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ABSTRACT 
 
The aim of this paper is to present how are the old buildings, historic monuments or not, evaluated and protected 
by strengthen in areas with high seismic hazard, as Romania and it addresses mainly specialists in masonry 
structures. Romanian Seismic Code provides to evaluate this buildings by cross-combinations methodes and 
determines their seismic vulnerability, depending of shear strength capacity of the walls and of design seismic 
force. Usually, the structure of this buildings is realized with unreinforced masonry walls and the floors are non-
rigid diaphragme. The walls are subjected to in-plane seismic load and eccentric compression load and have 
diagonal cracking due of main tensile stresses. Considering this assumption, a  methodology (of Gh&R Popescu) 
different of Code methodology, was  realized to calculate the shear strength capacity of the masonry wall, with 
results close of the actual behaviour of the structure. The paper contains two parts. First part does a short  
presentation of assessment procedures for buildings according to Romanian Seismic Code and, in addition, the 
above methodology. The second part, Case Study chapter, presents application of the Code references and of the 
methodology for shear strength capacity calculation on two buildings of 17th and 19th centuries. Buildings 
structure has been strengthened, with original details created by engineer expert. An evaluation after 
strengthening has showed that the structural vulnerability decrease. The work was carried-out twelve years ago, 
and since then, the buildings were subjected to several medium intensity earthquakes, without damages. 
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1. INTRODUCTION  
 
The structural assessment (named technical expertise if it is necessary to do detailed analyses and in 
situ surveys when the building is situated in area with high seismic hazard as in Romania) for 
historical buildings, monuments and old buildings into protected historical zones is doing by 
responsible with assessment (named engineer technical expert in according with CAEN Code). 
Toghether with a team of engineers and architects he will establishe structural changes, inside and 
outside of the building, as a result of strengthening and retrofitting, without affecting initial 
appearance. Also, will be realised in-situ surveys at foundation, soil and materials of the structure. 
Because „...unusual forms of construction or design conditions are not specifically covered ..” 
(Eurocode 8: Design of structures for earthquake resistance Part 3: Strengthening and repair of 
buildings - 2003 and Romanian Code), with these data  the expert decides the analitical model and the 
adequate methodology to calculate shear strength capacity of the walls. In the following, is doing a 
general and brief presentation of assessment steps, the above-mentioned methodology and their 
applications at Case Study chapter, on two buildings from 17th and 19th centuries, situated  in regions 
from Romania with different intensities of the earthquake. 
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2. STRUCTURAL ASSESSMENT AND METHODOLOGY FOR MASONR Y STRUCTURES  
 
2.1 Main References of Structural Assessment  
 
The state of damage, in the structure of existing buildings, is defined through the four seismic risk 
classes: 
 
- Rs I  Class – Building near collapse; 
- Rs II  Class – Significant Damage - without loss of stability; 
- Rs III  Class – Damage Limitation;  
- Rs IV  Class – Without Damage, building was designed in according with current Code. 
 
Evaluation of seismic risk classes is based on cross-combinations of three categories of conditions 
which are subject to investigations and analyzes. As a result are three indicators: 
 
- R1: Seismic compliance of structure, by qualitative evaluation; 
- R2: Structural decay, by qualitative evaluation; 
- R3: Degree of safety, by calculation. Its value may be a ratio between  the shear strength capacity of 
the shear walls and the design seismic load, considering that the shear walls are subjected to in-plane 
seismic load (VEd) and eccentric compression load (NEd). 
 
Each indicator is comparing with one of the four seismic risk classes. The expert establishes which 
indicator is most important, to determine seismic risk class and to decide strengthening solution. 
Usually, the R3 indicator decides seismic risk class of the structure.  
 
2.2 Shear Strength Capacity of the Walls. Methodology Gh&R Popescu 
 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. Wall subjected to seismic (VEd) and eccentric vertical compression loading (NEd ). 
Cross section geometry of the wall 

 
2.2.1 The Design Deismic Force: may be calculated with a simplified method (2D), with the structure 
fixed at the base and one degree of freedom. With this assumptions, and whether the floors are not-
rigide diaphragms, the indicator (R3) may be calculated with CASANST software (flowcharts 
computing author R Popescu) or any other more complex (3D) software. 
  
2.2.2 The Shear Strength Capacity and Failure Mode: Usually, the unreinforced masonry walls fail in 
diagonal cracking. Formulas to predict the shear strength capacities (VRd), were established by Gh&R 
Popescu with a methodology based on this assumption (R, Popescu G, Popescu (2014,2015)), in 
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accordance with the Theory of Strength Materials, after more than twenty years of research. The 
methodology is currently used both in research work with national and international collaborations, in 
designing new buildings and strengthening of existing buildings, with masonry structure. 
 
The design shear strength capacities are different for cantilever and embrasure, as in Figure 1, because 
first of them is considered fixed at the base, with height equal with building height and the second, 
situated between two openings (door/window), is considered fixed at the top and bottom, with height 
equal with  opening height. By comparing the design capacities due to main tensile stresses (VRd,Q) 
with the design capcities associated with resistance to bending moment (VRd,M) in the hypotetical three 
stages of deformation (F,C,U), the failure mod can be determined (Table 1). The shear strength 
capacities are calculated with a computer software CAZINDS1 (flowcharts computing – author R 
Popescu) based on the methodology set. Total design capacity of the structure is consisting of the sum 
of individual capacities of the walls (VRd,i  ), with own indicator (R3,i), (Equation 1): 
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It is calculated the indicator of structural damage for existing structure (Equation 2): 
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where:  
� D,RiV  = Sum of shear strength capacities of the ductile walls                     

� B,RiV  = Sum of shear strength capacities of brittle walls        

 Fb  = Base seismic shear force    
 

Table 1. Failure mode of the shear wall 
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2.3. Strength Solutions Recommended 
  
Starting from seismic risk class obtained and, taking into account importance class of the building and 
it subsequent life period, it will decide if it is necessary to be strengthened for obtaining minimum of 
safety. The strenghtening of the structure may consisted in: 
 
-Walls: jacketing on one or both sides with steel mesh and cement mortar or concrete as in Figure 2, 
repairs of cracks in masonry by injecting fluid mortar, local repairs by restoring the damaged masonry, 
confining masonry with infilling concrete piers and concrete ties. 
-Floors: local repairs of reinforced concrete floors by epoxy injections, total replacement of the floors 
with high destruction degree - wooden floors with concrete floors, jacketing of brick vaults with steel 
mesh and cement mortar or concrete, repair of cracks in masonry by injecting  fluid cement-mortar. 
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2.4 Evaluation After Strengthening With Mortar/Concrete Jacket 
 
A new evaluation of shear strength capacity with the strengthened structural elements, to see how 
much it has been reduced the vulnerability at earthquake, is made. For strengtening by jacketing 
solution, the methodology presented above can be used to calculate the shear strength capacity. It is 
based on the two reference quantities: the equivalent compression strength of masonry jacketed (feq) 
and the equivalent strength to main tensile stresses of mortar or concrete (fp,eq), (Popescu R, Popescu G 
(2008)). 
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Figure 2 Cross section of jacketed wall 
 
 
3. CASE STUDY 
 
This chapter presents the results of structural assessment for two buildings, one from 19th century and 
other from 17th century, and the strengthening solutions used.  
 
3.1 Building Made in 19th Century 
 
3.1.1 Information About Building 
 
The building, as in Figure 3, was built in the second half of the 19th century, around the year 1866 and 
is located in the Historic Area (Old Town), with (PGA = 0.30 g and Tc = 1.6 sec). The plan shape is 
irregular, and the building is attached to 5 neighboring buildings; the building has basement, two 
storey and mansard. Original destination was, with shops at the ground floor, offices at 1st storey and 
partially inhabited attic.  
 

 
a) before 

 
b) after strenghtening and retrofitting 

 
Figure 3 - House built in 19th century 

 
The structure, as a whole, is made with masonry unreinforced walls, 0.35 ÷ 0.75 m in thickness and, 
floors with brick vaults which rest on the walls, as in Figures 4 and 5 or timber floor on wooden and 
metal beams as in Figure 6. 
 
Foundations, are continuous unreinforced masonry blocks, fixed into the soil at approximate 50 cm 
under basement floor, and  100 cm thickness. 
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Figure 4 Underground : Shear walls (left) and Floor whith brick vaults (right) 
 

 The roof is made in wooden framework rested over the storey walls and is cover with iron sheet as in 
Figure 6 a). 
 

.   
          a) Basement                                                           b) Ground floor 

 
Figure 5  Wooden board and steel beams 

 
At the time of investigations, the roof had been destroyed at a rate of about 80%, of fire. It was rebuilt 
entirely, with a structure of wood and glass and partially of iron sheet as in Figure 6.  
   

  
     a)   Floor over first storey                                         b) Roof destroyed by fire 

                         
 Figure 6. Floor over first storey and the roof 

 
From initial building to the moment of structural assessment, the building was passed through several 
strong or middle earthquakes (1940, 1977, 1986, 1990 and 2004). After, each seismic event, it was 
strengthened at the level of knowledge at that time. They consisted in to mount steel reinforcement 
bars (ties), especially at the level of wooden floor over the 1st storey  as in Figure 7 and at the level of 
the floor above the ground floor and local repairs of masonry with lime or cement mortar.  
 
First of all, urgent measures were taken: provisional coverage of the roof, supporting vertical structural 
elements as in Figures 6÷8, 10, the wooden floor and attic. Then, it started the uncovering of the walls 
and the strengthening solutions were established. 
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Figure 7 - Steel reinforcement bars (ties)  under the ceiling of 1st storey 

 
The strengthening of the structure took into consideration that the attic and garret will become a 
commercial space – club as in Figure 10 b). Some of the walls have been reinforced by steel mesh and 
cement mortar (concrete), on both sides where it was possible, or on one side; the floors with brick 
vaults, above the basement and above ground floor, were local repaired or replaced with reinforced 
concrete floors, depending on their degradation. 
 

    
 

Figure 8.Concrete floor above the 1st storey 
 

Figure 9. Jacketing of  masonry wall 
 
Floor above the 1st floor, with wooden beams, was destroyed; it was fully replaced with a reinforced 
concrete floor, where they were anchored the reinforcement of the jackets of perimeter walls above the 
floor, in the mansard. 
 

  
  a) Initial mansard – After fire event                        b) Curently ( Club) - After retroffiting 

 
Figure 10 Mansard - before and after retrofitted 

 
 3.1.2 Analitical  Model of Structure and Results of Calculation  
 
Analytical model for calculation the shear strength capacity of the structure was made both for initial 
assessment  as in Figure 11 and for evaluation of strengthened structure  as in Figures 12 and 13.  
First model 2D, consisting of shear unreinforced masonry walls (cantilevers and embrasures), acting 
by the gravity load and seismic load, are arranged on two directions of calculation, transverse and 
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longitudinal as in Figures 11. The calculation of the shear strength capacities of the walls (Tables 3 
and 4) were made with the average values of the masonry resistances: compressive strength f = 1.4 
N/mm2 and tensile strength of the mortar fp = 0.045 N/mm2. 
 
The behaviour factor q, is considered q=1.37, as a result of brittle failure mode of the walls.  
 
Seismic force at the base:  Fb,long = 704 tf  and Fb,transv = 723 tf 
 
The values of shear strenght capacities on two directions are: VRd,long = 326,7 tf  and VRd,tranv = 360,2 tf 
 

  
 

Figure 11. 2D Calculation model for CAZINDS1 software – Longitudinal Direction 
 
The values of (R3) indicator were calculated, along longitudinal and transverse direction: 
  
R3,long   = 326.7/704 =  0.46 (46%)  on longitudinal direction 
R3,transv = 360.2/723 =  0.50 (50%)  on transverse direction 
 
These values, together with qualitative evaluation indicators (R1, R2), place the structure in the Rs II 
seismic risk class, comprising constructions that under the effect of design earthquake can suffer major 
structural damage, but the loss of stability is unlikely. This class requires measures of strengthen for 
the structure. 

Table 2. Seismic risk classes 
 

Seismic risk class 
RSI RSII RSIII RSIV 
<35 35 - 65 66 - 90 91 - 100 

 
3.1.3 Comparison Between One Pre and Post Strengthened Wall 
 
An example of calculation shear strength capacity for the cantilever ML31, with rectangular cross 
section, is presented in two situations: initial as in Figure 11 and strengthened by jacketing as in 
Figures 2 and 13. In strengthened situation the same characteristics of deformation stages are 
considered and shear strength capacities are determined in the same way as at unreinforced masonry.   
 
The difference is between the values of the masonry resistances for the equivalent cross section of 
strengthened element and for unreinforced masonry. As shown in Tables 1, 3, 4 and as in Figure 14, 
this structural element has a moderate brittleness of failure (DBB). By retrofitting, the ductility is 
improved, by becoming reduced ductility of failure (DDB) and, shear strength capacity has an 
increasing about 60% percent.  
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Figure 12. 3D View - Calculation  Model  for ETABS software 

  

ML31 

 
Figure 13. 2D View - Floor over ground floor - ETABS software 

 
Table 3. Values of Shear Resistance Capacities of Cantilever ML31 Pre and Post Retrofitted 

 
=================================================== ===============================
                                          SHEAR RESISTANCE CAPACITIES  
                                            Principal failure by diagonal cracking              
                                            SENS 1 SEISM ACTION ---->       
                                            SENS 2 SEISM ACTION <----       
                                   =================================================
                        CAPACITY            S      T      A      G      E     S    
                        � R     VRdR  NORMAL CRACKING      YELDING  IN               ULTIMATE
                                                                                 IN BENDING             COMPRESSION   
                                     --------------  -------------- ------------------
  NAME           SHAPE                   � QF      V RdQF    � QC      V RdQC     � QU     
                                    [daN/cm 2]  [tf]   [daN/cm 2] [tf]  [daN/cm 2] [tf]
=================================================== ==================================
CANTILEVER ML31    D    0.67   22.87    0.79    26. 84   0.47   15.82    0.23    7.90
CANTILEVER ML31R   D    1.08   36.61    3.02   102. 56   1 .15   39.04    0.57   19.49
========================================================================================== 

 
Table 4 – Values of Shear Associate to Moment of Resistance of Cantilever ML31 Pre and Post retrofitted 

 
=================================================== ============================= 

                                                            MOMENT OF RESISTANCE CAPACITIES 
                           SHEAR ASSOCIATE TO MOMEN T OF RESISTANCE 

============================================ 
S      T      A      G      E     S 

NORMAL CRACKING          YELDING  IN            ULTIMATE  
           IN BENDING                    COMPRESSION 

-------------- -------------- -------------- 
  NAME            MODE     qel     � MF      V RdMF      � MC      V RdMC     � MU   V RdMU 

[daN/cm 2]  [tf] [daN/cm 2 ]   [tf]  [daNf/cm 2] [tf]                   
=================================================== ============================= 

CANTILEVER ML31   DBB   1.37   0.47   15.82    1.04    35.40    1.11   37.66 
CANTILEVER ML31R  DDB   1.78   0.43   14.55    1.07    36.44    1.11   37.80  

====================================================================  
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          a) ML31 - pre-retrofitted                                                  b)  ML31R post-retrofitted   

 
 

Figure 14 Diagrams of cantilever ML31 
 
It can be seen in Figure 14 that, as effect of strengthening, the individual R3,i indicator has increased by 
60% and, the entirely structure can be classified at Rs III seismic risk class. 
 
3.2 Building Made in 17th Century 
 
3.2.1 Informations About Building  
 
The building, historic monument ,see in Figures 15÷17, was built in several stages, from the second 
half of the 17th century until the 19th century and is located in Historic Area (with  PGA = 0.20g and 
Tc = 0.7s). Shape in plan is irregular, and the building was done in 4 stages, but without earthquake 
and settlement joints; building is attached to four neighboring buildings. The steps of execution are 
shown in Figure 15. The 1st section of building is the oldest (the yellow one), carried out in 17th 
century, to which were subsequently added other buildings. Vertical structure of the 1st section is 
provided by two longitudinal walls and several transverse walls, forming a succession plan irregularly 
shaped cells.  
 

              
 

Figure 15.  Stages of built (ground floor) 
 

At the ground floor, one of these cells is a corridor crossing to the section 3 as in Figure 15. Thickness 
of the walls varies widely both from one level to another and, at the same level, having some 
constructive disorder and probably several stages of execution. The initial situation of the 1st section is 
shown in Figure 18 a). Beams of the initial wooden slabs, with historical inscription were found over 
the 1st storey.  Above ground, masonry walls are made of brick and lime mortar. Masonry basement 
walls are made of unshaped quarry stone; the same walls, to the same thickness as the foundation are 
found to a depth of 40-50 cm below the floor of the basement. 
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Figure 16. Longitudinal section through 1st and 2nd sections 
 

 

 
 

                a)  before                                                         b) after strengthening 
 

Figure 17. Main facade of  2nd section 
 

  
                      a) before strengthening                                       b) after strengthening                         

 
Figure 18. Facade of 1st section  

   
3.2.2  Analitical  Model of Structure and the Results of Calculation.  
 
Analytical evaluation of the structure was carried out similarly to the first case. The calculation model 
in longitudinal direction, in which include the 1st section of structure is shown in Figure 19. Given the 
high thickness of cross section and, vertical wall height low, calculation showed that the R3 indicator 
is equal or higher than the minimum agreed 0.65 (65%): 
 
 R3, L = 0.65 (65%) on longitudinal direction,  
 R3, T = 0.70 (70%) on transverse direction of earthquake. 
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Figure 19 Calculation model (Section II) 
 
3.2.3 Strength Solutions Realized 
 
General decay state of floors and walls, and the intention of the owner to turn all the buildings in a 
hotel led to extensive works of restoration, strengthening and retrofitting. The works done, had 
preserved the features of historical monument.  
 

  
Figure 20 Concrete underpinning of 

foundation 
Figure 21. Strengthening of masonry 

basement vault 
 
The 1st section, in the final arrangement of the structure, is integral with the 3rd section. Following 
works were executed: 
 

  
Figure 22. Restoration of masonry 

vault over ground floor 
        Figure 23. Concrete floor over 

ground floor (western part)  
 
- Concrete underpinning to the foundations for creating the possibility of increasing basement depth 
see Figure 20; 
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- Strengthening masonry basement vault in the upper side clad with concrete as in Figure 21;  
- Creating seismic joints between all the sections of building;  
- Demolition and partial restoration the brick vault over the ground floor as in Figures 22, 23; 
- Entire demolition and reconstruction the floor at 1st storey, with confined masonry and reinforced 
concrete slabs. 
 
 
4. CONCLUSIONS 
 
1. The strengthening of the buildings has the purpose to reduce their vulnerability at seism, by 
improving the following performance criteria: 
 
- Failure mode of unreinforced masonry walls, may be improved from brittle to reduced ductility or 
ductile. 
- Fulfilling the robustness criterion of the structure, by balancing the shear strength capacities of the 
walls after the strengthening, on the two main directions of earthquake actions - longitudinal and 
transverse.  
- The collapse of a building after one major earthquake could have as result loss of human lives, 
destruction of other adjacent buildings and, disruption of commercial and  administrative activities. 
Avoiding these situations by appropriate strengthening, together with above criteria, will lead to 
enhanced level for resilience.   
 
2. Detailed analyzing for the structure of a building with masonry walls to the seismic predictable 
force, for the level of a seismic hazard zone was possible by using the Methodology of calculation and 
related software presented in chapter 2.1. This may be applied both to unreinforced masonry structure 
and at strengthened masonry structure. 
  
3. From the photos included in the Case Study chapter, it can see the complexity and difficulty of 
strengthening for historical buildings. For the buildings presented, the works lasted several years and 
were closely monitored by the authors. 
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