

Istanbul’s historical peninsula is home to many cultural, historical and social heritages. A large 
portion of the buildings located in this region can be classified as “masonry structures”. Seismic 
assessment and rehabilitation of these structures have become an attractive research area since 
this region is prone to major earthquakes. In recent years, some of these structures have proven 
to be particularly susceptible to damage and prone to collapse due to lack of proper 
rehabilitation or inspection from an engineering perspective. Efficient numerical simulation and 
assessment methodologies will considerably contribute to the reduction of damages in future 
earthquakes during the structural rehabilitation of these masonry buildings. On the other hand, 
the incidents experienced in past earthquakes shows the importance of evaluating the efficiency 
of these numerical simulation approaches and code-specified member performance criteria. The 
high seismic vulnerability of this type of buildings are both an economic and engineering 



  

 

  

concern which is due to both the specific mechanical properties of masonry materials 
(characterized by a very small tensile strength) and the particular configuration of the buildings 
itself that are characterized by a complex plan layout often with perimeter slender walls (Betti et 
al. (2011)). There are many studies in the literature that present the seismic assessment of 
existing masonry structures, especially in Italy, as another earthquake-prone region. (Mallardo 
et al. (2008), Betti et al. (2011), Bartoli et al. (2013), Valente et al. (2016)). Most of these 
studies consider material nonlinearity in the analysis and assessment procedures. The 
mechanical behavior of masonry shows that the nonlinear phase is predominant and 
characterized mainly by crack opening and failures of the connections between structural 
elements (Mallardo et al. (2008)). A comparative study on the inelastic behavior of masonry 
frames conducted by Salonikios et al (2003). The authors specify from their study that 
depending on the modeling strategy adopted, the results differ not only quantitatively (shear 
strength value and corresponding displacements) but also qualitatively (failure mechanism). 
This paper presents the results of the seismic assessment performed on an existing masonry 
structure located in Istanbul’s historical peninsula. Two different analyses were carried in which 
the material is considered as linear or nonlinear. The recommendations given in Turkish Seismic 
Code (2007) will also be presented to show the assessment approach. The effect of material 
nonlinearity on the response of the structure will be discussed based on the results of both cases 
with respect to the code’s limitations. The authors aim to compare and enlighten the precision 
and accuracy of assessment results for masonry structures by using linear and nonlinear material 
models. 

2 GEOMETRY OF THE BUILDING AND MATERIALS 

2.1 Geometrical and structural details 

The building is located in a crowded district in Fatih, İstanbul. Since this area is in the region 
referred as İstanbul’s historical peninsula, neighbor buildings are generally used as offices, for 
touristic purposes, commerce and shopping rather than residential use. The related building had 
been used for residential purposes in the past but then changed to a commercial building. The 
structure is a 4-storey masonry building which was constructed probably in the 1960s having 
maximum dimensions of 10.95 m and 34.10 m in the plan. The total height of the building is 
about 12.35 m. Floor heights are as 3.5 m for 1st floor, 3.2 m for 2nd floor, 3.15 m for 3rd floor 
and 2.5 m for the 4th floor. The typical structural floor plan and elevation view of the building 
are shown in Figure 1 and Figure 2. 

 

 
Figure 1: Typical structural floor plan of the building 



  

 

  

 
Figure 2: Elevation view of the building 

The masonry wall thickness ranges between 0.10 and 0.65 m. Inner walls are thinner than the 
walls located in the outer perimeter. It is observed from the site investigations that on first and 
second floors, some reinforced concrete structural members were attached to the structure in the 
past because of removing some walls for possible changes in the purpose of use. These 
members are formed with 0.3 m x 0.3 m square columns and rectangular beams with 0.25 m 
width x 0.40/0.50 m depth. The building was constructed with two-way reinforced concrete 
slabs having a thickness of 120 mm. In the structural plan, the building can be considered as 
rectangular with an indentation on one edge. Frontal view of the building is given in Figure 3. 
The findings presented in this section is collected by the authors from the in-situ investigations. 

 

 
Figure 3: Frontal view of the building 

2.2 Materials 

There are mainly two types of structural members in terms of materials used in the building. 
The first type is the reinforced concrete structural members. The laboratory tests were done on 
the specimens taken from the columns and the concrete cylinder strength was found as 
“fc=16.21 MPa” and modulus of elasticity was found as “E=19000 MPa”. Destructive and non-
destructive tests were performed on the members to investigate the reinforcement rebars’ 
properties but the corrosion level of the bars was extremely high. As a result of the in-situ 



  

 

  

investigations, both longitudinal and lateral reinforcements were identified as plain bars. 
Longitudinal bars’ diameters were found as “14, 16 and 18 mm” and stirrups’ diameter was 
found as “6 mm”. The steel type of rebars has a yield stress of “fy = 220 MPa”. Observations 
have been done on the structural walls by destructing some parts. It is observed that the masonry 
walls were built with hollow block bricks (void ratio is in between 35 – 45 %, with lime mortar 
supported with cement). The investigations on the walls are shown in Figure 4. 

 

 
Figure 4: Investigations on the structural walls 

The masonry material was considered as an isotropic material having elastic material behavior 
in the first part of the study covering the code specified analysis. In the second part, the analysis 
was done through the material nonlinearity concept which is described in the structural analysis 
methodology section. Linear Material Properties were assumed as; “E=1000 MPa”, “ν=0.25” 
and weight density as “18 kN/m3”. Material properties of masonry members’ elements for the 
nonlinear case are given in Table 1. 

 
Table 1: Material properties for the nonlinear case 

 E (MPa) ν fc(MPa) ft(MPa) 

Brick 3000 0.25 30 3.00 

Bed Joint(Mortar) 1000 0.25 2.5 0.25 

Head Joint(Mortar) 1000 0.25 2.5 0.25 

3 STRUCTURAL ANALYSIS METHODOLOGY 

In this study, the structural analysis can be grouped into two parts. In the first part, the structure 
was analyzed with global elastic analysis method. In the second part, the material nonlinearity 
was adopted in the analysis based on the homogenization technique presented by Lee et al. 
(1996). The orthotropic material properties proposed by Pande et al. (1989, 1994) and Lee et al. 
(1996) can be introduced to model the masonry structure in the sense of an equivalent 
homogenized material. The equivalent material properties introduced are based on a strain 
energy concept. This adopted technique has two basic assumptions to derive the equivalent 
material properties through the strain energy considerations. One of them is that brick and 
mortar are assumed to be perfectly bonded. The second assumption is that the head or bed 
mortar joints are assumed to be continuous. It is noted that the equivalent material properties 



  

 

  

were derived with the brick and the head mortar joint being homogenized first. The equivalent 
orthotropic material properties derived from the homogenization procedure are used to construct 
the stiffness matrix in the finite element analysis procedure then equivalent stress/strains are 
calculated. The stresses/strains in the constituent materials (elements) can be evaluated through 
structural relationships as: 

[ ]b bSσ = σ   ,  bj bjS σ = σ    ,  hj hjS σ = σ   (1) 

where subscripts b, bj and hj represent brick, bed joint ad head joint respectively 

The structural relationships for strains are established and structural matrices are constructed 
with this method. The orthotropic material properties are functions of; dimensions of the brick, 
length, height and width; young’s modulus and Poisson’s ratio of the brick material; young’s 
modulus and Poisson’s ratio of the mortar in the head and bed joints; thickness of the head and 
bed mortar joints. Micromechanical behavior dominates the failure mechanism of the masonry 
structure. In each loading step, stresses/strains of each element are derived by the structural 
relationship given in the equation (1). Each element’s (i.e., Brick, Bed joint, and Head joint) 
maximum principal stress is calculated and compared to the maximum tensile strength of that 
element. The stiffness contribution of the element to the whole member is forced to become 
ineffective if the maximum principal stress exceeds the tensile strength at that step (Analysis 
Manual Midas Masonry). 

4 FINITE ELEMENT MODEL 

3D Finite element model of the building was built with MIDAS GEN 2017 software. Masonry 
walls have been modeled by thick-shell elements with 3 or 4 nodes. The structural irregularities 
and geometric imperfections have been approximately represented on the model by the obtained 
information from the in-situ investigations. CAD tools were used to build up floor plans and 
then the plans were extruded and meshed to erect the actual 3D model. Finally, reinforced 
concrete structural members were attached to the model as “frame” elements. The FE model has 
total 16326 nodes and 17668 elements. Calculation strips were considered to obtain the results 
from the structural walls which are also the values to be used in the assessment procedures. The 
bottom level of all strips is located at the bottom level of windows and has 0.5 m of depth. The 
location of the calculation strips is assumed according to the region where the maximum 
stresses are expected to be governed. 3D view of the model is given in Figure 5. 

  
Figure 5: 3D view of the FE model 



  

 

  

5 TURKISH SEISMIC CODE’S OVERVIEW 

Earthquake resistant design requirements for masonry buildings are specified in Chapter 5 of the 
Turkish Seismic Code (2007). Recommendations about the assessment of masonry buildings are 
given in Chapter 7 which are also in compliance with the rules described in Chapter 5. The code 
basically advises elastic analysis of the structure by selecting spectral acceleration coefficient 
S(T) as “2.5” and seismic load reduction factor (Ra) as “2” in the determination of seismic 
loads. For the related building, effective ground acceleration coefficient (A0) was considered as 
“0.4”. After the analysis, the stresses on the structural walls should be compared to allowable 
stresses. Allowable stresses should be calculated using wall safety stresses specified in the code 
related to the brick type used in the masonry building. The pressure safety stress is considered 
as “fem= 0.8 MPa”. Allowable shear stress (τem) of the wall should be calculated using Equation 
(3) where “µ” is the friction coefficient and “σ” is the axial stress of the structural wall. 
Cracking safety stress is considered as “τ0 = 0.12 MPa” and friction coefficient is considered as 
“µ=0.5”. In TSC, allowable tensile stress limits are not specified. Thus, allowable tensile stress 
is assumed as 1.5 times of cracking safety stress. 

0emτ = τ + µσ  (3) 

In the assessment part of the code it is noted that if the shear strength of all walls of the masonry 
building in both two directions is sufficient under the shear forces formed from the seismic 
loads applied, the building is decided to satisfy “Immediate Occupancy” Performance Level. If 
the contribution of the walls that do not satisfy this condition in any floor to the floor shear force 
is below 20 %, the building shall be decided to satisfy the “Life Safety” Performance Level. If 
the building doesn’t satisfy the conditions explained, the performance level is assumed to be 
“Collapse” Performance Level. Targeted performance level for the masonry buildings used for 
residential/commercial purposes is specified as “Life Safety” in the code. 

6 ANALYSIS RESULTS 

The building was analyzed with the elastic material properties in the first stage. Total equivalent 
seismic load for each direction was calculated considering the spectral acceleration coefficient 
and seismic load reduction factor described in the 5th chapter and distributed to nodes at each 
story level as “nodal loads” with respect to the equivalent seismic load distribution method 
given in TSC (2007). In the second stage, the building was re-analyzed material nonlinearity 
was assigned to the system with the methodology as described in the 2nd chapter under the same 
seismic loads. In the analysis, 10 increments consist of 30 iterations/each were performed. It is 
observed that material nonlinearity has a significant effect on the structural behavior of masonry 
walls. In comparison with linear case, increase in maximum roof displacement is up to 159% 
with a torsional behavior in nonlinear case of Y direction’s seismic loading. On the other hand, 
X direction’s roof displacements were nearly similar. It can be said from the results that in both 
cases, there is a significant difference between the formation of tensile stresses on the structural 
walls. The crack formation which can only be obtained from the nonlinear case is given in 
Figures 6 and 7. The crack formation shows that occurrence of the cracks is developed as 
expected. In other words, first cracks occurred at the edges of openings (doors & windows) in 
the first steps of nonlinear analysis. The cracks propagated from the specified earthquake’s main 
direction in which the tensile stresses are dominant. The nonlinear behavior can be assumed as 
valid and satisfactory in this manner. 



  

 

  

  

  
Figure 6: Crack Formation in X direction (Nonlinear case increments 2-5-8-10) 

  

  
 Figure 7: Crack Formation in Y direction (Nonlinear case increments 2-5-8-10) 



  

 

  

7 SEISMIC ASSESSMENT FOR BOTH CASES 

The seismic assessment of this building was carried according to the recommendations given in 
TSC (2007). The data used in the assessment procedures were collected from the calculation 
strips mentioned in the 4th chapter. Each calculation strip formed with a various number of 
meshes (same thickness) was assumed as an individual continuous wall member. Table 2 shows 
the ratio of the number of structural walls failed from axial (compressive/tensile) and shear 
stress checks. The final assessment check was done for each story. Overall assessment results 
for both cases according to different directions are given in Table 3 and Table 4. In the tables, 
the contribution of the structural walls failed from shear check to total shear force on that story 
is presented with the contribution ratio. 
 
Table 2: Ratio of walls failed from axial and shear stress checks 

Case 

 Axial Stress Check  Shear Stress Check 

 Seismic Loading  

X Direction 

Seismic Loading  

Y Direction 

 Seismic Loading  

X Direction 

Seismic Loading  

Y Direction 

Linear Case  3% 9%  43% 31% 

Nonlinear Case  5% 14%  43% 41% 

 
Table 3: Overall assessment results for X direction 

Story 

Story 
Shear 
Force 
(kN) 

 Linear Case  Nonlinear Case 

 Contribution 

Ratio 

 Code’s 
Limit 

Performance 
Level 

 Contribution 

Ratio 

 Code’s 
Limit 

Performance 
Level 

1 9876  83% > 20% Collapse  81% > 20% Collapse 

2 8356  94% > 20% Collapse  92% > 20% Collapse 

3 5926  94% > 20% Collapse  84% > 20% Collapse 

4 2948  62% > 20% Collapse  61% > 20% Collapse 
 

Table 4: Overall assessment results for Y direction 

Story 

Story 
Shear 
Force 
(kN) 

 Linear Case  Nonlinear Case 

 Contribution 

Ratio 

 Code’s 
Limit 

Performance 
Level 

 Contribution 

Ratio 

 Code’s 
Limit 

Performance 
Level 

1 9876  88% > 20% Collapse  96% > 20% Collapse 

2 8356  99% > 20% Collapse  88% > 20% Collapse 

3 5926  87% > 20% Collapse  97% > 20% Collapse 

4 2948  21% > 20% Collapse  49% > 20% Collapse 



  

 

  

8 CONCLUSION 

The effects of material nonlinearity concept to overall assessment results are still discussed in 
engineering practice to decide to strengthen or demolish critical masonry structures. It is 
believed that this case study will provide contributions to this subject. The building is in 
“Collapse” performance level in both cases. Generally, in the direction where the structure has 
weaker rigidity (Y in our case), roof displacements, axial and shear stresses obtained from the 
nonlinear model is higher in which tensile stresses of the constituent materials determine the 
behavior. When the overall assessment results are compared, the difference between the shear 
contribution ratios of linear and nonlinear cases are up to 10% in weaker direction. There wasn’t 
a significant change observed where the structure has higher rigidity. Although this doesn’t 
change the overall performance level of the building, it highlights an important point. It can be 
said that the transfer mechanism in the rigidity matrices dominates the structural behavior in 
more realistic manner when material nonlinearity is adopted. In other words, the forces on the 
failed wall elements were transferred gradually to the adjacent elements as expected. In the 
analysis where material nonlinearity was adopted also have allowed us to obtain basic 
information about the cracking pattern and to gain an understanding of the deterioration state of 
the structure. Tensile stress distribution on the walls has a considerable difference in the 
nonlinear case. The number of walls failed from tensile failure is higher in the nonlinear model 
with respect to the linear model which shows the considerable change in the failure mechanisms 
of two analysis methods. The authors believe that it will be beneficial to use material 
nonlinearity in the analyses since it doesn’t change overall assessment results drastically but 
also providing accuracy in the nonlinear structural behavior. 
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