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 Prevention or reduction of  loss  of  lives and property from earthquakes is of great 

importance  in all countries. One approach to deal with the destructive forces of  
earthquakes is to use new building materials with more appropriate seismic behavior. 

Infrastructures are being worn out and need for strengthening structures (in order to 

meet stringent design requirements) has resurged.  Hence, throughout last two decades, 
great emphasis has been put on structural strengthening. FRP has been used as an 

effective external reinforcement for seismic retrofitting of structures in earthquake-

prone areas.Shear walls are of particular importance in engineering applications owing 
to their high stiffness and in-plane strength as well as ability to resist normal and lateral 

forces simultaneously. Moreover, they can be used to resist large lateral loads. Shear 

walls are normallylocated in the structure based on designer’s experience and it may be 
impossible for the designer to locate the shear wall so as to minimize torsion in an 

asymmetric structure due to architectural limitations.In the present study, shear walls’ 

strengthening with different modes of FRP sheets’ installation is explored. It also aims 
at investigating the application of FRP-strengthened shear walls in the structures in 

which incorrect location of shear walls in plane led to eccentricity and torsion or in 

cases where shear walls of limited thickness are required. Finally, behavior coefficient 
of walls is assessed. 
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INTRODUCTION 
 

Shear wall is one of the main structural elements to resist lateralforces,which provides adequate strength as 

well as deformability in the structures in order to prevent brittle failure caused by lateral loads. Since  shear 

walls constitute a major portion of  structures’ lateral stiffness, deficiency in their stiffness, strength and 

deformability may lead to a concern for structure’s resistance against seismic loads. Hence, strengthening of 

shear walls in the structures that seem to have weakness in these elements is of great significance.  

Fiberglass reinforced polymer(FRP) materials are being extensively used to strengthen reinforced concrete 

structure. Inspite of being relatively costly, its high strength to weight ratio and corrosion resistance in addition 

to easy transportation and installation has made FRP the main option for seismic strengthening of structures. 

To investigate effect of  FRP  on eccentricity reduction in asymmetric structures, a number of composite 

steel structures with  RC shear wall were designed and analyzed. shear walls were moved in X direction to cause 

eccentricity and then in order to lessen or omit this eccentricity, shear  walls strength and stiffness was increased 

by installing FRP sheets on them. A non-linear finite element analysis of these strengthened shear walls was 

also performed. It should be noted that FRP material used in this study was of  CFRP  type. 

 

FRP: 

Fiber-reinforced plastic or fiber-reinforced polymer (FRP) is acomposite material made of fiber 

encompassed and bonded by resin. Fiber material is the load bearing component of  FRP. These are a series of 

high strength fibers that display linear elastic behavior until brittle.with regard to the main ingredient of fibers 

(i.e glass, carbon and aramid ) FRP material has been defined by terms GFRP, CFRP and AFRP, respectively. 

Another ingredient of  FRP  material is resin (matrix) which acts as a glue to hold fibers together. Resins 

are divided into two major groups known as thermoset and thermoplastic according to the application of 
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composite material. These two groups are different at their response to heat.Thermoset resins like polyester, 

vinyl ester and epoxy harden once heated and then they cannot be melted back to their initial liquid form 

thermoplastic resins (e.g polyethylene, poly vinyl chloride and polypropylene) become soft and liquid when 

heated and rigid when cooled. 

 

External bonding of FRP sheets on the face of concrete: 

Concrete elements (with and without internal reinforcement) can be strengthened gluing FRP sheets to the 

concrete face using epoxy and resin or mechanical fasteners. One advantage of surface strengthening by means 

of FRP in renovation projects is the speed and ease of implementation. Performance cost savings, lower break 

times in construction site and compatibility with limitation at sites, all together, compensate for higher initial 

expenses of FRP strengthening technique and enable it of competing with other present techniques such as 

enlarging section and surface strengthening with steel plates. 

Short and long-term behavior of surface –mounted FRP reinforcement is mainly influenced by bound 

between FRP and concrete. 

Besides, storing, transportation, installation and maintenance steps effect long-term behavior of this 

technique. Precise control is required to ensure proper performance and durability of this strengthening method. 

Manufacturing process parameters that influence the behavior of structure must be identified so that an 

appropriate plane will be achieved. There are two main methods to glue FRP to concrete surface: using pre-

cured sheets and using cured-in-place sheets. 

For in-place curing, initially, a basic primer is applied to the concrete face to plug the microscopic holes. 

Once the basic primer is hardened, the surface is leveled using a concrete coating. Then a thin uniform layer of 

resin is applied on the surface. In the next step, fiber sheets that are cut with desired dimension are placed on the 

concrete surface and the air entrapped between the two surface is removed using a roller.Finally, second layer of 

resin is applied to the surface to obtain multi-layered strengthening, the same sequence is repeated. 

 

2-2- Stress-Strain Behavior ofsurrounding concrete with FRP: 

Considere(1906) performed the first study on the influence of surrounding concrete on its strength. Result 

obtained in this study showed that confining pressure improves concrete’s strength. 

 

 

 

 

 

 

   

 

 

 

 

Fig. 1-1: compression elementa): without confining pressure  b): with confining pressure 

 

Demonstrated in Figure (1-1-a) is an element under uniaxial compression 𝜎𝑎𝑢1 . AssumingPoison’s ratio 

and elastic modulus equal toν  and E, respectively. Final lateral strain of the element can be obtained using 

equation (2-1) 

 

𝜀𝑙𝑢 =
𝜐

𝐸
 𝜎𝑎𝑢1                                                                                         (2-1) 

 

Once lateral pressure is applied to the element (Figure(1-4-b)), element’s final lateral strain is calculated by 

(2-2) : 

 

𝜀𝑙𝑢 =
𝜐

𝐸
 𝜎𝑎𝑢2 + 𝜎𝑙 −

1

𝐸
𝜎𝑙                                                                        (2-2) 

 

According to the equation mentioned above, compressive strength of the element lateral pressure will be 

obtained: 

 

𝜎𝑎𝑢2 = 𝜎au 1 +
1−𝜐

𝜐
σ𝑙                                                                                    (2-3) 
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Defining k as 𝑘 =
1−𝜐

𝜐
  and substituting it in the former equation, the following general equation is 

achieved: 

 

𝜎𝑎𝑢2 = 𝜎au 1 + 𝑘σ𝑙                                                                                      (2-4) 

 

Regarding range of Poison’s ratio in different materials, it can be concluded that k is always greater than 

unity. Hence, it is obvious according to equation (2-4) that in presence of lateral pressure, axial compressive 

strength of the element is increased. Lateral pressure σ𝑙 is called “confining pressure”. 

Therefore, confinement due to FRP may cause significant rise in compressive strength and ultimate strain of 

concrete (Lombard, J., 1999) 

Investigations performed by other researchers have shown that behaviour of FRP-strengthened concrete is 

influenced by compressive strength of concrete core at normal condition, geometry of the section and type of 

loading. Furthermore, it is apparent that while concrete’s behaviour is improved due to confinement, no 

improvement is observed in the behaviour of steel bars. (Barda, F., 2004) 

 

Coefficient of Behaviour: 

An structure’s response to the lateral loading may be elastic or plastic. It is possible to design the structure 

so as to remain in elasticity by choosing specific parameters but the plan will go non-economic then. Hence, 

resistance of the structure in in-elastic mode should also be considered in order to make the plan economically 

feasible. Once extreme lateral forces or strong earthquakes hit the structure and many parts of the structure fail 

(yield) due to the caused deformation, a large portion of the earthquake energy is absorbed by these failed 

(yielded) parts and the structure remains stable. 

As a result, the structure must be able to withstand the deformation caused by lateral seismic loads. This is 

provided by parameter known as “ductility”. To contribute to the design and use all the capacity of ductile 

structures (plastic mode), coefficient of behaviour is introduced for reducing values of real earthquake forces. 

 

calcuting coefficient of behaviour: 

All the methods of calculating coefficient of behaviour have got the some basis which is calculating amount 

of force energy absorbed or resisted by the structure during formation of first plastic hinge until total failure. 

Methods present in the literature for calculating coefficient of behaviour are divided to two groups: American 

and European. 

3-1-1- Newmark-Hall Relation (Fischinger, M., and P. Fajfar, 1990) 

 

Rµ=1                                if                     T≤ 0.03 Sec                                                 (3-1) 

 

𝑅𝜇 =  2𝜇 − 1             if                      0.125 ≤T≤ 0.03 Sec                                 (3-2)   

 

𝑅𝜇 = 𝜇                                            if                    T≥ 1 Sec                                      (3-3)  

 

Linear interpolation can be wad for intermediate values. (Hossein-Zadeh, N.A., p. Nateghenoori God, 1385) 

3-1-2-Miranda Relation[34] : 

 

𝑅𝜇 =
𝜇−1

Φ
≤ 𝜇                                                                                                              (3-4) 

 

Φ = 1 +
1

10𝑇−𝜇𝑇
−

1

2T
exp  −

3

2
 𝑙𝑛𝑇 −

3

𝑇
 2                                                              (3-5) 

 

Finite Element Modeling: 

Real behaviour of shear walls can be investigated by experimental studies since all parts of the model are 

considered in the testes. However, owing to special features such as high cost, lack of laboratory facilities and 

time limit finite element modelling approach was used in this study. 

Finite element is a numerical method which can be used to deal with many different engineering problems 

in various states including stable transient, linear and so on. Having been introduced in 18
th

 century, the method 

was given a classic formulation and used in engineering application particularly those of mechanical and 

structural engineering. 
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Lamboard’s Experimental Model: 

In this study, a reinforced concrete shear wall specimen measuring 1.5m in length, 2m in height and 0.1m in 

thickness was tested. The wall was constructed using 40 MPa concrete with identical reinforcement of 400 MPa, 

10mm reinforcing steel bars. 

Vertical reinforcement consisted of 6 pairs of 10mm steel bars spaced at 280mm, providing a reinforcement 

ratio of 0.8%. The horizontal steel comprised of 5 pairs of 10mm bars spaced at 400mm for a reinforcement 

ratio of 0.5%. The wall was strengthened by applying on vertical layer of FRP to each face of the specimen. The 

wall specimen was fixed at the base. Lateral load was applied at the specimen through a horizontal cap in a 

static cyclic state until the ultimate load. Figure(4-1) illustrates the test set-up for the shear wall. 

 

 
 

Fig. 4-1: Experimental test set-up 

 

Analytical model: 

A concrete shear wall identical to the experimental set-up was analyzed using finite element method(figure 

4-2) 

 
 

Fig. 4-2: Analytical model 

 

Comparing analytical and experimental models: 

A comparison of the results obtained in experimental and analytical studies is provided in figure (4-3). It is 

apparent from the diagram that there is a good agreement between the results of experimental study and 

numerical one. Slight difference between the two diagrams stems from analytical investigation’s basic 

assumption(i.e. shear wall constructed of isotropic material) 

 

 
 

Fig. 4-3: A comparison of the results obtained  from analytical and experimental studies 
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Design and Analysis of structural models: 

Having simulated and analyzed the mentioned model, shear walls were designed. To facilitate concluding 

upon the results, shear walls of equal thickness were considered for the stories. 

Identical steel reinforcement network was used for shear walls of the same thickness. Next, the developed 

models were analyzed. Table (5-1) presents the vertical and horizontal reinforcing steel network used for each 

group of shear walls. 

 
Table 5-1: Properties of reinforcing network 

Thickness 
(cm) 

Vertical reinforcing network Horizontal reinforcing network 

Diameter of 

steel bar(mm) 

Spacing 

(cm) 

Reinforcement 

Ratio(%) 

Diameter of 

steel bar (mm) 

Spacing 

(cm) 

Reinforcement 

Ratio(%) 

30 18 20 0.85 12 25 0.4 

45 32 20 1.9 12 25 0.4 

50 28 20 1.3 12 25 0.4 

 

5-1- Properties of materials: 

In the models, following properties were considered for concrete and steel : 

Concrete’s compressive strength :f
'
c = 250          kg/cm

2 

Concrete’s Young modules :Ec = 250000    kg/cm
2                                 

 

Yield stress of stirrups :fys = 3000        kg/cm
2 

concrete’s unit weight:Wc = 2.5          ton/m
3 

steel’s yield stress :Fy = 2400        kg/cm
2
 

steel’s unit weight :Ws = 7.85        ton/m
3
 

longitudinal reinforcing bars yield stress:Fy=  4000        kg/cm
2
 

concrete’s unit mass :Mc = 0.255      ton/m
3
 

steel’sYoung modulus :Es = 2100000  kg/cm2 

steel’s ultimate strength :Fu = 3700        kg/cm
2 

 

5-2- Loading: 

Loads applied to the structure will be discussed in the section of gravitational loads and lateral loads 

according to the allowed codes. 

 

5-3- Modelling shear wall: 

15 samples of shear wall constructed from 30 MPa concrete and steel reinforcement of 400 MPa and 

strengthened by FRP layers were simulated using a finite element software. 

The height, length and thickness of the walls were 3m, 5m, and 0.3m, respectively. Vertical steel 

reinforcement consisted of 18mm bars spaced at 20 cm and with reinforcement ratio of 0.85%. Horizontal steel 

reinforcement consisted of 12mm bars spaced at 25 cm and with reinforcement ratio of 0.4%. 

W-t30- model: 30 cm thickness, concrete shear wall without strengthening 

W-t30-R1-h-model : 30 cm thickness, concrete shear wall strengthened with a horizontal layer 

W-t30-R1-30 model:30 cm thickness, concrete shear wall strengthened with a layer inclined at 30° 

W-t30-R1-45 model: 30 cm thickness, concrete shear wall strengthened with a layer inclined at 45° 

W-t30-R1-60 model: 30 cm thickness, concrete shear wall strengthened with a layer inclined at 60° 

W-t30-R1-60 model: 30 cm thickness, concrete shear wall strengthened with a layer inclined at 60° 

W-t30-R1-V model: 30 cm thickness, concrete shear wall strengthened with a vertical layer  

W-t30-R2-h-30 model: 30 cm thickness, concrete shear wall strengthened with a horizontal layer and a 

layer inclined at 30° 

W-t30-R2-h-45 model: 30 cm thickness, concrete shear wall strengthened with a horizontal layer and a 

layer inclined at 45° 

W-t30-R2-h-60 model: 30 cm thickness, concrete shear wall strengthened with a horizontal layer and a 

layer inclined at 60° 

W-t30-R2-hv model: 30 cm thickness, concrete shear wall strengthened with a horizontal layer and a 

vertical layer 

W-t30-R2-hv-30 model: 30 cm thickness, concrete shear wall strengthened with two horizontal and vertical 

layer inclined at 30° 

W-t30-R2-hv-45 model: 30 cm thickness, concrete shear wall strengthened with two horizontal and vertical 

layer inclined at 45° 

W-t30-R2-hv-60 model: 30 cm thickness, concrete shear wall strengthened with two horizontal and vertical 

layer inclined at 60° 

W-t30-R3-h1-v2 model: 30 cm thickness, concrete shear wall strengthened with one horizontal and two 

vertical layers. 
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W-t30-R3-h2-v1 model: 30 cm thickness, concrete shear wall strengthened with two horizontal and one 

vertical layers. 

CFRP layers used in the models were 0.8 mm thick withPoisson’s ration, tensile strength and Young’s 

modulus of 0.2,3480 MPa and 230 GPa, respectively. 

Two other concrete shear walls without FRP strengthening were also modelled using finite element 

software to compare the results with those obtained from aforementioned models of FRP strengthened walls. 

The first model shear wall was 5 m long, 3 m high and 0.45 m thick. Its vertical reinforcement consisted of 32 

mm bars spaced at 20 cm and reinforcement ratio of 1.9% and horizontal reinforcement comprising of 12 mm 

bars with a 25 cm spacing and a 0.4% reinforcementratio. 

Second model wall, measuring 5 m in length, 3m in height and 50 cm in thickness had a vertical 

reinforcement consisting of 28 mm bars spaced at 20 cm and with a 1.3% reinforcement ratio. Its horizontal 

reinforcement consisted of 12 mm steel bars with a 25 mm spacing and 0.4% reinforcement ratio. 

W-t45 model: 45 cm thickness, concrete shear wall without FRP strengthening 

W-t50 model: 50 cm thickness, concrete shear wall without FRP strengthening 

Load-Deflection(bearing capacity)diagram obtained from W-t3-R1-h, W-t3-R1-30, W-t3-R1-45, W-t3-R1-

60  and W-t3-R1-v model shear walls compared in Figure(5-1). 

 

 
 

Fig. 5-1: Bearing capacity diagrams of model shear wall strengthened with one layer of FRP installed at 

different inclination angles 

 

It is clear from the figure that one horizontal FRP layer demonstrates more strength, less deformation and 

equal stiffness in comparison with one vertical layer. Increasing inclination angle of FRP layers leads to an 

increase in stiffness and strength and reduction in ductility(deformability). It seems as if using an FRP layer 

with a 30º inclination angle is of no use for strengthening.  

Figure(5-2) represents a comparison of load bearing capacity(load-displacement) diagrams for W-t3-R2-h-

30, W-t3-R2-h-45, W-t3-R2-h-60 and W-t30-R2-hv model shear walls. 

 

 
Fig. 5-2: Bearing capacity diagrams of model shear wall strengthened with an FRP layer with different 

inclination angles 
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As shown in Figure(5-2), there was a dramatic decline in ultimate load and so deformability(ductility) when 

a horizontal FRP layer in conjunction with another layer inclined at 30 or 45 degrees. Hence, this combination 

of FRP layers is not recommended for shear wall strengthening. 

Demonstrated in Figure (5-3) are the load bearing diagrams of W-t3-R2-hv, W-t3-R2-hv30, W-t3-R2-hv45 

and W-t30-R2-hv60 models.  

 

 
 

Fig. 5-3: Bearing capacity diagrams of model shear wall strengthened with 2 perpendicular FRP layersinstalled 

at different inclination angles 

 

It is apparent from this figure that using 2 perpendicular FRP layers inclined at 30 and 45 degrees regarding 

deformability rules is convenient. On the other hand, installing 2 perpendicular layers at an inclination angle 

equal to 60 degrees is not recommended.  

 
Table 5-2: Magnitudes of ultimate load and displacement in model shear walls 

model Wall 

Thickness 
(cm) 

FRP strengthening Ultimate 

Displacement 
(mm) 

Ultimate 

Load 
(ton) 

W-t30  No  FRP  Layer 97 365 

W-t30-R1-h  horizontal layer 86 405 

W-t30-R1-30  layer inclined at 30° 55 616 

W-t30-R1-45  layer inclined at 45° 35 719 

W-t30-R1-60  horizontal layer inclined at 60° 18 616 

W-t30-R1-v  vertical layer 106 370 

W-t30-R2-h-30  1 horizontal  and 1 layer inclined at 30° 12 491 

W-t30-R2-h-45  1 horizontal  and 1 layer inclined at 45° 14 595 

W-t30-R2-h-60  1 horizontal  and 1 layer inclined at 60° 38 738 

W-t30-R2-hv 30 1 horizontal and 1 vertical layer 41 466 

W-t30-R2-hv30 30 2 horizontal and vertical layer inclined30° 73 776 

W-t30-R2-hv45 30 2 horizontal and vertical layer inclined45° 69 858 

W-t30-R2-hv60 30 2 horizontal and vertical layer inclined60° 27 668 

W-t30-R3-h1-v2 30 1 horizontal and 2 vertical layers 113 476 

W-t30-R3-h2-v1 30 2 horizontal and 1 vertical layers 101 505 

W-t45 45 No FRP layers 79 570 

W-t50 50 No FRP layers 70 594 

 

5-4- Modelling the structure[29]: 

9 structure models with different shear wall locations in plan were simulated to explore eccentricity 

reduction: 

 

5-4-1: 5-story model structure: 

A5 is a 5-story steel structure consisting of 4 panels of 30-cm-thick concrete shear wall that are 

symmetrically distributed in the plan. B5 represents a 5-story steel structure consisting of 4 panel of 30-cm-thick 

concrete shear wall in which a 10-precent eccentricity was produced displacing one of the walls 5m in X 

direction( Figure 5-4). 
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Fig. 5-4: 5-story structure’s plan (A5 and B5) 

 

5-4-2 : 10-story model structure: 

A10 model represents a 10-story steel structure with 8 panels of 30-cm-thick concrete shear wall that are 

distributed  symmetrically in the plan. In  B10  model, a 10-percent eccentricity is produced by a  5-m-

displacement of one of the walls in X direction and so a 10-story structure possessing 8 panels of 30-cm-thick 

concrete shear wall.( Figure 5-5). 

 
 

Fig. 5-5: symmetrical 10-story structure’s plan(A10 and B10) 

 

5-4-3: 15-story model structure: 

A15 is a 15-story steel structure consisting of 12 panels of  30-cm-thick shear walls with symmetrical 

distribution in plan. In B15 model, 3 shear walls are displaced  5m  in  X  direction and so a 10-percent 

eccentricity is produced( Figure 5-6). 
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Fig. 5-6: Symmetrical  15-story  structure’s  plan  (A15 and B15) 

 

5-5- Irregularity in structures: 

Structures may seem regular in plan and side view but the distance between center of gravity  andcenter of 

stiffness must be checked. According to the Iranian code for construction, the structure is defined as “irregular” 

if the distance between center of gravity(CM) and center of stiffines(CR) in each direction exceeds a 20-percent 

proportion of structure’s dimension in that direction (National Building Regulations, 1388). 

Having analysed the models, coordinates of center of gravity and center of stiffness, distance between these 

2 centeres and also eccentricity of the models calculated and compared. As shown in Table(5-3), B5 model’s 

eccentricity in the floors is almost 10%. This amount was declined to almost zero by increasing thickness of 

displaced walls from 30 to 45 cm. This means that increase in thickness of displaced walls led to a jump in 

strength and stiffness and so elimination of eccentricity.Hence, B5 which was an asymmetric structure was 

transformed to C5(a symmetric structure). 

 
Table 5-3: Amount of eccentricity in the  5-story dtructure 

Floor  Height of  

Floor(m)  

Structure’s Center of 

gravity 
XCM(m) 

Structure’s center of 

stiffness 
XCR(m) 

Distance between center 

of graviy and center of 
stiffness 

XCM-XCR(m) 

Eccentricity of the 

structure 
((XCM-XCR)/B)*100 

B5 C5 B5 C5 B5 C5 B5 C5 

1 3 12.382 12.481 10.062 12.253 2.320 0.228 9.28 0.91 

2 6 12.382 12.481 9.993 12.407 2.389 0.074 9.56 0.3 

3 9 12.382 12.481 9.972 12.486 2.410 O.005 9.46 0.02 

4 12 12.382 12.481 9.964 12.525 2.418 0.044 9.67 0.18 

5 15 12.441 12.492 9.962 12.545 2,479 0.053 9.92 0.21 

 

As depicted in Table(5-4), eccentricity of the floors in B10 model was decreased from 50 to almost 1 

percent by increasing thickness of displaced walls from 30 to 50  cm  in C10 model. This points to the 

elimination of eccentricity due to thickness-jump based increase in strength and stiffness of the wall. 

In fact, the  B10  asymmetric structure is converted to the C10  symmetric one. 

Listed in Table(5-5) are the values of eccentricity in the floors in  B15 model. It is clear that there was an 8-

percent decline in the amount of eccentricity due to the increase in wall’s thickness in C15 model (from 30 to 50 

cm). This decrease in eccentricity points to asymmetry elimination and conversion of asymmetric B15  structure 

to symmetric C15. 
 

Conclusion: 

As mentioned before, ordinary structures must fulfill life safety and uninterrupted usability performance 

levels in the case of design and performance  forearthquakes, respectively. 

According to the relation of section (3) and load-displacement diagram of the shear wall reinforced with an  

FRP  layer inclined at 30° (Figure 6-1) Rµ was calculated using Newmark-Hall and Miranda methods. An 

average of the values obtained by 2 mentioned methods is used to estimate coefficient of behaviour ( R ). 

Calculated values are listed in Table ( 6-1). 
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Table 5-4: Amounts of eccentricity in 10-story structure 

Floor  Height of  

Floor(m)  

Structure’s Center of 

gravity 

XCM(m) 

Structure’s center of 

stiffness 

XCR(m) 

Distance between center 

of graviy and center of 

stiffness 

XCM-XCR(m) 

Eccentricity of the 

structure 

((XCM-XCR)/B)*100 

B10 C10 B10 C10 B10 C10 B10 C10 

1 3 12.287 12.535 10.410 12.651 2.246 0.116 44.92 0.46 

2 6 12.287 12.535 9.995 12.729 2.292 0.194 45.84 0.78 

3 9 12.287 12.535 9.997 12.793 2.310 0.258 46.20 1.03 

4 12 12.287 12.535 9.964 12.839 2.323 0.304 46.46 1.22 

5 15 12.287 12.535 9.954 12.870 2.333 0.335 46.66 1.34 

6 18 12.287 12.535 9.948 12.890 2.339 0.355 46.78 1.42 

7 21 12.287 12.535 9.944 12.904 2.343 0.369 46.86 1.48 

8 24 12.287 12.535 9.942 12.914 2.345 0.379 46.90 1.52 

9 27 12.287 12.535 9.942 12.922 2.345 0.387 45.90 1.55 

10 30 12.389 12.518 9.943 12.927 2.446 0.409 48.92 1.64 

 
Table 5-5: Amounts of eccentricity in 15-story structure 

Floor  Height of  

Floor(m)  

Structure’s Center of 

gravity 

XCM(m) 

Structure’s center of 

stiffness 

XCR(m) 

Distance between center 

of graviy and center of 

stiffness 
XCM-XCR(m) 

Eccentricity of the 

structure 

((XCM-XCR)/B)*100 

B15 C15 B15 C15 B15 C15 B15 C15 

1 3 12.207 12.542 10.035 12.613 2.172 0.071 8.69 0.28 

2 6 12.207 12.542 9.998 12.649 2.209 0.107 8.84 0.43 

3 9 12.207 12.542 9.986 12.687 2.221 0.145 8.88 0.58 

4 12 12.207 12.542 9.975 12.720 2.232 0.178 8.93 0.71 

5 15 12.207 12.542 9.965 12.747 2.242 0.205 8.97 0.82 

6 18 12.207 12.542 9.957 12.768 2.250 0.226 9.00 0.9 

7 21 12.207 12.542 9.951 12.784 2.256 0.242 9.02 0.97 

8 24 12.207 12.542 9.946 12.797 2.261 0.254 9.04 1.02 

9 27 12.207 12.542 9.942 12.806 2.265 0.264 9.06 1.06 

10 30 12.207 12.542 9.940 12.813 2.267 0.271 9.07 1.08 

11 33 12.207 12.542 9.938 12.819 2.269 0.277 9.08 1.11 

12 36 12.207 12.542 9.937 12.824 2.270 0.282 9.08 1.13 

13 39 12.207 12.542 9.937 12.828 2.270 0.286 9.08 1.14 

14 42 12.207 12.542 9.937 12.831 2.270 0.289 9.08 1.16 

15 45 12.342 12.523 9.937 12.833 2.270 0.310 9.62 1.24 

 

  
 

Fig. 6-1: Load-Deflection Diagram of shear wall strengthened with an FRP layer inclined at 30° in linear and 

nonlinear states 

 
Table 6-1: Coefficient of  Behaviour 

R Rµ 

Miranda 

Rµ 

Newmark-Hall 
  µT 

(Sec) 

Y Vy 

(ton) 

Vs 

(ton) 

(mm) (mm) 

structure 

8.4 1.85 1.79 3.1 2.1 0.38 1.5 615 200 14.1 29.6 5-story 

9.1 2.05 1.88 3.1 2.1 0.64 1.5 615 200 14.1 29.6 10-story 

9.8 2.23 2.02 3.1 2.1 0.87 1.5 615 200 14.1 29.6 15-story 
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Load-Deflection diagrams of  W-t45  and  W-t30-R-30°  models are illustrated in Figure(6-2). According to 

this figure, it is clear that W-t30-R1-30°  model’s diagram approximates well W-t45  model’s diagram. 

 

 
Fig. 6-2: Load-Deflection diagram of  45-cm-thick wall and the wall strengthened with a layer inclined at 30° 

 

Ultimate load of W-t30-R1-30° model was greater than that of W-45 and the difference in ultimate 

deflection and so that deformability reduction was observed in the two models. Based on the R values present in 

Table(1-6), coefficient of behaviour for the W-t30-R1-30° model was 8.4, comparing this R value with the 

requirements mentioned in the IRANIAN CODE FOR DESIGN OF BUILDINGS RESISTANT TO SEISMIC 

EXICITATION( i.e R=7 for a 5-story structure), it can be deduced that W-t30-R1-30° model is an appropriate 

and useful substitute for W-t45 model. In other words, to reduce structure’s eccentricity an FRP layer of  30°  

inclination can be used for the 30-cm-thick wall  instead of increasing its thickness. 

Figure (6-3) illustrates the load-deflection diagram of 50-cm-thick shear wall and the wall strengthened 

with an  FRP  sheet inclined at 30°. 

 

 
 

Fig. 6-3: Load-Deflection diagram of  50-cm-thick wall and the wall strengthened with a layeran FRP sheet 

inclined at 30° 

 

Ultimate load of W-t30-R1-30° model exceeded that of W-50 model and there was difference in the values 

of ultimate deflection and reduction in deformability.R  values presented in Table(5-1) show that W-t30-R1-30° 

model possesses an acceptable coefficient of behaviour in comparison with the  R  value required by IRANIAN 

2800 CODE  for 10 and 15-story structure. Hence the W-t30-R1-30° model is an acceptable substitute for W-t50  

model and in order to decrease eccentricity of the structure, wall strengthening by an FRP layer inclined at 30 is 

preferred  rather than wall’s thickness enhancement.  
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