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ABSTRACT 

Mathematical models are proposed for the 

three-dimensional, nonlinear earthquake analysis of 

unreinforced and reinforced brick masonry buildings. In the 

development of the models, the floors are modeled as rigid 

diaphragms. For the unreinforced case it is assumed that the 

wall elements possess only shear resistance and only in 

their own planes; 

wall elements in 

account. In view 

for the reinforced case the stiffness of 

out-of-plane directions is taken into 

of the data obtained from shaking table 

experiments, a bilinear form for the shear modulus of the 

masonry wall materials and a trilinear form for its viscous 

counterpart are assumed in the analysis for their variations 

with the shear strain. For the nonlinear earthquake 

analysis of masonry buildings, two different approaches are 

used. The first one involves the use of the "equivalent 

linear method" (ELM), which was used successfully by some 

researchers in nonlinear soil-structure interaction 

analyses. ELM finds the nonlinear earthquake response of a 

masonry building approximately through iterations. The 

second approach employs "the actual nonlinear model" (ANM) 

which takes into account hysteretic behavior of wall 

elements established experimentally in shaking table 

experiments. To assess the models five example problems are 

presented. The results indicate that the proposed models 

can be used reliably in the earthquake analysis of masonry 

buildings. 
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1. INTRODUCTION 

To our best knowledge, there is no work available in the 

literature aimed at developing a mathematical model which 

can be used for the three-dimensional earthquake analysis of 

brick masonry buildings. The construction of such a model 

is important for the following reasons. A great portion of 

world's population live in low strength masonry houses. The 

existence of the model mentioned above will make it possible 

not only to predict the earthquake behavior of these houses 

and to design new ones against earthquake forces, but also 

to assist in establishing the retrofit techniques for houses 

damaged after an earthquake. 

In the present work, some mathematical models are 

proposed for the three-dimensional, linear and nonlinear 

earthquake analyses of masonry buildings, and, based on 

these models, some general purpose computer programs are 

prepared. The development of the models involves two main 

assumptions. (i) The floors of the masonry building are 

reinforced concrete slabs which are infinitely rigid in 

their own planes. The use of this assumption makes it 

possible to employ rigid diaphragm modeling [1] in the 

analysis. (ii) For unreinforced masonry buildings, the 

bending rigidity of the wall elements in their planes is 

very large compared to their shear rigidity and in 

out-of-plane directions the wall elements have negligible 

rigidities. For the reinforced case, the assumption 

regarding the inplane rigidity of the wall elements is the 
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same as that for unreinforced case, but, in the 

case the rigidity in the out-of-plane direction 

taken into account. 

reinforced 

is also 

To account for the nonlinear effects in masonry 

buildings, two different methods are used. The first one is 

an iterative approximate method, called the "equivalent 

linear method" (ELM). ELM, first used by Seed and 

Idriss [2} in nonlinear soil-structure interaction analysis, 

performs the nonlinear analysis in terms of linear analyses. 

In this method, the system is first assumed to be linear, 

and, by using the linear values of its elastic and viscous 

properties, the system is analyzed and its deformation state 

is determined. Then, the secant values of elastic and 

viscous properties compatible with that deformation state 

are computed, and by using these values the system is 

analyzed again linearly. We continue the iterations until 

no significant changes occur in the values of the elastic 

and viscous properties of the system. The second method 

employes the actual model established in [3,4] 

experimentally in conjunction with the nonlinear earthquake 

behavior of brick masonry wall elements. 

The use of ELM and the actual model in the nonlinear 

earthquakG analysis of masonry buildings requires knowledge 

of the changes of the dynamic elastic and viscous properties 

of masonry wall material as it deforms. The elastic and 

viscous properties 

nonlinear response 

of the 

can be 

wall material pertinent to the 

described, in view of the 
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assumption (ii) stated above, by the shear modulus G and its 

viscous counterpart G'. The variations of the dynamic 

values of G and G' with the shear strain were established 

using a clay brick wall element in [3,4] in shaking table 

experiments. In view of the findings established in these 

works, it may be assumed that the variations of G and G' 

with the shear strain can be described respectively by 

bilinear and trilinear functions. These functions and the 

parameters defining them will be discussed in the main text 

of the study. 

The study is organized as follows. In Chapter 2, the 

functions assumed in the analysis for the variations of 

the dynamic values of G and G' with the shear strain are 

presented and discussed. In Chapter 3, the formulation for 

the linear and nonlinear earthquake analysis of an arbitrary 

masonry building is carried out using the assumptions (i) 

and (ii) stated above. In the formulation it is assumed that 

the propagation direction of earthquake disturbances is 

arbitrary. The disturbances involve two horizontal 

displacement components, one parallel to the propagation 

direction and the other perpendicular. In Chapter 4, the 

methods used in the integration of the equations of linear 

and nonlinear models are discussed. In that chapter, the 

numerical methods employed in free vibration and earthquake 

spectrum analyses for the linear behavior of masonry 

buildings are also presented. Chapter 5 contains two 

general purpose computer programs prepared for linear and 

nonlinear earthquake analyses of masonry buildings. The 
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first program performs free vibration, earthquake spectrum 

and time history analyses for linear behavior, and time 

history analysis for nonlinear behavior by ELM. The second 

program carries out a time history analysis for the 

nonlinear earthquake behavior by using the actual nonlinear 

model. The programs perform the analyses for both 

unreinforced and reinforced masonry buildings. In this 

chapter, the manuals for both of the programs are also 

presented. In Chapter 6, some numerical examples are given. 

The first example is given with the object of comparing the 

experimental data available for a single story adobe house 

with those predicted by the models proposed in this study. 

The other examples involve a three-story masonry building 

having a complicated geometry. Finally in Chapter 7, the 

models proposed in this study are assessed in view of the 

results obtained from example problems and some conclusions 

are drawn. 
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2. NONLINEAR DYNAMIC PROPERTIES OF MASONRY WALL ELEMENTS 

In the analysis it is assumed that the nonlinear wall 

behavior arises from the shear deformation of the wall 

elements in their own planes. This assumption dictates that 

only the inplane shear modulus G of a masonry wall element 

and its viscous counterpart G' will enter the nonlinear 

formulation. For this reason, the discussions in this 

section are restricted to the properties of G and G'. 

The dependence of the dynamic values of G and G' on the 

deformation state of a masonry wall were investigated 

experimentally in [3] and [4] by subjecting clay-brick 

masonry wall specimens to inplane earthquake excitations 

using the shaking table available at the laboratories of the 

Earthquake Engineering Research Center, University of 

California, Berkeley. In [4], the curves describing the 

variation of G with the shear strain Y and that of G' 

with the shear strain rate r (dot designates the time 

derivative) are presented. However, the use of "the 

equivalent linear method" (ELM) in nonlinear formulation 

requires that we relate both G and G' to the shear strain 

I' . For this reason, in this study we reexamined the 

experimental data in [3] and [4], and related G' to j( 

instead of to y. The resulting curves are shown in Fig.1, 

where the variations of G and G' with ~ are represented 

by bilinear and trilinear functions, respectively. 

As seen from Fig.1, the wall behaves linearly up to a 
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shear strain value y with the shear modulus G and viscous 

coefficient G'. After r , the degradation starts and the 

shear modulus, G , decreases linearly with increasing strain 

values having the slope SG; the viscous coefficient, G' , 

increases linearly up to the strain Y after which it 'c 
* remains constant. This constant value is denoted by G' in 

the figure. It should be noted the G and G' in Fig.l 

describe the secant values. ~ in Fig.1 represents the 

shear strain corresponding to the peak of the elastic shear 

stress-shear strain (T- Y) curve as indicated in Fig.2. As 

seen from Fig.l, the variation of G with I Y I is described by 

the three parameters y, Yc and G while that of G' is 

Y, G' * governed by four parameters Yc, and G'. Since the 

parameters y and Yc are common to G and G', the total 

number of parameters needed for the description of G and G' 

is five. The values of these parameters were determined 

experimentally in [4] for a masonry wall which is made of 

fired clay bricks. They are 

G = 0.1680 kN/mm2 

(24.3899 ksi) 

G'= 0.8969 x 103 kN-s/mm2 

(0.1302 ksi-s) 

G'= 1.8557 x 10 3 kN-s/mm2 

(0.2694 ksi-s) 

y= 5.1329 x 104 rad 

1:. = 1. 58 x 103 rad c 

( 1 ) 
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~----~---+--------------IYI r Yc 

Figure 2 Elastic shear stress - shear strain curve 
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It may be noted that these values give one a feeling about 

the order of the values of the parameters for the masonry 

wall elements which are made of different bricks and 

constructed by using different workmanship than the ones 

tested on the shaking table in [4]. 

The solid lines in Fig.1 represent the envelope 

(skeleton) lines for the variations of G and G' with I Y I 
which are discussed above. We now explain loading and 

unloading characteristics of G and G'. We do this first for 

G by using a specified earthquake loading. Let us consider 

a virgin masonry wall which is excited in its plane by an 

earthquake causing shear strain in the wall with a certain 

time history. Suppose that the shear strain first increases 

monotically and reaches a peak value, say Ji (absolutely), 

at the time 

after 

t=t1 . 

remain 

Further, suppose that the peak values 

smaller than ~ and that ~ is larger 

than the initial yield strain Y. The path describing the 

variation of G during this excitation would be as follows 

(see.Fig.la). Until I YI reaches the value r, G remains 

constant along the horizontal line AS in the linear range, 

with the value G. At B, the degradation in the value of G 

starts and it continues along the line B1 as the crack 

accumulation in the wall increases. At the point 1, the 

peak val ue ~ is reached; after this point no further 

cracking takes place since remaining peak values are smaller 

than Ji. Accordingly, during loading and unloading occuring 

after the point 1, G remains constant along the horizontal 
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line 12. This loading and unloading line 12 is also shown 

in the shear strain-shear stress plane in Fig.2. 

We consider now a second loading in which we assume the 

wall has a damaged state which is caused by the excitation 

considered in the first loading. We assume now that this 

nonvirgin wall is subjected to an earthquake excitation 

having the same characteristics as those of the excitation 

which was used in the previous example, except that the 

maximum shear strain is now ~ where For this 

loading, G first remains constant along the horizontal line 

12 with the value representing the shear modulus of the 

non-virgin state (see Fig.1a). Degradation starts at the 

point 1 and continues to the point 3, where the maximum 

value ~ is reached. After the point 3, no further 

cracking takes place in the wall, and G has a constant value 

along the horizontal line 34. 

The loading and unloading characteristics of G' are 

similar to those of G. The solid line ABeD in Fig.1b 

represents the envelope curve for G'. The path AB12 in this 

figure describes the variation of G' for a virgin wall 

subjected to the first earthquake loading considered in the 

discussions pertaining to G. As the. interpretation of this 

path ABl2 is similar to that given for G, it will not be 

presented here. The loading and unloading rules for G' for 

a nonvirgin (damaged) wall are the same as those discussed 

for G, and not to complicate the figure the paths associated 

with these rules are not indicated in Fig.lb. From the 
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examination of the figure it is evident that when 1"11 
during an earthquake loading reaches a peak value (say at 

* * t=t) which is equal to or larger than Yc ' after t=t G' will 

* remain constant, with the value G', during loadings and 

unloadings occurring along the horizontal line ED. 

In reference 4, a criterion measuring the amount of 

damage in a masonry wall element caused by an earthquake 

excitation was also proposed. This criterion is modified 

slightly in this study and described by the equations 

D = I Yeff - r 
for Yeff > Y 

( 2 ) 

D = 0 for Yeff < y 

where D designates the amount of damage and ~ff denotes the 

effective shear strain which is, through a constant, related 

to the maximum value o~ 1j(1 that occurs in the wall 

element during an earthquake excitation. 
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3. THE MODEL USED FOR THE EARTHQUAKE ANALYSIS OF MASONRY 

BUILDINGS 

In this section we formulate a model which governs the 

nonlinear response of a masonry building to an earthquake 

excitation. The building has "n" stories where floors 

are reinforced concrete slabs (see Fig.3). The floors 

are numbered in increasing order in the upward direction. 

The story heights are assumed to be different and the height 

of the i th story is designated by "h.". 
1 

The building, 

which is composed of wall assemblies as shown in Fig.3, is 

referred to a right handed global cartesian coordinate 

system xyz in which the xy'plane is parallel to the floor, 

the z axis is directed upwards and the origin is at 

the base. A wall assembly extends the full height of the 

building. The part of the assembly that is between two 

adjacent floors will be called a "wall element" in our 

study. Each wall assembly is referred to a right handed 

local cartesian coordinate system uvw in which the axis w is 

parallel to the z axis and passes through the centroid of 

the wall section, and the u axis is in the inplane 

horizontal direction of the assembly. The orientation of 

the local coordinate system with respect to the global 

coordinate system is described by the angle e which measures 

the angle between the u axis and the x axis in a 

counterclockwise direction. We designate the width and 

thickness of a wall assembly by "R" and "B~ respectively, as 

shown in Fig.3. In the formulation we assume that for a 
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wall assembly Hand B values may change from one story to 

another, but the location of the centroid of the wall 

sections remains the same for all the stories. 

The masonry building is subjected to an earthquake 

excitation which propagates horizontally and has a 

propagation direction that makes an angle a with the x axis 

in a counterclockwise direction (see Fig.3). The earthquake 

motion involves two ground displacement components, namely U 

and V, which are respectively parallel and perpendicular to 

the earthquake propagation direction. 

To formulate the model for the nonlinear response of the 

masonry building to the earthquake input described above, we 

will use the following simplifying assumptions: 

a) In the formulation the axial deformations will 

neglected, but the torsional rigidity of wall elements 

be taken into account. 

be 

will 

b) For unreinforced masonry buildings the behavior of wall 

elements in their planes is governed by their inplane shear 

deformations and the rigidities of wall elements in 

out-of-plane directions are neglected. 

c) For reinforced masonry buildings the assumption 

regarding the inplane behavior of wall elements is the same 

as that stated in part (b); but, in this case the 

rigidities of wall elements in out-of-plane directions are 

not neglected. 

d) The nonlinear behavior of masonry buildings arises from 

the nonlinear properties of wall elements associated with 
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their inplane shear deformations, which were discussed in 

the previous chapter. The wall behavior in the out-of-plane 

direction remains linear. The validity of the last 

assumption will be discussed later in view of the results 

obtained from example problems which will be presented in 

Chapter 6. In the study, the elasticity modulus E and its 

viscous counterpart E' associated with the out-of-plane 

deformations will be assumed to be given by 

E = 2 G 
( 3 ) 

E'= 2 G' , 

where G and G' are the linear values of the inplane shear 

modulus and its viscous counterpart (see Fig.l). 

e) The parameters defining G and G' are the same for all 

of the wall elements of the masonry building. 

f) The masses of the building are lumped at floor levels. 

g) The floors are infinitely rigid in their own planes. 

The use of this assumption makes it possible to employ rigid 

diaphragm modelling [1] in the formulation which decreases 

the number of unknowns in the analysis. 

In what follows, we first discuss very briefly the rigid 

diaphragm model. Then, we present the formulation for the 

linear earthquake responses of unreinforced and reinforced 

masonry buildings. Finally we formulate the nonlinear 

earthquake response by using two approaches. The first one 

involves the use of "equivalent linear method" (ELM), which 

determines the nonlinear response approximately through 
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iterations in each of which the building behavior is linear. 

The second approach used in the nonlinear analysis employs 

the actual nonlinear model for wall behavior discussed in 

Chapter 2. 

3.1 Rigid Diaphragm Model 

In the formulation we model the floors as diaphragms 

which are infinitely rigid in their own planes. In view of 

this assumption, we can relate the horizontal displacements 

and the rotation about the z axis, de ' of an 

arbitrary point P on the floor to the horizontal 

displacements (Dx,Dy ) and the rotation De of a master point 

M (chosen on the same floor) by (see Fig.4) 

( 4 ) 

where (xm' Ym) and (x,y) denote respectively the coordinates 

of the master point M and the arbitrary point P. It may be 

noted that the use of this model makes it possible to 

express the displacements of all of the wall assemblies at a 

certain floor level in terms of the displacements of the 

master point of the same floor level, which decreases the 

number of unknowns considerably. The location of the master 

point may be arbitrary for a static problem; but, since we 

are dealing with a dynamic problem its formulation dictates 

that the master point in our case should be chosen to 

coincide with the mass center of the floor. 
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Figure 4 Rigid diaphragm model 
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3.2 Formulation for Linear Response 

In this section, the formulations will be presented for 

the linear response of unreinforced and reinforced masonry 

buildings. 

3.2.1 Unreinforced Case 

We will formulate the model for the linear response of 

unreinforced masonry buildings using the stiffness 

(displacement) method. We start the formulation by 

referring to Fig.5 which shows the free body diagram of a 

typical wall assembly. The wall assembly is referred to the 

local coordinate system uvw defined in Fig.3. As stated 

previously, the wall assembly may have a different width and 

thickness for each story, but it has a common w axis. In 

view of the assumptions (a) and (b), it can be shown that 

the assembly forces are related to the assembly 

displacements by 

r .:: . ] = r· :u 
0 

J r·:: . J 
. . . . ( 5 ) 

'" 
~e 

I I 

k d 
~ ~ 

or, in compact form, by 

E = k d ( 6 ) 
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In Eq. (5) 

(7) 

where the undertilde is used to designate a matrix or vector 

and the superscript T denotes the transpose. Pui and PSi 

describe, respectively, the horizontal force in the u 

direction and the torque about the w axis acting on the i th 

floor of the assembly (see Fig.5), which will be called 

assembly forces. On the other hand, dUi and dSi are the 

assembly displacements which represent, respectively, the 

horizontal displacement in the u direction and the rotation 

about the w axis of the i th floor of the assembly. The 
.., .., 

matrices ~u and ~e are defined by 

(k1+kZ ) -k Z 

-k (k2+k3 ) -k 0 Z 3 .., 

~u :: 

. . 
0 -kn - 1 (kn-1+kn ) -k n ,.., 

-k n kn 

( 8 ) 

(a 1+a 2 ) -a
2 

-a Z (a
Z

+a 3 ) -a 3 o .., 

~8 :: . . 
o -an - 1 (an-1+an ) -an 
,.., 



In Eqs.(8) ki and ai are given by 

k. = [ G A 
Ji 1 h 

= [ G J 
Ji 

a· 1 h 

in which G is the operator defined by 

G = G + G' d 

dt 

where t denotes the time. In Eqs.(9), the index 

21 

( 9 ) 

(10) 

i 

corresponds to the story number, and A and J designate 

respectively the shear area and torsional inertial moment of 

the wall section. We note that, in view of Fig.3, for A we 

can write 

A = B H * k (11) 

where k is the coefficient of the shear area. 

In Eq.(lO), G and G' represent, respectively, the linear 

values of the shear modulus and its viscous counterpart. In 

view of the definition of G in Eq.(10), from Eqs.(5), (8) 

and (9) it follows that ~ appearing in Eq.(6) is an operator 
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defined by 

k = k + C ..., 
d 

dt 
(12) 

where k and c represent, respectively, the stiffness and ..., .., 

damping matrices of the wall assembly. The expressions 

defining the matrices ~ and ~ remain the same as those of k ..., 

given by Eqs.(5) and (8) provided that G in Eqs.(9) is 

replaced by G and G',respectively. 

It may be noted that Eq.(6) is written for a typical 

assembly and it should contain an index identifying 

different assemblies of the masonry building; but, that 

index is ignored in Eq.(6) to prevent complicating the 

notation. 

We now relate the assembly displacements 2, which are 

written in local coordinates in Eqs. (7) , to the 

displacements of the master points of the floors. To this 

end we first express 2 in global coordinates, and then use 

the equations of the rigid diaphragm model, Eqs.(4). After 

some manipulation, we get 

d = B D (13 ) ..., ..., ..., 

where D represents the master point displacements in the 

global coordinate system xyz and is defined by 
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D = ( ~x ~Y Ee 
)T (14) 

in which 

~8 = ( D81 D82 D8n 
)T ,(8=x,y,e) (15) 

Here, Dxi ' DYi and Dei designate, respectively, the 

displacements of the master point in the x and Y directions, 

and its rotation about the z axis for the i th floor. The 

matrix B in Eq.(13) is given by ..., 

I cose . I sine . -[ Y-Ymi] cose 

+[ x-xmi ] sine 
B = . . . . . . . . (16) 

0 0 ·1 

where (x,y) are the x and y coordinates of the axis of the 

wall assembly under consideration; and (xmi ' Ymi) denote the 

x and Y coordinates of the master point of the i th floor. 

! in Eq.(16) is the n-dimensional identity matrix, and 

[x-Xmi ] and [Y-Ymi] designate n-dimensional diagonal 

matrices with the elements (x-xmi ) and (Y-Ymi) respectively. 

We note that the angle e for an assembly was already defined 

in Fig.3. 
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It can be shown that the assembly forces p and their -
static equivalences at master points are related by 

f = BT f (17) 

Here 

f = ( !x !y !e 
)T (18) 

where 

!8 = ( f81 f82 fan 
)T ,(8=x,y,e) (19) 

defines the assembly forces at master points which are 

expressed in the global coordinate system. In Eq.(19), fXi' 

fYi' and fei designate the components of these forces for 

the i th floor. 

When Eq.(13) is substituted in Eq.(6), and the resulting 

expression is used in Eq.(17), one finds 

f = T -B k B D (20) 

which relates the static equivalences of the assembly forces 

at master points to the master point displacements. 

Eq.(20) is written for a typical assembly. When we 

write this equation for all of the assemblies and combine 

them by considering the equilibrium of each floor (in the 

sense of D'Alembert's principle), we obtain 

K D = F (21) 
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where 

(22) 

and ~ designates the inertia forces acting at master points 

and is defined by 

F = ( F 
'" .vX 

(23) 

where 

,(8=x,y,9) (24) 

In Eq.(24), Fxi ' FYi and F9i designate respectively the 

inertia forces in the x and y directions and the inertial 

moment about the z axis acting at the master point of the 

i th floor. 

In Eq.(22), the summation is to .be understood as taken 

over wall assemblies. In view of the definition of k in ..., 

Eq. (I2), one can write for K ..., 

K = K + C d (25) 
dt 

where 

K = L BT k B 

(26) 

are respectively system stiffness and damping matrices. 

We now establish the equation governing the linear 

response of the masonry building to the earthquake 
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excitation defined in Fig.3. First we note that D in 

Eq.(21) designates the master point displacements relative 

to the ground. In view of the assumed earthquake 

excitation, one can now write for the inertia forces 

Ex = -M (~x + 1 cosa U - 1 sina V 

Ey = -M (~y + 1 sina U + 1 cos a V ( 27) 

Ea = -I Ea ovm 

where the dot denotes differentiation with respect to time, 

1 is an n-dimensional vector defined by 

1 = ( 1 1 

and ~ and !m are n-dimensional diagonal matrices with 

the elements Mi and Imi respectively. Here, Mi and Imi 

designate respectively the mass and the mass inertia moment 

about the mass center for the i th floor. 

When we substitute Eqs.(27) into Eq.(21) by using 

Eqs.(14) and (23), and take into account Eq.(25), we get 

M D + C D + K D = -M Eu U M Ev V (28 ) 

where 
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M 0 ...., 
.., 

M = M 

0 
!m 

.., 

(29) 

r 
-u = ( 1 cosa 1 sina 0 )T 

Ev = (":"1 sina 1 cos a 0 )T 
..., 

For a given earthquake input, the solution of Eq.(28) 

determines the master point displacements £. Having~, one 

can compute the displacements of the wall elements in local 

coordinates by using Eq.(13). Finally, the forces and 

the inplane shear strain of the wall element e in local 

coordinates can be found from 

v = k (d2 - d1 ) e e u u e 

(30) 

d 2 - d1 
)e 

"t.= u u 
e 

he 

where Ve , Te and Ye designate respectively the inplane 

shear force, the torque and the inplane shear strain in the 

element e; ke and ae are defined by Eqs. (9) when the index i 

in these equations is replaced bye; he is the height of 

the wall element e and the superscripts 1 and 2 designate 

respectively the lower and upper ends of the wall element. 



28 

3.2.2 Reinforced Case 

In this case the rigidities of the wall elements in the 

out-of-plane direction v (see Fig.3) will be taken into 

account. These rigidities will accommodate both the bending 

and shear deformations of the wall element in the v-w plane. 

The element equation for a typical wall element describing 

the wall behavior in this plane can be written as 

fe = ~e ~e 

where p = ..,e (PI' , P4) 

the element forces and 

directions shown in Fig.6, 

matrix ~e is given by 

E I k = .... e 
h 3 (1+a) 

In Eq. (32) 

E = E + E' 

12 

-12 

6 

6 

d 

dt 

h 

h 

(31) 

and ~e= (d1 , .... , d 4 ) designate 

displacements associated with the 

and the generalized stiffness 

-12 6 h 6 h 

12 -6 h -6 h 
(32) 

-6 h (4+a)h2 (2-a)h2 

-6 h (2-a)h2 (4+a)h2 

(33) 

where the elasticity modulus E and its viscous counterpart 

E' are assumed to be related to the linear values of G and 

G' by Eqs.(3). I=H B3 /12 is the inertial moment of the wall 

section about the u axis (see Fig.3); h is the height of the 

wall element; and a is defined by 



h 

Figure 6 
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a = 12 E I 

h 2 G A 
= 12 E' I 

h2 G' A 

where A is the shear area of the wall section and G and G' 

stand for the linear values of the shear modulus and its 

viscous counterpart. In view of Eqs.(3), the last expression 

defining "a" reduces to 

a = (34) 

After this preparation, we now turn our attention to how 

the formulation changes when the rigiditie~ in the 

out-of-plane directions are included in the analysis. The 

form of Eq.(6) relating the assembly forces to the assembly 

displacements remains the same for the reinforced case 

provided that the definitions of E, d and k are modified as ,.., ,..., 

p = ( p ,.., ... u 

(35) 

d = ( 2u 

and 

~u 0 0 

. . . . . . . . . . . 
k = 0 ~v 0 (36) 

. . . . . . . . . . . . ..., 
0 0 ~a 

In Eqs.(35) 
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~v = ( Pvl Pv2 Pvn 
)T 

(37) 

d = ..,v ( dV1 dV2 dvn 
)T 

are, respectively, assembly forces and displacements 

associated with the v (out-of-plane) direction. ~v in 

Eq.(36) describes the generalized stiffness matrix of the 

wall assembly in the v-w plane. The other variables 

appearing in Eqs.(35} and (36) were defined in the previous 

section. 

To determine ~v we make a simplifying assumption. This 

assumption involves restraining the rotations of the wall 

assembly about the u axis at the floor levels (see Fig.3). 

When the element stiffness matrices Eq.(32), are combined 

for a wall assembly by using coding technique and when the 

above mentioned assumption is taking into account, one gets 

(s1+ s 2) -s2 

-s2 (s2+ s 3) -s3 o ..., 

~v = (38) 

. . 
o -sn-1 (sn-1+s n) -sn 
..., 

-s s n n 

where si is defined by 

(39) 
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The other equations presented for the unreinforced case 

remain the same as the reinforced case except that the 

transformation matrix B should also involve the v direction, ..., 

which implies that ~ is given by 

I cose I sine -[ Y-Ymi] cose 

+ [ x-xmi ] sine 
. . . . . . 

-I sine I cose Y-Ymi] sine 
B = (40 ) 

+ [ x-xmi ] cose 
. . . . . . . . 

0 0 I 

It should be noted that k and c matrices appearing in ..., ..., 

Eq.(12) for the reinforced case are to be computed by 

replacing G and E by G and E in Eqs.(9) and (39) for the 

matrix ~, and by G' and E' in the same equations for the 

matrix c . .., 

If we summarize, the equations for the reinforced case 

are given by the equations presented in the previous section 

for the unreinforced case provided that the generalize~ 

assembly stiffness matrix k and the transformation matrix B .., ..., 

are given respectively by Eqs.(36) and (40). After we 

determine the master point displacements from Eq.(28) and 

the assembly displacements from Eq.(13), the inplane element 

forces can be computed by using Eqs.(30) and out-of-plane 

element forces, by using Eq.(31). 
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3.3 Formulation for Nonlinear Response 

As stated in the basic assumptions listed in Chapter 3, 

we assume that the nonlinear response of both reinforced and 

unreinforced masonry buildings originates in the inplane 

shear deformations of wall elements. In the out-of-plane 

direction, the wall rigidity is neglected for the 

unreinforced case and it is taken into account for the 

reinforced case by assuming that its behavior in that 

direction remains linear. These assumptions imply that the 

nonlinear effects in the response of masonry buildings will 

enter the formulation through the nonlinear properties of G 

and G' which were discussed in Chapter 2. 

For the nonlinear earthquake analysis of masonry 

buildings we will use two methods. The first is an 

approximate method called "equivalent linear method" (ELM) 

proposed by Seed and Idriss in [2] in conjunction with 

nonlinear soil-structure interaction problems. The second 

one involves the exact model, which will be called the 

actual nonlinear model (ANM) in this study. The latter 

method performs the nonlinear analysis by using the loading 

and unloading characteristics of G and G' discussed in 

Chapter 2, which were established in [3,4] experimentally. 

Both of these methods are valid for both reinforced and 

unreinforced masonry buildings. In what follows we discuss 

the two methods separately. 
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3.3.1 Equivalent Linear Method (ELM) 

ELM performs the nonlinear analysis in terms of linear 

analyses by using iterations. Each iteration of ELM 

involves the use of the secant values of the elastic moduli 

and viscous coef~icients which are compatible with the 

deformation state of the previous iteration. The iterations 

of ELM can be carried out by solving the equations of the 

linear model presented in Section 3.2.1 for the unreinforced 

case and in Section 3~2.2 for the reinforced case. 

In employing ELM in nonlinear analysis, we first define 

the effective shear strain ~ff by 

~ff = c~ax ' ( 41) 

where c is a constant smaller than 1 and ~ax designates 

the absolute maximum value of the shear strain (with respect 

to time) which a wall element experiences during earthquake 

loading. In [5J, the use of the value 0.65 for the constant 

c is suggested in soil-structure interaction analysis. 

We now state, in algorithm form, the steps of ELM which 

is used in our analysis. 

i) Start the iterations by assuming that the values 

of the shear modulus and its viscous counterpart 

are equal to the their linear values, i.e., G=G 

and G'=G' (see Fig.l). 

ii} Using these values of G and G' carry out the 

linear analysis described in the previous section 

and determine, for each wall element, the time 



variation of 7' and compute ~ff from Eq. (41) . 

iii) Corresponding to Yef f values found in (ii) , 

compute the new secant values of G and G' for 

each wall element by using the envelope lines 

given in Fig.1, and check the convergence by 

employing the criteria 

Gnew - Gold 
T = 1 L ~ e: 

N Gnew 

1 I G~ew - G~ld 
T'= -- L ~ e: 

N G~ew 

where e: is a small prescribed convergence factor 

and N is the total number of wall elements. The 

summation in Eq.(42) is to be taken over all 

of the wall elements of the masonry building. 

(Gold' G~ld) 

of (G, G') 

and 

before 

(G G') denote the values new' new 

and after the iteration 

respectively. If the convergence criteria in 

Eqs. (42) are satisfied stop the iterations; 

if not, with the new values of G and G' go to the 

step (ii). 

iv) With the converged values of G and G', compute 

the time variations for the desired displacements 

and element forces. Also, for each wall element 

determine the damage ratio D by using Eq. (2), and 

the maximum values of element forces. 

35 

(42) 



36 

As mentioned previously, the use of ELM in nonlinear 

analysis requires the solution of the equations of the 

linear model in each iteration of the algorithm stated 

above. The numerical methods used in solving these 

equations will be discussed in later sections. 

3.3.2 Actual Nonlinear Model (ANM) 

In this section, we establish a model for the 

nonlinear earthquake behavior of masonry buildings by taking 

into account the hysteretic characteristics of the shear 

modulus G and its viscous counterpart G'. To this end, we 

first note that in the linear models established in Sections 

3.2.1 and 3.2.2, G and G' are constant and have respectively 

the values G and G' which represent the values of G and G' 

in linear range (see Fig.I). Examination of the derivation 

of the linear models indicates that the form of these models 

will also be valid for the nonlinear behavior of masonry 

buildings provided that G and G' appearing in the 

definitions of ~u and ~a in Eqs.(5) and (36) are treated 

as parameter functions whose values depend on the time 

history of the inplane shear strain Y of a wall element. 

These parameters will be designated symbolically as G( Y) 

and G' (Y). We say "symbolically" because these parameter 

functions are not simple functions of Y instead, they 

describe hysteretic, i. e. , loading and unloading, 

characteristics of a wall element associated with its 

inplane deformation. The envelope lines and hysteretic 
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(loading and unloading) characteristics of G( Y) and G' ( Y) 

were already discussed in Chapter 2 and described in Fig.l. 

We now summarize the actual nonlinear model. The 

equations of ANM will be given by those in Section 3.2.1 for 

the unreinforced case and in Section 3.2.2 for the 

reinforced case provided that G and G' appearing in Eq.(10) 

are replaced by G ( I) and G' ( Y) respectively. The envelope 

lines and loading and unloading characteristics of the 

parameter functions G ( Y) and G' ( Y) are to be taken from 

Chapter 2. 

The numerical integration of the equations of ANM will 

be discussed in a later section. 
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4. THE METHODS OF ANALYSIS USED IN THE STUDY 

In this chapter we discuss the computational methods 

used in linear and nonlinear analysis of masonry buildings. 

The linear analysis involves the free vibration, earthquake 

spectrum and earthquake time history analyses whereas the 

nonlinear analysis involves only the earthquake time history 

analysis. 

4.1 The Methods Used in Linear Analysis and in the 

Nonlinear Analysis by ELM 

In what follows we present the methods used in this 

study in free vibration, earthquake spectrum and earthquake 

time history analyses for the linear response of masonry 

buildings. It may be noted that the method presented in 

this section for the linear time history analysis can be 

used also to determine the nonlinear response by ELM since 

each iteration of ELM involves linear analysis. 

4.1.1 Free Vibration Analysis 

In the free vibration analysis of masonry buildings we 

ignore damping. It should be noted that since the damping 

matrix £ in Eq.(28) is proportional to the stiffness matrix 

! in linear analysis, the mode shape vectors found for the 

undamped case will be orthogonal not only with respect to 

the mass matrix M and the stiffness matrix K but also with 
~ ~ 

respect to the damping matrix c· 
~' 

thus, the mode shape 

vectors which will be found for the undamped case can be 
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used to transform the coupled system, Eq.(28), into an 

uncoupled system. 

When the damping matrix C in Eq.(28) is neglected, 
'" 

external loading is ignored and harmonic time variation for 

displacement vector D (representing the master point 

displacements) is assumed, the equation governing free 

vibrations of a masonry building can be found as 

K a=,AM a (43) ,...,,.., ,..,,.., 

with A= u} . Here is angular free vibration frequency 

and ~ is mode shape vector. 

In this study, the eigenvalue problem in Eq.(43) 

governing free vibration characteristics of masonry 

buildings is solved by using an inverse iteration method 

[6,7] and by normalizing the mode shape vectors with respect 

to the mass matrix~. A brief description of this method is 

presented below. 

First, without loss of generality, we assume that the 

eigenvalues of the eigenvalue problem in Eq.(43) are ordered 

as 

(44) 

where m=3n (n:number of stories) represents the degree of 

freedom of the masonry building. Let ~k (k=l-m) be the 

eigenvector (mode shape vector) corresponding to the k th 

eigenvalue Ak . In the inverse iteration method we first 

determine ( AI' ~1 ) ; then, using ~1 we compute (A2 ' ~2) ; 
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then, with the aid of ~1'~2 we compute (A3 , ~3)' and so on. 

Computation of Al and ~l 

First choose 

[ 1 (45 ) 

as the initial approximation for ~1' Then using the 

formulas 

K ====> 

(46 ) 

i = 0,1, .... ) 

generate 1 2 the sequences {R1 ,R2 , .... } and {~ ,~ , .... }. The 

sequences {Ri } and {~i} thus computed would converge 

respectively to 1/Al and ~1' In this study, as the 

convergence criterion, 

Ri +1 - R. 
1 < ( i = 0,1, ... ) (47) £ 

R. 
1 

is used. Here, £ is a convergence factor whose value 

depends on the desired accuracy. 
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Computation of A2 and 22 

For the determination of (A2 , ~2)' a procedure similar 

to that used for (Al , ~l) will be followed; but, in this 

case the vector in each iteration is modified so that it 

will be orthogonal to ~1 with respect to the mass matrix ~. 

Again, choose ~o in Eq.(45) as initial approximation 

for ~2. Now, generate the sequences {Ri } and {~i} by 

bi 
1 = T 

~l M 

yi = a i 

K zi+1= 
~ 

1" +1 
a = 

a i 

bi 
1 e1 

M 
~ 

yi 
~ 

i+1 z 
~ 

====) 
"+1 Z1 (48) 

i = 0,1, .... ) . 

Continue the iterations until the convergence criterion, 

Eq.(47), is satisfied. The converged values of 

{~i} will give respectively 1/A2 and ~2. 

Computation of A3 and ~3 

{R"} and 
1 

To compute (A3 , ~3)' the iteration vector in each 

iteration should be modified so that it will be orthogonal 

to both ~1 and ~2 with respect to the mass matrix ~. 

After choosing ~oin Eq.(45) as initial approximation for 



42 

~3' generate the sequences {Ri } and {~i} by using 

bi 
1 = aT 

",1 M a i 

b i 
2 = aT 

",2 M a i 

yi = a i b i 
~1 - b i 

~2 1 2 

( 49 ) 

K zi+1= M yi ====> z i+1 
'" '" '" '" 

Ri +1 = [(~i+1)T~ '+1 z1 ] 1/2 

i = 0,1, ... ) 

The converged values of {R i } and {~i} will determine 11A3 

and ~3 respectively. 

Using the inverse iteration method discussed above, as 

many eigenvalues and eigenvectors as desired can be 

computed. The numerical examples which will be presented in 

Chapter 6 indicate that the inverse iteration method can be 

used reliably in the free vibration analysis of masonry 

buildings and is capable of computing all the frequencies 

without skipping any of them regardless of how close 

they are to each other. 

4.1.2 Earthquake Spectrum Analysis 

As is known, earthquake spectrum analysis (ESA) is valid 

for linear responses of structural systems [8]; 50, the 
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analysis which will be presented in this section can be used 

only for linear behavior of masonry buildings. It is also 

known that ESA is based on mode superposition technique 

[8,9] whose use requires the assumption that mode shape 

vectors are orthogonal not only with respect to mass and 

stiffness matrices but also with respect to the damping 

matrix. As mentioned previously, it may be noted that this 

assumption holds in our case since the damping matrix C 

appearing in the governing equation, Eq. (28), is 

proportional to the stiffness matrix K for the linear ..., 

response of masonry buildings. 

In what follows we apply, without going into details, 

the general formulation used in ESA [8] to our problem, 

i.e., to the linear earthquake respon~e of masonry buildings 

whose governing equation is given by Eq.(28). To this end, 

we expand the master point displacement vector E as 

D = a ..., .... 1 (50) 

where m=3n (n:number of stories), Yk's are time dependent 

modal displacements and ~k's are mode shape vectors. 

The object of the ESA is to determine absolute maximum 

values of displacements, element forces, etc. To determine 

these maximum values we first note that the earthquake 

excitation considered in this study involves two ground 

displacement components U and V which are respectively 

parallel and perpendicular to the earthquake propagation 

direction (see Fig.3). Since our problem is linear, 
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in what follows we first determine the responses 

caused by the earthquake ground displacements U and V 

separately and then we superpose these two responses to 

obtain the total response. In the presentation of the 

equations, we use a terminology in which the two responses 

produced by the ground displacement components U and V are 

differentiated by the superscripts u and v respectively. 

When one applies the procedure followed in general 

formulation [8] to our case, i.e., to Eq. (28), and takes 

into account the discussions and terminology stated above, 

one finds the maximum values of modal displacements as 

where 

. u 
In Eqs.(51), Yk 

max I Y~I = 
t 

max I Y~I = 
t 

u ak 

2 
(.Uk 

v a k 

2 
~ 

and designate 

u 
Sak 

( 51 ) 

v 
Sak 

( 52) 

the modal displacements 

produced by the earthquake displacement components U and V 

respectively (see.Fig.3); mk= ~~ ~ ~k is the k th modal 

mass which is equal to one in our case since we are using 

normalization with respect to mass matrix; S~k and S~k 

represent the earthquake acceleration spectrum values for 

the k th mode associated with the earthquake components U 
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and V respectively; max () designates the maximum value of 
t u v () with respect to time. a k and a k in Eqs. (52) are modal 

participation factors. Eu and Ev appearing in Eqs.(52) were 

defined previously in Eqs.(29). 

The maximum contributions coming from the k th mode to 

the master point displacements are, in view of Eq. (50), 

nku = a (Yu) ... k k max 

(53) 

Dkv = a (Yv) 
-k k max 

which are respectively associated with the ground 

displacements U and V. Having determined the master point 

displacements from Eqs.(53), one can evaluate,for the k th 

mode, the assembly displacements ~ and element forces Pe 

using Eqs.(13) and elastic parts of Eqs.(30) and (31). Let 

them be designated by 

(54) 

which respectively pertain to the ground displacements 

U and V. 

Eqs.(53) and (54) define the contributions coming from 

the k th mode to the response quantities. To combine the 

contributions of the first K modes to the response, in this 

study "complete quadratic combination" (eQC) technique [10] 

is employed. The CQC formula is given by 
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[Jl A2 
K 

Amax 
~ + L k k=l 

k+m 

J '1- "'52.' 
= 

wk 
£km 

~ 
w k 

where 

Amax = max I A I 
t 

A : a response quantity 

Ak : the contribution of 

K the number of modes 

~ damping ratio 

K Ak Am f/2 
L 

m=l 2 1 + £km 

- wm 

+ w m 

the k th mode to A 

considered 

In this study, ~ is taken to be the damping ratio 

( 55 ) 

of the 

first mode. It may be noted that the damping ratio ~k of 

the masonry building for the k th mode can be computed by 

( 56) 

with 

( 57) 

It can be shown after some simple manipulations that in our 

linear analysis in which £ is proportional to ~, Eq.(56) 

reduces to 

( 58 ) 

where B= G' IG 

Let the response quantities found after the application 
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of the CQC formula in Eqs.(55) to Eqs. (53) and (54) be 

designated by 

( 59 ) 

where the contributions of the first K modes are included. 

The variables appearing in the first and second lines of 

Eqs.(59) represent the response quantities corresponding to 

the earthquake ground displacement components U and V 

respectively. Now it remains to combine these two types of 

response quantities to obtain the total response. In our 

study, this combination is made by using "square root of sum 

of the squares" (SRSS) technique, i.e., by the formula 

where 

Amax= max I A I 
t 

A a response quantity 

(60) 

the values of A associated with the ground 

displacement components U and V. 

We now summarize the steps of ESA in an algorithm form. 

a) Choose number of modes K which will be considered 

in ESA and compute (W k , ~k)' (k=l-K). 

b) Compute earthquake acceleration spectrum values 

(S~k' S~k) for the frequency values W k (k=l-K) 
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from the spectrum values given in tabular form 

associated with the earthquake displacement 

components U and V. 

c) Determine the master point displacements 

(Dku , Dkv) (k=l-K) from Eqs.(51) and (53); then, 
'" '" 

evaluate the assembly displacements (~kU, ~kV), 

(k=l-K) by using Eq.(13) and the element forces 

(~~u, ~~v), (k=l-K) by Eqs.(30), (31). 

d) Combining the contributions of the first K modes 

with the aid of CQC technique, Eqs.(55), compute 

the element forces, the master point and assembly 

displacements appearing in Eqs.(59). 

e) Finally, by SRSS technique, Eq.(60), combine the 

response quantities in Eqs. (59) (which are 

associated with the ground displacements U and 

V), and thus determine the total response. 

4.1.3 Time History Analysis 

As mentioned previously, each iteration of ELM involves 

linear analysis; so, both the linear analysis (LA) and the 

nonlinear analysis based on ELM ( which will be named in 

this study as "equivalent linear analysis" (ELA)) can be 

carried out using the integration methods valid for the 

linear model. In view of the internal organization of the 

computer programs presented in the next chapter, we found in 

our study that it would be more convenient if we choose the 

same numerical integration method for both LA and ELA. As 

the use of mode superposition technique dictates the 
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condition that the damping matrix S be proportional to the 

stiffness matrix ~, it is not possible to choose this 

technique as integration method for both LA and ELA since 

the aforementioned condition is satisfied only in LA, but 

not in ELA (this is because G and G' in each iteration of 

ELA might have different values for each wall element, which 

makes the damping matrix to be nonproportional to ~). 

Accordingly, a step-by-step method, namely Runge-Kutta's 

method of order 4 (RK4) [6], which is applicable to both 

proportional and nonproportional damping cases is chosen as 

integration method in both LA and ELA. 

In using RK4 in LA and ELA, we first express the 

governing equation, Eq.(28), as a system of first order 

ordinary differential equations, which yields 

1 m m 
V.= - I: K .. D. + I: C .. V. ) 1 M. j=l 1J J j=l ~J J 

l. 

i - - ri fVi (i=l-m) ru au v a v - , 

where 

m = 3n 

M· 
1. 

number of degrees of freedom of the 

masonry building 

the diagonal elements of the system mass 

matrix M in Eqs.(29) .., 

K· ., C .. : elements of the system stiffness matrix K..., 
1.) 1.) 

and damping matrix f 

(61) 
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components of the vectors Eu and Ev 

appearing in Eqs.(29) 

ground accelerations in U and V directions 

(see Fig.3), which are defined by U and V 

respectively 

We note that Kij and Cij values depend, in addition to 

geometric properties of wall elements, on G, G', E and E'. 

The values of these moduli are constant both in LA and in 

each iteration of ELA. From Eqs.(3) and the assumption (e) 

in Chapter 3, it may be observed that these constant values 

are the same for all of the elements in LA whereas they may 

vary from one wall element to another in ELA. In view of 

discussions stated above, one may see that the K .. 
1) 

and C .. ' S 
1) 

are constants in both LA and in each iteration of ELA. 

Thus, the time dependent variables on which fVi (in 

Eqs. (61) ) depends are Ds' Vs (s=1-m) , au and avo We show 

this dependence symbolically as 

fVi :: f Vi ( Ds V au a v (62) , s , , 

RK4 formulas for the integration of the governing 

equations, Eqs.(61), over one time step .. t from the time 

point tk to t k +1 are 

(63) 

~+1= ~ + __ 1 __ ( ay .+ 2 h .. + 2 cy '+ dy '); (i=1-m), 
1 1 6 1 -V1 1 1 
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where 

ani= 6t * { 

aVi = A t * fVi ( ~, ~, au ( tk ) , av ( t k ) ) 

bDi= At * (V~+ avi ) 
l. 2 

bvi= D. t * fVi ( Dk+ aDs 
Vk+ 

aVs 6.t a (t + bot» --, , au(tk+ -), s 2 s 2 2 v k 2 

cDi= /). t * (0+ hvi ) 
(64) 

l. 2 

bot * k hos Vk+ bvs bot a (t + bot» cVi= fV·( D + --, , au(tk+ -), 
l. S 2 s 2 2 v k 2 

dDi= 6. t * k ( V.+ cV·) 
l. l. 

dvi= 6. t * f Vi ( D~+ ~s' ~+ Cys' \t(tk'" 6.t), '\r ( t k'" bo t) ) . 

In Eqs.(63) and (64), the superscript k designates the 

values at the time point t=t k . 

Writing the recursion of RK4 in each time step and 

starting from the initial time t=tO=O where the unknown 

variables D., V. are known (which are zero in our case since 
l. l. 

we assume that the masonry building is at rest prior to the 

application of earthquake excitation), we can progress along 

the time axis and determine the unknowns at the time points 

t=t1 ,t2 ,... In the numerical analysis the time increment 

~t=tk+l-tk (k=O,l, ... ) is taken to be constant and chosen 

to be equal to that by which the earthquake excitation is 

recorded. 
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Having known the master point displacements D. 
1 

and 

velocities Vi' one can compute the assembly displacements 

and velocities from Eq. (13), and then the element forces and 

inplane shear strains from Eqs.(30) and (31). It may 

further be noted that with the aid of Di and Vi' one can 

also determine the master point accelerations using Eq.(28). 

4.2 The Methods Used in Actual Nonlinear Analysis 

The time history analysis based on ANM is carried out by 

integrating the equations of ANM described in Section 3.3.2 

with the aid of RK4. 

The equations of ANM expressed as a system of first 

order differential equations are again given, in form, by 

Eqs. (61) ; but in this case, K .. 
1J 

and C. . appear ing in 
1J 

Eqs.(61} are no longer constants, instead, they become 

history dependent parameters whose values change with time 

and are governed by the hysteretic behavior of wall 

elements, more explicitely, by the loading and unloading 

characteristics of G and G' of wall elements discussed in 

Chapter 2. 

From the discussions presented above, it follows that 

fVi appearing in Eqs.(61), in the actual nonlinear analysis 

(ANA), depends on the time dependent variables Ds' Vs ' Krs ' 

Crs (r,s=l-m), au and av ' i.e., 

(65 ) 
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In view of Eq.(65), we now write the RK4 formulas 

associated with ANA. They are 

where 

1\ t * ( Vk, + hvi ) cDi= L...\ l. 2 

CVi= l:J. t * fVi (D~+ ~s, V~+ ~s, K~s' C~s' 

(t + ~t) a (t + ~t) 
au k ~' v k 2 

dvi= ~t * fVi ( ~+ ~s ' ~+ Cys' t;s' C;s' 

~(tk+ ~t), a.v(~+ ~t) ). 

( 66) 

(67) 
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Here the superscript k is again used to designate the 

values at the time point t k , The hysteretic behavior of 

wall elements is described by the variables a Krs and 

(a=a,b,c,d) in Eqs,(67), 

follows: 

These variables are defined as 

a Krs and Ca 
rs are the values of Krs and Crs corresponding 

to Gk and G,k, where Gk and G,k designate the G and G' 

values of wall elements at the time tk' Gk and G,k values 

are assumed to be determined (for all of the wall elements) 

from the analysis of the previous time step using the 

loading and unloading characteristics of G and G', 

K~S and C~s are to be determined as follows: (i) 

Compute aDi's using the first of Eqs.(67). (ii) Calculate 

the master point (MP) displacement values (D~+aDi/2). (iii) 

Corresponding to these MP displacements find the assembly 

displacements from Eq.(13} and then using the last of 

Eqs.(30) compute the inplane shear strain Ye for each wall 

element. (iv) Employing these shear strain values and the 

loading and unloading properties of G and G' , determine G 

and G' values for all of the wall elements (it may be noted 

that these G and G' values correspond to the deformation 

k state associated with the MP displacements (D i +aDi /2». (v) 

Finally, calculate stiffness (K rs ) and damping (C rs ) 

coefficients corresponding to the G and G' values found in 

part (iv), which will respectively 

values. 

establish and 
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KC 
rs and CC 

rs can be found by using exactly the same 

procedure described above b and Cb . for Krs rs' but, in this 

case the MP displacements should be computed from 

k (D i +bDi /2), where the bDi's are to be determined from the 

third of Eqs.(67). 

K~S and C~s are to be computed by using again the 

aforementioned procedure with MP displacements determined 

from (Di+c Di ), where cDi's are to be calculated by employing 

the fifth of Eqs. (67). 

Starting from the initial time point to and using 

Eqs. (66) and ( 67) , the response quantities D. 
1. 

and V. 
1. 

predicted by ANM can be computed at the time points 

t 1 't 2 ' .... 

In view of discussions presented above, we now 

summarize, in an algorithm form, the numerical integration 

procedure used in this study for ANA: 

i) Set k=O and let 

D~ = 0 V~ = 0 ;.:k= 0 
1. 1. e 

Gk = G G,k= G' 

ii) Form a and Ca using G=Gk Krs rs 

compute aDi and a Vi 

Eqs. (6 7) . 

iii) Find MP displacements 

D~ + 
1. 

from the 

(68) 

and G'=G,k and 

first two of 

(69) 
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and associated with them determine the inplane 

shear strain Ye for each wall element. Using 

these Ye values, and loading and unloading 

properties of G and G', determine G and G' values 

for all of the wall elements (which are 

compatible with the deformation state described 

by MP displacements in Eq.(69». Find K~s and 

Cb 's by employing the G and G' values computed rs 

above. Finally, determine b Di and bVi's from the 

third and fourth of Eqs.(67). 

iv) Repeat the 

displacements 

D~ + 
~ 

b Di 

2 

procedure 

which will determine K~s 

and cvis from the fifth 

in (iii) with MP 

and CC 'So and find cD1' rs ' 

and sixth of Eqs.(67). 

v) Again, repeat the procedure in (iii), but in this 

case, with MP displacements 

k 
D, + CD' 1 1 

d d which will establish Krs and Crs values, and then 

determine d Di and dVi's from the last two of 

Eqs.(67). 

vi) From Eqs.(66), compute the response quantities 

D~+l and V~+l at the time point t k +1 . Using 

displacements DI+ 1 compute the shear strain ~k+l 

in each wall element. Employing ~k+l values, 

and loading and unloading properties of G 

(70 ) 

( 71 ) 



and G' compute G and G' values at the time point 

t
k

+
1

, i.e., Gk +1 and G,k+l, for all of the wall 

elements. 

vii) For the computations at the next time point set 

k=k+l and go to step (ii). 

57 
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5 . COMPUTER PROGRAMS 

Based on the formulations and numerical methods 

discussed in previous chapters, two computer programs are 

developed, which will be named as MASl and MAS2 in this 

study. The programs are prepared in Fortran 77 and have both 

their PC and main frame versions available in the Civil 

Engineering Department, Cukurova University, Adana, Turkey. 

The first program, MASl, performs free vibration, earthquake 

spectrum, linear static, linear time history analyses of 

masonry buildings as well as nonlinear time history analysis 

by ELM. The second program, MAS2, carries out the nonlinear 

time history analysis by using the actual nonlinear model 

(ANM) . 

The programs have some data generation capabilities, 

which will be discussed in later sections, by which one can 

shorten the input data considerably when the masonry 

building has a complicated geometry. The programs use free 

format in reading the data from input files. 

The source as well as execution programs of MAS1 and 

MAS2 are given in the attached 1.2 MB floppy disk. In what 

follows, we discuss in detail these two programs. 
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5.! Computer Program for Linear Analysis and for the 

Nonlinear Analysis by ELM (MAS!) 

MAS! has the options to perform 

- linear static 

- free vibration 

- earthquake spectrum 

- linear time history 

- nonlinear time history (by ELM) 

analyses. The program is based on the formulations and 

methods discussed in Chapters 3 and 4. The first option 

performs the analysis when the MP's are subjected to static 

loads. It may be noted that even though the equations 

presented in Section 3.2 are obtained for the dynamic case, 

they are also valid for the static case provided that the 

master point displacements are found from 

K D = P (72) 
~ ~ ~ 

where ~ describes the static loads applied to the MP's. 

Flow chart of MAS! is given in Fig.7. The programs 

calls the subroutines shown in Fig.a, which have the 

functions listed below. 

FILE reads the name of input data file and 

generates the names of output and 

intermediate files 

NG computes the number of entries in an input 

line, which is needed for data generations 
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ve G'=G' for allrall elements 

compute HP 
displacellents 

cOllpute 
element forces 

perform free 
vibration analysis 
(FVA) 

by ISing lIode superposition, 
CQC and SRSS, compute 
lIaxilUII element forces 

solve Eq. (28) by using m 
algorithm and compute ~f 

values for each wall element 

no 

cOllpute the lIaximum 
element forces, the 
tile histories of the 
desired response 
quantities 

Figure 7 Flow chart of MASl 

G = Gnew 
G'= G' new 

employing 1eff 
values, compute 

Gner and G~ew 
values for each 

wall elellent 
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FILE l{; 

INPlITI INFORM 

INPlIT2 l{; 

INPlIT3 

INPur4 

~ 
KU 

ASTFDMP I0I EL ] 
SSTFDMP LUDCMP 

·SOLG LUBKSB 

ASSDISP TRANS DERIVS 

ELMFRC ACCEL 

ElGEN 1NV TH 

SPECTRUM ASSD1SP 

CQC ELMF! ELMF2 

HISTORY TITLE! TITLE! 

l{; TITLE2 TITLE2 

ZERO OlITI TITLE3 

SYM Our2 TITLE4 

TITLEI our! 

TITLE2 Our2 

Our3 

Our4 J 
OJ 

Figure 8 The subroutines used in the 

computer program MASl 
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INPUT! 

INFORM 

I NPUT2 

INPUT3 

INPUT4 

KU 

reads the contents of the data blocks 

GENERAL INFORMATION 

STORY HEIGHTS 

COORDINATES 

PROP. OF ASSEMBLIES 

MASSES 

LOADS 

COORD. OF MP 

MATERIAL PROP. 

writes the input values on the screen 

reads the content of the data block 

SPECTRUM 

reads the content of the data block 

TIME HISTORY 

reads the earthquake acceleration record 

forms k and ko matrices for each assembly ....,u ....,0 

KV forms ~v matrix for each assembly for 

reinforced case 

EL forms k matrix for each wall element for 
-e 

reinforced case 

ZERO initializes a square matrix 

ASTFDMP: forms the stiffness and damping matrices 

(k, c) for each assembly of the masonry - -
building 

TRANS computes transformation matrix B for each 

assembly 



SSTFDMP: forms the system stiffness and damping 

matrices (~, £) using Eqs.(26) 

SYM forms a symmetric matrix completely by 

using its upper triangular part 

SOLG computes the MP displacements for linear 

static case by solving 

K D = P 
'" '" ...., 

where P is the static forces applied to ...., 

MP's 

ELMFRC computes element forces for linear static 

case 

EIGEN solves the eigenvalue problem by using the 

inverse iteration method 

INV performs the inverse iterations in free 

LUDCMP 

LUBKSB 

vibration analysis 

computes Land U parts of a square matrix 
'" '" 

computes the solution of a linear algebraic 

system by LU decomposition method 

SPECTRUM: computes the maximum modal displacements 

(Yi)max in earthquake spectrum analysis 

CQC combines the modal contributions to the 

response quantities by CQC and SRSS method 

as discussed in Section 4.1.2 

ELMFI computes element forces in earthquake 

spectrum analysis 

HISTORY: performs time history analysis by RK4 

DERIVS : in each step of RK4, computes fVi's in 

Eqs.(61) 

63 
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ASSDISP: computes assembly displacements by using 

ACCEL 

TH 

CONY 

ELMF2 

Eq. ( 13 ) 

. Dk uSl.ng i 

"k calculates Di 

and v~ computed 
1. 

of MP's from Eq.(28) 

writes the time histories of 

by RK4, 

desired 

displacements and element forces into the 

output files 

writes, into an output file, T and T' 

values in Eqs.(42) for each iteration of 

ELA and gives information with regard to 

th~ satisfaction of the convergence 

criteria, Eqs.(42) 

computes element forces in time history 

analysis 

TITLEl-4:write the titles for outputs in a suitable 

format 

OUTl-4 write the outputs in a suitable format 

MS-DOS version of MASl is given in the attached floppy 

disk. The execution program can be found in the file 

MASl.EXE 

and the listing, in the files 

MASIA.FOR 

MASIB.FOR 

MASIC.FOR 

For MAS1, we now present the manual for input data and 

give information about output files. 
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5.1.1 Manual for Input Data 

The input data is to be read from a file whose name is 

specified interactively when MAS1 is run. 

input file should have no extension. 

The name of the 

The structure of input data for various analysis options 

are shown in Table 1. 

The first line in these data files is a data line 

indicating the mode of analysis, which should be 

STATIC for static analysis 

VIBRATION for free vibration analysis 

SPECTRUM for earthquake spectrum analysis 

LINEAR for linear time history analysis 

NONLINEAR for nonlinear time history analysis by ELM 

The other lines in Table 1 are the names of some data 

blocks. These names should be included in the input data 

file. The data blocks should be entered in the order shown 

in Table 1. The data in each block should be entered below 

the block name and should be prepared according to the 

information given below. 

"GENERAL INFORMATION" block: 

This block contains a single data line in the format 

nru ns nass [mod] [nit] [eps] [c] (73) 

Here, square brackets are used to indicate that the variable 

which they enclose is optional and 

nru : an integer indicating whether the masonry 
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Table 1 The structure of input data for 

various analysis options of MASl 

linear static free vibration earthquake spectrum 
analysis analysis analysis 

STATIC VIBRATION SPECTRUM 
GENERAL INFORMATION GENERAL ·INFORW\TION GENERAL INFORMATION 
STORY HEIGHl'S STORY HEIGHl'S STORY HEIGHI'S 
COORDINATES COORDINATES COORDINATES 
PROP.OF ASSEMBLIES PROP.OF ASSEMBLIES PROP.OF ASSEMBLIES 
LOADS MASSES MASSES 
COORD. OF MI? COORD. OF MI? COORD. OF MI? 
MATERIAL PROP. MATERIAL PROP. MATERIAL PROP. 

SPECTRUM 

linear time history nonlinear time 
analysis history analysis 

LINEAR NONLINEAR 
GENERAL INFORW\TION GENERAL INFORMATION 
STORY HEIGHTS STORY HEIGHl'S 
COORDINATES COORDINATES 
PROP.OF ASSEMBLIES PROP.OF ASSEMBLIES 
MASSES MASSES 
COORD. OF MI? CooRD.OF MP 
MATERIAL PROP. MATERIAL PROP. 
TIME HISTORY TIME HISTORY 



structure is reinforced or unreinforced 

( nru=O for unreinforced and nru=l for 

reinforced case) 

ns number of stories 

nass: number of assemblies 

mod : number of vibration modes to be considered in 

the analysis 

nit maximum iteration number 

eps convergence factor being used in ELA (see 

Eqs. (42) ) 

c the coefficient which appears in the 

definition of 

Eq. ( 41) ) 

For the linear static 

v (it stands for "c" in 'eff 

case, the . first three; 
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free 

vibration, earthquake spectrum and linear time history 

analyses, the first four; nonlinear time history analysis 

by ELM, all of the data items in the data line, Eq.(73), 

should be specified. 

"STORY HEIGHTS" block: 

It contains the data lines of the format 

h (74) 

by which, starting from the first story, the story heights 

are specified in increasing order in upwards direction. 

Here, 

n 1 , n 2 : story numbers 

h story height. 
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The data line in Eq.(74) has a data generation capability 

and expresses that the story heights from n 1 th to n 2 th 

stories (n1 and n 2 are inclusive) are "h". If the optional 

variable n 2 in Eq.(74) is ignored, i.e., if the data line is 

entered as 

it specifies only the height of the n 1 th story as "h" . For 

example, if the story heights of a five- story masonry 

building are hl=4 mt, h2=h3=h4=3 mt and h 5=2.8 mt, the 

"STORY HEIGHTS" block may be entered as 

STORY HEIGHTS 

1 4.0 

2,4 3.0 

5 2.8 

"COORDINATES" block: 

In this block the x and y coordinates of the assemblies 

are given in the data lines of the format 

x y (75) 

where 

na: assembly number 

x x coordinate of the assembly na 

y y coordinate of the assembly na . 
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"PROP.OF ASSEMBLIES· block: 

In this block, for each assembly, the data lines having 

the format 

na theta 

hh b k 

are entered, where 

na assembly number 

theta: the angle (in degrees) of the local u axis of 

the assembly na with the global x axis (it 

is the angle He" in Fig.3) 

n 1 ,n2 : story numbers 

hh the width of the assembly na in u direction 

(it is "R" in Fig.3) 

b the thickness of the assembly na in v 

direction (it is "B" in Fig.3) 

k shear area coefficient for the assembly na 

(it is the coefficient Uk" in Eq.(ll)) 

(76 ) 

The data generation option indicated in the second line of 

Eqs. (76) states that the width, thickness and shear area 

coefficient of the assembly na from n 1 th to n 2 th stories 

(n 1 and n 2 are inclusive) are respectively hh, b and k. From 

the structure of the data lines in Eqs.(76) it may be seen 

that different values of bh, band k may be assigned to each 

story of an assembly. The assembly geometric properties in 

Eqs.(76) should be entered for each assembly with the order 

n a=1,2, ... ,nass. 
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"LOADS" block: 

It contains the data lines of the format 

c (77) 

by which the static loads applied to MP's are given. 

Here 

n I , n 2 : story numbers 

fx' fy: x and y components of the static load 

applied to the MP 

c static moment about z axis applied to the MP 

It may be noted that the data line in Eq.(77) has a data 

generation option which was explained previously. The 

program assumes that the default values of f x ' fy and care 

zero. 

"MASSES" block: 

In this block the mass properties of the floors are 

given by the data lines of the format 

(78) 

where 

masses of the floor participating in the 

motions in x and y directions respectively 

im mass inertia moment of the floor 

The comments given for the "LOADS" block hold also for this 

block. 
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"COORD.OF MP" block: 

It has data lines of the format 

( 79 ) 

by which the coordinates of the MP's are specified. Here 

n 1 , n 2 : story numbers 

xm' Ym: x and y coordinates of MP. The form of the 

data line in Eq. (79) implies that it 

contains a generation option discussed 

previously. 

"MATERIAL PRop.n block: 

For the static, free vibration, earthquake spectrum and 

linear time history analyses, this block contains a single 

data line having the format 

for static analysis: 

9 (80) 

for free vibration analysis: 

9 [gp] (81 ) 

for earthquake spectrum and linear time history analyses 

9 gp 

where 

9 linear value of the shear modulus G (it 

corresponds to G in Fig.1) 

gp: linear value of viscous shear modulus G' (it 

corresponds to G' in Fig.1) 

(82) 
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If gp in Eq.(8!) is given, the program computes not only the 

free vibration frequencies and vibration shapes, but also 

the damping ratio for each mode by using Eq. (58). 

For nonlinear time history analysis by ELM, 

the "MATERIAL.PROP." block contains five data lines of 

the format 

g. 
1 

gpo 
1 

(83) 

where i=!-5. The data lines in Eq.(83) describes the 

variations of G and G' with IYI shown in Fig.!, and, in view 

of this figure, 

Ii: = 0 

~:= y 
)j:= Yc 
~:= 2Yc 
Ys: a large I Y I value greater than 2 Yc 

gi' gPi: the values of G and G' at Ii 
It may be noted that g5 and gP5 have re3pectively the values 

* zero and G' (see Fig.!). 

"SPECTRUM" block: 

This block exists only for earthquake spectrum analysis 

and gives the spectrum values in tabular form by the data 

lines of the format 

alpha 

(84) 



where 

alpha 

t 

angle ( in 

propagation 

degrees ) 

direction 

defining the 

of earthquake 

excitation (it is "a" in Fig.3) 

number of periods for which spectrum 

values are given 

period 

Saul sav: acceleration spectrum values in U and V 

directions (see Fig.3) 
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It may be noted that the first two lines in Eqs.(84) are 

single data lines whereas the third line describes ns data 

lines giving the spectrum values in tabular form. Thus, the 

total number of data lines in Eqs.(84) is n s +2. In the 

program it is assumed that the default value of sav is zero. 

MASl uses interpolation for the computation of the spectrum 

value at an intermediate period value of the spectrum table. 

"TIME HISTORY· block: 

This block exists for time history analysis (linear or 

nonlinear (ELM)). It is composed of data lines of the 

format 
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CD (one data line) alpha 

(3) (one data line) nd 

CD (nd data lines) nda ndf 

0 (one data line) nf 

CD (nf data lines) nfa nfs 

CD (one data line) na 

0 (na data lines) naf 

0 (one data line) ts tf dtp 

® (one data line) dt nar nr se 

@ (one data line) file 

where 

alpha 

nd 

angle ( in degrees ) of earthquake 

propagation direction which is already 

defined in the "SPECTRUM" block 

number of displacements whose time 

histories to be printed (if no prints are 

desired enter "0" for nd) 

nda, ndf: the assembly and floor numbers for nd 

displacements (the data part~in which 

these numbers are given has nd data lines; 

skip this part if nd=O) 

nf number of forces whose time histories to 

be printed (if no prints are desired enter 

"0" for nf) 

(85) 



nfa,nfs 

na 

naf 

ts, tf 

dtp 

dt 

nar 

nr 

the assembly and story numbers for nf 

forces (the data part~ in which these 

numbers are given has nf data lines; 

skip this part if nf=O) 

number of MP accelerations whose time 

histories to be printed (if no prints are 

desired enter "0" for na) 

the floor numbers for na accelerations 

the data part(2)in which these numbers are 

given has na data lines; skip this part if 

na=O) 

lower and upper bounds of the time 

interval in which the time histories are 

to be printed 

the time increment used in printing the 

time histories 

time increment of the ground acceleration 

record (the same time increment is also 

used in computations) 

length of the ground acceleration record 

(the number of time points in the record) 

an integer which takes either the value 1 

or 2 and defines the number of ground 

acceleration components to which the 

structure is subjected (if nr=l, the 

ground acceleration will be in U 

direction; on the other hand, if nr=2, the 

75 
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BC 

file 

ground acceleration will have both U and V 

components (see Fig.3)) 

scale factor 

name of the file from which the ground 

acceleration record will be read 

If nd=nf=na=O, the data part~must be skipped. The time 

increment dtp used for printing should be an integer 

multiple of the time increment dt which is employed in 

computations. 

When nr=2 inCV, the acceleration records in U and V 

directions should be given successively in the data part~. 

The displacements and forces whose time histories are 

printed describe respectively the inplane displacements and 

shear forces (in u direction (see Fig.3) of the wall 

assemblies. The positive sign of the shear force in the 

time history print corresponds to the positive direction of 

the shear force at the lower end of the story. 

Let us explain the preparation of this data block by an 

example. Suppose that we wish to perform the nonlinear time 

history analysis (by ELM) of a masonry building having 3 

stories and 26 assemblies. Further suppose that we wish to 

print the time histories of 

- the inplane displacement of the second assembly at 

the third floor 

- the inplane shear force of the fifth assembly in 

the second story 

- the MP accelerations of the third floor 
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Assume that the ground acceleration record is in file "ACC" 

and has the time increment 0.02s. The length of the record 

(i.e., the number of time points in the record) is 1000. 

The angle a describing the propagation direction of 

earthquake is 90 0
. Suppose that we apply this ground 

acceleration to the building in the U direction only by 

magnifying the record values by the factor 2.5. In order to 

obtain the aforementioned time history prints in the time 

interval 2 5 t 5 5 with the printing time increment O.ls, 

the "TIME HISTORY" block should be prepared as follows. 

TIME HISTORY 

90. 

1 

2 3 

1 

5 2 

1 

3 

2.0 5.0 

0.02 1000 

ACC 

0.1 

1 2.5 

5.1.2 Description of Output Files 

MAS1 writes the results into some output files with a 

common root name, which is the same as that of the input 

file, but having different extensions for various types of 

results. These output files are listed below: 
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NAME.FRE 

NAME.ELA 

NAME. ELF 

NAME.KDA 

NAME.TDS 

NAME.TFR 

NAME.TAC 

contains the results of free vibration 

analysis 

contains the results for the change of 

frequencies and damping ratios during the 

iterations of ELA 

contains the element forces for static 

case, and absolute maximum values of 

element forces for earthquake spectrum 

and time history (linear or nonlinear) 

analyses; for nonlinear case, this file 

also contains the damage ratios and 

effective shear strains for wall elements 

which are computed using Eqs.(2) and (41) 

contains MP displacements for static 

case, absolute maximum MP displacements 

for earthquake spectrum analysis, and 

absolute maximum MP displacements and 

accelerations for time history analysis 

contains time histories of the desired 

assembly displacements (in linear or 

nonlinear case) 

contains time histories of the desired 

inplane shear forces (in linear or 

nonlinear case) 

contains time histories of the desired 

MP accelerations (in linear or nonlinear 

case) 



NAME.COE contains the results for the change of 

the values of T and T' 

during the iterations of ELA 

(in Eq. ( 42 ) ) 

where NAME stands for the name used for the input file. 
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The results of the static and time history analyses for 

the element forces are printed according to the sign 

convention shown in Fig.9. 

The assembly displacements in NAME.TDS describe the 

relative displacements of the assembly at floor levels and 

in the direction of the local u axis (see Fig.3). 

The MP displacements in NAME.MDA represent the relative 

displacements of MP's in x and y directions and the rotation 

about z axis. 

The MP accelerations in NAME.MDA and NAME.TAC describe 

the total accelerations of MP's in U and V directions and 

angular acceleration about z axis. 

The damping ratios printed in NAME.ELA, representing the 

change of these ratios during the iterations of ELA, are 

computed by employing Eq.(56). Since the proportionality 

of the damping matrix 

iterations of ELA, the 

to ~ does n0 longer hold in the 

damping ratio values in NAME.ELA, 

except those in the first iteration (in which the system is 

linear), are approximate. 
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Figure 9 

w 

_______ u 

® 

______ v 

--... )V~ 

~M 
~ 

Sign convention for element forces 
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5.2 Computer Program for Actual Nonlinear Analysis (MAS2) 

MAS2 performs the nonlinear analysis by solving the 

equations of the actual nonlinear model (ANM), presented 

in Chapter 3, with the aid of a step-by-step procedure, 

based on RK4, whose algorithm is given in Chapter 4 

(Section.4.2). 

Flow chart of MAS2 is given in Fig.lO. The program 

calls the subroutines shown in Fig.ll, having the functions 

listed below. 

FILE 

NG 

INFORM 

ZERO 

ASTFDMP 

KU 

KV 

EL 

TRANS 

reads the name of input data file and 

generates the names of output and 

intermediate files 

computes the number of entries in an input 

line, which is needed for data generations 

writes the input values on the screen 

initializes a square matrix 

forms the stiffness and damping matrices 

(k, c) for each assembly of the masonry 

building 

forms ~u and ~e matrices for each assembly 

forms ~v matrix, for each assembly, for 

reinforced case 

forms k matrix ",e for each wall element 

for reinforced case 

computes transformation matrix B for each 

assembly 
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START 

read input data and perform data generations 

solve Eq.(28) by the algorithm 

given in Section 4.2 which is 

based on RK4 

write the maximum element 

forces and 

of desired 

time histories 

displacements, 

forces and accelerations 

, 

STOP 

Figure 10 Flow chart of MAS2 
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INFORM 

I ZERO 
~ 

KU 

ASTFDMP KV EL 

SSTFDMP 

SYM 

DERIVS 

IN!' 

ASSDISP TRANS 

ELMFR 

TITLE3 

TITLE4 

Our3 

Our4 

Figure 11 The subroutines used in the 

computer program MAS2 
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SSTFDMP 

sm 

DERIVS 

1m 

ASSD1SP 

ELMFR 

forms the system stiffness and damping 

matrices (~, S) using Eqs.(26) 

forms a symmetric matrix completely by 

using its upper triangular part 

in each step of RK4, computes fVi's in 

Eqs.(61) 

computes, for each wall element, Gk and 

G,k values in each step of RK4 by using 

loading and unloading properties of G and 

G' 

computes assembly displacements employing 

Eq.(13) 

evaluates element forces for unreinforced 

and reinforced cases 

TITLE3-4: write the titles for outputs in a suitable 

format 

OUT3-4 write the outputs in a suitable format 

MS-DOS version of MAS2 is given in the attached floppy 

disk. The program MAS2 can be run either by executing the 

execution files separately in the order 

MAS2A.EXE 

MAS2B.EXE 

MAS2C.EXE 

or using the batch file 

MAS2.BAT 

Listing of the program can be found in the files 



MAS2A.FOR 

MAS2B.FOR 

MAS2C.FOR 

5.2.1 Manual for Input Data 
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The input data is to be read from a fil~ whose name is 

specified interactively when MAS2A is run. The name of the 

input file should have no extension. 

The structure of input data is shown in Table 2. Each 

line in Table 2 is the name of a data block. These names 

should be included in the input data file. The data blocks 

should be entered in the same order as that shown in 

Table 2. 

Table 2 The structure of input data for 

the program MAS2 

GENERAL INFORMATION 
STORY HEIGHTS 
COORDINATES 
PROP.OF ASSEMBLIES 
MASSES 
COORD.OF MP 
MATERIAL PROP. 
TIME HISTORY 
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The data in each block should be entered below the block 

name and should be prepared according to the information 

given below. 

"GENERAL INFORMATION" block: 

This block contains a single data line in the format 

nru ns nass 

where 

nru an integer indicating whether the masonry 

structure is reinforced or unreinforced 

(nru=O for unreinforced and nru=1 for 

reinforced case) 

DS number of stories 

Dass number of assemblies 

"STORY HEIGHTS", "COORDINATES", ·PROP. OF ASSEMBLIES·, 

"MASSES", "COORD. OF MP" blocks: 

They are the same as those of MASI. 

"MATERIAL PROP." block: 

( 86 ) 

This data block contains five data lines of the format 

X 1 

where i=l-S. 

g. 
1 

gpo 
1 

The data lines in Eq. (87) describe 

(87) 

the 

variations of G and G' with I YI shown in Fig.l. The 
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definitions of the variables appearing in Eq.(87) are given 

as, in view of Fig.I, 

~, ~, ~, }4: = 0, -1, Yc , 2 Yc 

1'5= a large Iyl value greater than 2 1c 
gi' gpo : 

1 
the values of G and G' at ~ l. 

It may be noted that g5 and gPS have respectively the values 

* zero and G'. 

"TIME HISTORY· block: 

It is the same as that of MASl. 

5.2.2 Description of Output Files 

MAS2 writes the results into some output files with a 

common root name, which is the same as that of the input 

file, but having different extensions for various types of 

results. These output files are listed below: 

NAME.ELF . contains absolute maximum values of 

element forces, shear strains and the 

damage ratios for wall elements, where 

the latter two are computed by Eqs.(30) 

and (2) 

NAME.KDA contains absolute maximum displacements 

and accelerations of MP's 

NAME.TDS contains time histories of the desired 

assembly displacements 
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NAME.TFR 

NAME.TAC 

contains time histories of the inplane 

shear forces and shear strains of the 

desired wall elements 

contains time histories of the desired 

MP accelerations 

where NAME designates the name used for the input file. 

The sign convention and other matters regarding the 

output files listed above are the same as those given for 

MASl. 
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6. NUMERICAL EXAMPLES AND DISCUSSIONS 

Here, we present some examples involving two different 

masonry 'structures. These two structures will be named as 

Structure 1 and Structure 2 in this study. In what follows 

we first present the geometric and physical properties of 

these structures and describe the types of earthquake inputs 

to which the structures are subjected in the examples. 

Description of Structure 1 

It is a single story adobe house which was investigated 

experimentally in [11] and has a plan shown in Fig.12. All 

of the dimensions in Fig.12 are given in cm. The circled 

numbers in the figure designate the wall assembly numbers 

used in the theoretical analysis. The roof mass of the 

adobe house is about 1 ton and its height is 2.40 mt. The 

mass density of its wall material is 1. 80 t/mt 3 Using 

this data and the xyz global coordinate system shown in 

Fig.12, the location of the mass center, the mass and the 

mass inertia moment of the top floor can be computed as 

xm=1.625 mt, Ym=1.7328 mt 

M= 7.0912 tons (88) 

I m=23.1932 ton-mt 2 

In obtaining these results, half of the wall masses are 

lumped at the top floor. 
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Figure 12 Plan view of the single story adobe house (Structure 1) 
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In [11], the linear value of the shear modulus G for the 

adobe material (used in constructing the houses) was 

determined from some static tests. It is 

G = 95000 kN/mt 2 . (89) 

Description of Structure 2 

The Structure 2 is a 3-story brick masonry building 

having the plan shown in Fig.13. The dimensions in the 

figure are given in mt. The circled numbers designate the 

wall assembly numbers. Story height is taken to be 3 mt for 

all of the three stories. The mass density of the wall 

material is assumed to be 1. 75 ton/mt 3 . The mass per unit 

area of the floors is 0.59 ton/mt 2 . The building is 

referred to the xyz coordinate system shown in Fig.13. The 

locations of the mass centers, the masses and the mass 

inertia moments of the floors are computed by lumping the 

wall masses at floor levels (using lump mass assumption). 

,They are 

for the first and second floors: 

xm = 5.09 mt Ym = 4.80 mt , 

M = 114.04 tons 

1m = 2191.34 ton-mt 2 

for the third floor: 

Xm = 5.14 mt , Ym = 4.70 mt 

M = 84.80 tons 

1m = 1539.34 ton-mt 2 

(90) 
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It will be assumed that the wall material properties of 

the building are described by G and G' curves in Fig.1 

having the parameter values defined in Eqs. (1). These 

values represent the dynamic values for fired clay brick 

masonry walls obtained in 

experiments. 

[41 using 

Earthquake inputs used in the analyses 

shaking table 

Structure 1 is not subjected to any earthquake input. 

Only free vibration analysis is performed for this structure 

with the object of assessing the linear dynamic model 

experimentally. 

Structure 2, on the other hand, is subjected to an 

earthquake input whose propagation direction is in y 

direction (see Fig.13 for the definition of y axis). The 

earthquake input has only one ground acceleration component 

which is in y direction. The time variation of the single 

earthquake acceleration component is chosen to be described 

by the S16E component of Pacoima earthquake record which is 

modified in the analysis so that its peak acceleration value 

is 1.07 mt/s 2 . The variation of this record is shown in 

Fig.14, and its absolute Fourier spectrum, in Fig.15. The 

Fourier spectrum is obtained by using the FFT algorithm 

[12,13]. Fig.15 shows that the major portion of the 

excitation frequencies "f" lies in the interval OSfS5 Hz. 

The earthquake input described above is used in the examples 

by multiplying it by various scale factors. 
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We now start discussing some 

Structure 1 and 2 defined above. 

examples involving 

Example 1 

Here, we perform free vibration analysis of Structure 1 

by using the computer program MASl. We do this with the 

object of comparing the prediction of the linear dynamic 

model for the free vibration frequency of the Structure 1 in 

y direction (see Fig.12) with that obtained experimentally 

in [llJ, which is about 11.50 Hz. The input file of this 

example is given in Fig.16 and also in the file EXMP41 of 

the attached floppy disk. The results of the analysis taken 

from the output file EXMPLl.FRE are listed in Table 3. The 

mode shape (eigenvector) values in the table correspond to 

the displacements (DX, DY) and the rotation RZ of the master 

point. The table shows that the first (lowest) frequency 

involves the motion only in the y direction while the other 

two frequencies are coupled with each other, and involve 

both the translation in x direction and the rotation about z 

axis. From the results we see that the theoretical value of 

the frequency associated with the vibrations in the y 

direction is 12.52 Hz., which agrees quite well with the 

experimental value, 11.50 Hz. 

Example 2 

In this example, 

Structure 2 (3-story 

employing MASI. The 

the free vibration 

masonry building) is 

input data can be 

analysis for 

performed by 

found, in the 
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VIBRATION 
GENERAL INFORMATION 
0 1 7 3 
STORY HEIGHTS 
1 2.40 
COORDINATES 
1 0.6125 0.15 
2 2.6375 0.15 
3 1.625 3.10 
4 0.15 0.7625 
5 0.15 2.4875 
6 3.10 0.7625 
7 3.10 2.4875 
PROP.OF ASSEMBLIES 
1 0 
1 1.225 0.30 1.0 
2 0 
1 1.225 0.30 1.0 
3 0 
1 3.250 0.30 1.0 
4 90 
1 0.925 0.30 1.0 
5 90 
1 0.925 0.30 1.0 
6 90 
1 0.925 0.30 1.0 
7 90 
1 0.925 0.30 1.0 
MASSES 
1 7.0912 7.0912 23.1932 
COORD.OF MP 
1 1.625 1.7328 
MATERIAL PROP 
95000.0 

Figure 16 Input data for Example 1 
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Table 3 Theoretical results for the free vibration 

frequencies and mode shapes of the adobe 

house (Structure 1) 

FREQUENCY 
PERIOD 

(# 1)= 
(# 1)= 

12.52 (HZ) 
.08 (SEC) 

MODE SHAPE (# 1) (MASTER POINT) 

FLOOR DX 

1 .4514E-03 

FREQUENCY 
PERIOD 

(# 2)= 
(# 2)= 

DY 

.3755E+00 

15.35 (HZ) 
.07 (SEC) 

MODE SHAPE (# 2) (MASTER POINT) 

FLOOR DX 

1 .3435E+OO 

FREQUENCY 
PERIOD 

(# 3)= 
(# 3)= 

DY 

-.4435E-03 

16.48 (HZ) 
.06 (SEC) 

MODE SHAPE (# 3) (MASTER POINT) 

FLOOR DX DY 

1 .1518E+OO -.1135E-03 

RZ 

.4171E-04 

RZ 

.8394E-01 

RZ 

-.1899E+00 
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attached floppy disk, in the file EXMPL2U for unreinforced 

case and EXMPL2R for reinforced case. The results for the 

first three modes extracted from the output files (of the 

extension FRE) are shown in Tables 4 and 5 for unreinfotced 

and reinforced cases respectively. As the higher modes are 

of minor importance in the time history analyses presented 

in subsequent examples, they are not given in the tables. 

This is because these higher modes have frequencies larger 

than 10 Hz, which are out of the excitation interval of the 

Pacoima earthquake (see Fig.15) used in time history 

analyses. 

From the results in the tables we see that the 

frequencies of the first three modes are closely spaced and 

lie in the interval 3.9$£$5.1 Hz, which indicate that these 

three modes can all contribute to the response greatly when 

they are excited by an earthquake input. The frequencies 

for reinforced case are slightly higher than those for 

unreinforced case. Tables contain also a damping ratio 

value for each mode which is computed by MAS1 using Eq.(58). 

Examination of these values shows that the damping ratios 

are close to each other for the first three modes and have 

an avarage value of about 7% for unreinforced case and of 

about 7.5% for reinforced case. 

Example 3 

This 

analysis 

example concerns 

of unreinforced 

with the 

Structure 

earthquake 

2. The 

spectrum 

earthquake 
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Table 4 Free vibration characteristics and damping 

ratios of 3-story masonry building 

(Structure 2) for unreinforced case 

FREQUENCY (# 1)= 
PERIOD (# 1)= 
DAMPING RATIO (# 1)= 

MODE SHAPE (# 

3.93 
.25 

6.59 

1) (MASTER 

(HZ) 
(SEC) 
(PERCENT) 

POINT) 

FLOOR DX DY RZ --------------------------------------------------------
1 .3373E-01 -.3783E-02 .7446E-03 
2 .5973E-01 -.6698E-02 .1326E-02 
3 .7220E-01 -.7993E-02 .1619E-02 

FREQUENCY (# 2)= 
PERIOD (# 2)= 
DAMPING RATIO (# 2)= 

MODE SHAPE (# 2) 

4.01 (HZ) 
.25 (SEC) 

6.74 (PERCENT) 

(MASTER POINT) 

FLOOR DX DY RZ --------------------------------------------------------
1 .4244E-02 .3360E-01 -.1076E-02 
2 .7504E-02 .5948E-01 -.1893E-02 
3 .8800E-02 .7158E-01 -.2255E-02 

FREQUENCY (# 3)= 
PERIOD (# 3)= 
DAMPING RATIO (# 3)= 

MODE SHAPE (# 3) 

4.84 (HZ) 
.21 (SEC) 

8.13 (PERCENT) 

(MASTER POINT) 

FLOOR DX DY RZ --------------------------------------------------------
1 
2 
3 

.3167E-02 

.5479E-02 

.4667E-02 

-.4704E-02 
-.8412E-02 
-.1115E-01 

-.7822E-02 
-.1380E-01 
-.1654E-01 



Table 5 Free vibration characteristics and damping 

ratios of Structure 2 for reinforced 

case 

FREQUENCY (# 1)= 
PERIOD (# 1)= 
DAMPING RATIO (# 1)= 

MODE SHAPE (# 

4.19 
.24 

7.03 

1) (MASTER 

(HZ) 
(SEC) 
(PERCENT) 

POINT) 

FLOOR DX DY RZ --------------------------------------------------------
1 
2 
3 

.3364E-01 

.5976E-01 

.7067E-01 

FREQUENCY (# 2)= 
PERIOD (# 2)= 
DAMPING RATIO (# 2)= 

MODE SHAPE (# 

-.5243E-02 
-.9308E-02 
-.1086E-01 

4.29 (HZ) 

.1025E-02 

.1824E-02 

.2200E-02 

.23 (SEC) 
7.19 (PERCENT) 

2) (MASTER POINT) 

FLOOR DX DY RZ 

101 

--------------------------------------------------------
1 
2 
3 

.5958E-02 

.1057E-01 

.1215E-01 

FREQUENCY (# 3)= 
PERIOD (# 3)= 
DAMPING RATIO (# 3)= 

MODE SHAPE (# 

.3352E-01 

.5952E-01 

.6995E-01 

-.1232E-02 
-.2171E-02 
-.2545E-02 

5.06 
.20 

8.49 

3) (MASTER 

(HZ) 
(SEC) 
(PERCENT) 

POINT) 

FLOOR DX DY RZ --------------------------------------------------------
1 .4065E-02 -.5707E-02 -.7808E-02 
2 .7083E-02 -.1023E-01 -.1380E-01 
3 .6294E-02 -.1299E-01 -.1628E-01 
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acceleration spectrum (EAS) values used in the example are 

derived from Pacoima earthquake record (with the scale 

factor sc=1.0) by taking the damping ratio as 7% (this value 

corresponds to the avarage damping ratio for the first three 

modes of unreinforced Structure 2). The variation of this 

EAS with the period T is shown, in smoothed form, in Fig.!7. 

It may be noted that earthquake spectrum analysis assumes 

that the structure behaves linearly during earthquake 

excitation. This assumption is justified in this example in 

view of the fact that the nonlinear time history analyses 

performed in subsequent examples indicated that the behavior 

of Structure 2 remains in linear range when it is subjected 

to Pacoima earthquake with sc=1.0. 

The input data to MAS! for the analysis under 

consideration is given in Fig.IS and also in the file EXMPL3 

of the attached floppy disk. EAS values appearing in the 

data block "SPECTRUM" in Fig.IS are taken from Fig.!7. The 

results for maximum element forces extracted from the file 

EXMPL3.ELF are given in Table 6 for the assemblies 2, 4 and 

26 (see Fig.!3). With the object of comparison, the time 

history analysis of the same problem is also performed by 

using the linear dynamic model together with Pacoima 

earthquake input with sc=1.0. The results of this latter 

analysis are shown in parantheses in Table 6. Examination 

of Table 6 shows that the results obtained from earthquake 

spectrum and time history analyses are fairly close and 

the difference between them is at most 17% (with respect to 

the values from earthquake spectrum analysis). 
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SPECI'RUM 12 90 
GENERAL INFORMATION 1,3 1.00 0.25 1.0 
0 3 26 9 13 90 
STORY HEIGHTS 1,3 2.15 0.25 1.0 
1,3 3.0 14 0 
COORDINATES 1,3 2.75 0.25 1.0 
1 0.125 0.750 15 0 
2 0.125 4.500 1,3 1.00 0.25 1.0 
3 0.125 8.250 16 0 
4 2.525 7.450 1,3 0.90 0.25 1.0 
5 2.525 4.900 17 0 
6 3.925 3.000 1,3 2.85 0.25 1.0 
7 4.925 7.525 18 0 
8 6.525 7.950 1,3 0.60 0.15 1.0 
9 6.525 3.075 19 0 
10 7.825 7.300 1,3 2.60 0.15 1.0 
11 10.375 7.550 20 0 
12 10.375 4.200 1,3 2.45 0.15 1.0 
13 10.375 1.075 21 0 
14 1.625 8.875 1,3 1. 75 0.15 1.0 
15 5.000 8.875 22 0 
16 6.450 8.875 1,3 2.55 0.25 1.0 
17 8.825 8.875 23 0 
18 2.900 6.325 1,3 0.60 0.25 1.0 
19 5.300 6.325 24 0 
20 1.475 4.525 1,3 1.50 0.25 1.0 
21 4.475 4.525 25 0 
22 8.975 4.575 1,3 1.40 0.25 1.0 
23 4.150 1.425 26 0 
24 6.700 1.425 1,3 3.75 0.25 1.0 
25 9.550 1.425 MASSES 
26 2.125 0.125 1,2 114.04 114.04 2191.34 
PROP. OF ASSEMBLIES 3 84.80 84.80 1539.34 
1 90 COORD. OF MP 
1,3 1.50 0.25 1.0 1,2 5.09 4.80 
2 90 3 5.14 4.70 
1,3 3.00 0.25 1.0 MATERIAL PROP. 
3 90 168000.00 896.9 
1,3 1.50 0.25 1.0 SPECTRtM 
4 90 90. 
1,3 2.60 0.15 1.0 10 
5 90 0.000 1.07 
1,3 0.60 0.15 1.0 0.250 1. 75 
6 90 0.500 1.85 
1,3 2.90 0.15 1.0 0.750 1.71 
7 90 1.000 1.30 
1,3 2.35 0.15 1.0 1.500 0.77 
8 90 2.000 0.46 
1,3 1.60 0.15 1.0 2.500 0.27 
9 90 3.000 0.21 
1,3 3.05 0.15 1.0 4.000 0.12 
10 90 
1,3 2.90 0.25 1.0 
11 90 
1,3 2.90 0.25 1.0 

Figure 18 Input data for Example 3 



Table 6 The maximum values of element forces for 

the assemblies 2, 4 and 26 of 

Structure 2 as obtained from earthquake 
spectrum and linear time history 

analyses 

(the values in parantheses correspond to 

time history analysis; forces are given 
in kN and torques in kN-mt; sc=1.0) 
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MEMBER FORCES FOR WALL ASSEMBLY # 2 

U-Z PLANE 

------~~Q~~------------~~~~~----------------~Q~Q~~------
1 74.93 (68.94) .04 (.04) 

2 57.51 (52.84) .03 (.03) 

3 27.37 (24.94) .02 (.Ol) 

MEMBER FORCES FOR WALL ASSEMBLY # 4 
U-Z PLANE 

------~~Q~~------------~~~~g----------------~QgQ~~------
1 36.67 (34.38) .01 (.01) 

2 28.16 (26.36) .01 (.01) 

3 13.44 (12.47) .00 (.00) 

MEMBER FORCES FOR WALL ASSEMBLY # 26 

U-Z PLANE 

------~~Q~~------------~~~~g----------------~QgQ~~------
1 12.50 (10.59) .06 (.05) 

2 9.56 (8.05) .04 (.03) 

3 4.44 (3.67) .02 (.02) 
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Example 4 

Nonlinear time history analysis is carried out for 

Structure 2 by ELM and by using the scale factors sc=1.0, 

1.5, 2.0, 2.5 in Pacoima earthquake input. The constant "c" 

in Eq.(41) is chosen to be c=l. The input data to MAS! for 

reinforced Structure 2 and sc=2.5 is given in Fig.19, and is 

also given, in the attached floppy disk, in the file EXMPL4U 

for unreinforced case and in the file EXMPL4R for reinforced 

case. 

The results of the analyses indicated that the building 

behaves linearly for the scale factor sc=1.0 and nonlinearly 

for the other scale factors sc=1.5, 2.0, 2.5. In what 

follows we first present some typical results of the 

analysis for the scale factor sc=2.5. 

Tables 7 and 8 show, for unreinforced and reinforced 

cases respectively, the variations of the free vibration 

frequencies and the damping ratios of the first three modes 

during iterations of ELM. From the tables we see that (a) 

as expected, the converged values of free vibration 

frequencies for reinforced case are somewhat higher than 

those for unreinforced case while damping ratios for these 

two cases are considerably close (b) the converged values of 

free vibration frequencies decreased compared to their 

linear values shown in the first lines of Tables 7 and 8, 

which is due to the loss in the rigidity of the building 

caused by the damages occuring in the wall elements during 

earthquake excitation (c) the converged values of the 



IDNLINEAR 
GENERAL INFORMATION 
1 3 26 3 9 
STORY HEIGHl'S 
1,3 3.0 
COORDINATES 
1 0.125 0.750 
2 0.125 4.500 
3 0.125 8.250 
4 2.525 7.450 
5 2.525 4.900 
6 3.925 3.000 
7 4.925 7.525 
B 6.525 7.950 
9 6.525 3.075 
10 7.825 7.300 
11 10.375 7.550 
12 10.375 4.200 
13 10.375 1.075 
14 1.625 8.875 
15 5.000 8.875 
16 6.450 8.875 
17 8.825 8.875 
18 2.900 6.325 
19 5.300 6.325 
20 1.475 4.525 
21 4.475 4.525 
22 8.975 4.575 
23 4.150 1.425 
24 6.700 1.425 
25 9.550 1.425 
26 2.125 0.125 
PROP.OF ASSEMBLIES 
1 90 
1,3 1.50 0.25 
2 90 
1,3 3.00 0.25 
3 90 
1,3 1.50 0.25 
4 90 
1,3 2.60 0.15 
5 90 
1,3 0.60 0.15 
6 90 
1,3 2.90 0.15 
7 90 
1,3 2.35 0.15 
8 90 
1,3 1.60 0.15 
9 90 
1,3 3.05 0.15 
10 90 
1,3 2.90 0.25 
11 90 
1,3 2.90 0.25 

Figure 19 

12 90 
1,3 1.00 0.25 

0.01 1.0 13 90 
1,3 2.15 0.25 
14 0 
1,3 2.75 0.25 
15 0 
1,3 1.00 0.25 
16 0 
1,3 0.90 0.25 
17 0 
1,3 2.85 0.25 
18 0 
1,3 0.60 0.15 
19 0 
1,3 2.60 0.15 
20 0 
1,3 2.45 0.15 
21 0 
1,3 1. 75 0.15 
22 0 
1,3 2.55 0.25 
23 0 
1,3 0.60 0.25 
24 0 
1,3 1.50 0.25 
25 0 
1,3 1.40 0.25 
26 0 
1,3 3.75 0.25 
MASSES 
1,2 114.04 114.04 
3 84.80 84.80 
COORD. OF MP 

1.0 1,2 5.09 4.80 
3 5.14 4.70 

1.0 MATERIAL PROP. 
0.0 168000.00 

1.0 0.000513 168000.00 
0.001580 100279.60 

1.0 0.003160 0.00 
0.010000 0.00 

1.0 TIME IDSTORY 
90.0 

1.0 1 
2 3 

1.0 1 
2 1 

1.0 1 
3 

1.0 0.0 10.0 0.02 
0.02 1000 1 2.5 

1.0 PACOIMA 

1.0 

Input data for Example 4 

(for reinforced case) 
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1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

2191. 34 
1539.34 

896.9 
896.9 

1855.8 
1855.8 
1855.8 
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Table 7 The free vibration frequencies and damping 

ratios of unreinforced Structure 2 as 

predicted by ELM 

iteration m:xle 1 m::xie2 JrDde 3 

number freq. (Hz) darrping freq. (Hz) danping freq. (Hz) daIIping 

ratio(%) ratio(%) ratio(%) 

1 3.929 6.59 4.015 6.74 4.843 8.13 

2 3.530 12.52 3.927 6.66 4.533 11.60 

3 3.469 13.52 3.927 6.68 4.502 12.02 

Table 8 The free vibration frequencies and damping 

ratios of reinforced Structure 2 as 

predicted by ELM 

iteration m:xle 1 m:xle2 JIDde3 

number freq. (Hz) damping freq. (Hz) danping freq. (Hz) dcmping 

ratio(%} ratio(%} ratio(%) 

1 4.192 7.03 4.288 7.19 5.061 8.49 

2 3.841 12.39 4.191 7.14 4.786 11.52 

3 3.829 12.69 4.191 7.14 4.782 11.61 
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damping ratios increased, in general, considerably compared 

to their linear values. From the tables it may be noted 

that the damping ratio for the first mode is about 13%, 

which appears to be a realistic value for masonry 

structures. 

Maximum element forces, damages ratios and effective 

inplane shear strains are presented for the assemblies 2, 4 

and 26 in Tables 9 and 10 for unreinforced and reinforced 

cases respectively. From these tables we observe that (a) 

the results obtained for unreinforced and reinforced cases 

do not differ appreciably (b) the assemblies 2 and 4, which 

are parallel to the earthquake excitation direction (see 

Fig.13), undergo considerable damages while the assembly 26, 

which is perpendicular to the earthquake direction, behaves 

linearly (c) the damage ratios for unreinforced case are 

slightly higher than those for reinforced case (which may be 

expected in view of physical considerations) (d) the amount 

of damage in wall elements decreases as the story number 

increases. 

The time histories of the inplane relative displacement 

at the third floor of the assembly 2, of the inplane shear 

force in the first story of the assembly 2 and of the total 

acceleration (in y direction) at the master point of the 

third floor are shown respectively in Figs.20, 21 and 22 for 

unreinforced case, and they are compared with those for 

reinforced case in Figs. 23, 24 and 25. The figures 

indicate that the time history results for unreinforced and 
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Table 9 The maximum values of element forces 

predicted by ELM for the wall assemblies 

2, 4 and 26 of Structure 2 for 

unreinforced case 

(forces are in kN and torques in kN-mt; 

sc=2.5) 

MEMBER FORCES FOR WALL ASSEMBLY # 2 

U-Z PLANE 
___ ~gy ___________ ~ ___________ ~gg~ _______ §~_~~ __ ~~l~l_ 

1 125.57 .08 

2 97.45 .06 

3 46.24 .02 

MEMBER FORCES FOR WALL ASSEMBLY # 4 

U-Z PLANE 

. 150E-02 '37.45 

. 917E-03 15.28 

. 358E-03 .00 

___ ~gy ___________ ~ ___________ ~gg~ _______ ~_~~ __ ~~l~l_ 
1 64.35 .02 

2 49.54 .01 

3 23.23 .00 

MEMBER FORCES FOR WALL ASSEMBLY # 26 

U-Z PLANE 

. 142E-02 34.17 

. 865E-03 13.29 

. 348E-03 .00 

___ ~gY ___________ §~ ___________ ~~ _______ §~_§~ __ Q~l~l_ 

1 36.68 .15 . 232E-03 .00 

2 21.78 .09 .136E-03 .00 

3 8.05 .03 .502E-04 .00 



Table 10 The maximum values of element forces 

predicted by ELM for the wall assemblies 

2, 4 and 26 of Structure 2 for reinforced 

case 

(forces are in kN, torques and moments 

in kN-mt; sc=2.5) 

MEMBER FORCES FOR WALL ASSEMBLY # 2 

U-Z PLANE V-Z PLANE 

111 

_~~g~ ______ §~ _______ ~ ____ ~ ____ ~gg~ ____ ~~§~~ __ ~~i~l 

1 126.76 4.57 6.85 .08 . 146E-02 35.74 

2 97.59 .04 .06 .06 . 918E-03 15.29 

3 38.46 .02 .02 .02 .302E-03 .00 

MEMBER FORCES FOR WALL ASSEMBLY # 4 

U-Z PLANE V-Z PLANE 
STORY SHEAR SHEAR lwOMENT TORQUE SR. STRAIN DAMAGE (%) -------------------------------------------------------------------------

1 64.66 .84 1.27 .02 . 137E-02 32.44 

2 49.35 .02 .03 .01 . 864E-03 13.25 

3 19.26 .01 .01 .00 . 286E-03 .00 

MEMBER FORCES FOR WALL ASSEMBLY # 26 

U-Z PLANE V-Z PLANE 
STORY SHEAR SHEAR M:>MENI' 'IDRQUE SR. STRAIN DAMAGE ( %) -------------------------------------------------------------------------

1 34.08 3.69 5.54 .14 . 216E-03 .00 

2 20.69 1.87 2.80 .09 . 131E-03 .00 

3 6.85 .64 .96 .03 . 433E-04 .00 
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reinforced cases are close to each other. The maximum value 

of the inplane relative displacement is about 8 Mm, which 

appears to be a reasonable value in view of the rigidity of 

the masonry building under consideration and the assumed 

earthquake input. 

We now study the influence of the amplitude of the 

ground acceleration (i.e. ,of scale factor) on the 

amplification curves (defined in frequency space) for 

unreinforced and reinforced cases. We do this study for the 

amplification of the absolute acceleration (in y direction) 

at the MP of the third floor with respect to the ground 

acceleration by using the formula 

D = (91) 

where superscript F designates Fourier transform; at and a g 

are respectively top and ground accelerations and D is the 

amplification. Using this equation together with the FFT 

algorithm [12,13], the variation of D with the frequency "f" 

are computed for the scale factors sc=1.0, 1.5, 2.0, 2.5 and 

the resulting amplification curves are presented in Figs.26 

and 27 for unreinforced and reinforced cases respectively. 

Figures show that (a) the results of unreinforced and 

reinforced cases are close (b) as the scale factor (i.e.,the 

amplitude of the ground acceleration) increases the peak 

amplitude value and its corresponding frequency decrease, 

which are due to the degradation effects in the building 
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caused by the amount of damages in wall elements which 

increase with the intensity of earthquake excitation. It 

may further be noted that the portion of the curves 

containing peak amplifications in Figs. 26 and 27 

corresponds approximately to the frequency interval in which 

the first three free vibration frequencies of the building 

lie (see Tables 4 and 5). 

Example 5 

This last example involves the nonlinear time history 

analysis of Structure 2 by using the actual nonlinear model 

(ANM) , i.e., by the computer program MAS2. The results 

will be presented for two different scale factors, namely, 

sc=2.5 and 3.0. The use of the first scale factor sc=2.5 is 

aimed at the comparison of the results with those of ELM. 

The second scale factor sc=3.0, on the other hand, is used 

in presenting the results for the hysteresis curves 

predicted by ANM. In order to see the degradation effects 

on hysteresis curves clearly, the second scale factor is 

selected to be larger than the first. 

We first present the results for sc=2.5. The input data 

to MAS2 is given in Fig.28 for reinforced case, and can be 

found also in the files EXMPL5U and EXMPL5R of the attached 

floppy disk for unreinforced and reinforced cases 

respectively. 

Maximum element forces, damage ratios and maximum shear 

strains predicted by ANM (MAS2) for the wall assemblies 2, 4 
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12 90 
GENERAL INFORMATION 1,3 1.00 0.25 1.0 
1 3 26 13 90 
STORY HEIGHI'S 1,3 2.15 0.25 1.0 
1,3 3.0 14 0 
COORDINATES 1,3 2.75 0.25 1.0 
1 0.125 0.750 15 0 
2 0.125 4.500 1,3 1.00 0.25 1.0 
3 0.125 8.250 16 0 
4 2.525 7.450 1,3 0.90 0.25 1.0 
5 2.525 4.900 17 0 
6 3.925 3.000 1,3 2.85 0.25 1.0 
7 4.925 7.525 18 0 
8 6.525 7.950 1,3 0.60 0.15 1.0 
9 6.525 3.075 19 0 
10 7.825 7.300 1,3 2.60 0.15 1.0 
11 10.375 7.550 20 0 
12 10.375 4.200 1,3 2.45 0.15 1.0 
13 10.375 1.075 21 0 
14 1.625 8.875 1,3 1. 75 0.15 1.0 
15 5.000 8.875 22 0 
16 6.450 8.875 1,3 2.55 0.25 1.0 
17 8.825 8.875 23 0 
18 2.900 6.325 1,3 0.60 0.25 1.0 
19 5.300 6.325 24 0 
20 1.475 4.525 1,3 1.50 0.25 1.0 
21 4.475 4.525 25 0 
22 8.975 4.575 1,3 1.40 0.25 1.0 
23 4.150 1.425 26 0 
24 6.700 1.425 1,3 3.75 0.25 1.0 
25 9.550 1.425 MASSES 
26 2.125 0.125 1,2 114.04 114.04 2191.34 
PROP.OF ASSEMBLIES 3 84.80 84.80 1539.34 
1 90 COORD. OF HI? 
1,3 1.50 0.25 1.0 1,2 5.09 4.80 
2 90 3 5.14 4.70 
1,3 3.00 0.25 1.0 Mla'ERIAL PROP. 
3 90 0.0 168000.00 896.9 
1,3 1.50 0.25 1.0 0.000513 168000.00 896.9 
4 90 0.001580 100279.60 1855.8 
1,3 2.60 0.15 1.0 0.003160 0.00 1855.8 
5 90 0.010000 0.00 1855.8 
1,3 0.60 0.15 1.0 TIME· HISTORY 
6 90 90.0 
1,3 2.90 0.15 1.0 1 
7 90 2 3 
1,3 2.35 0.15 1.0 1 
8 90 2 1 
1,3 1.60 0.15 1.0 1 
9 90 3 
1,3 3.05 0.15 1.0 0.0 10.0 0.02 
10 90 0.02 1000 1 2.5 
1,3 2.90 0.25 1.0 PACOIMA 
11 90 
1,3 2.90 0.25 1.0 

Figure 28 Input data for Example 5 

(sc=2.5, for reinforced case) 
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and 26 are listed in the Tables 11 and 12 for unreinforced 

and reinforced cases respectively. The comparison of the 

results in Tables 11 and 12 with those in Tables 9 and 10 

obtained by ELM shows that the results from ANM and ELM are 

close and they differ at most 14% (with respect to ANM 

val ues) . This observation indicates that ELM can be used 

reliably in nonlinear time history analysis of masonry 

buildings without causing any major error in the results. 

Since the use of ELM requires less computer time compared to 

ANM, if no convergence problem arises, we recommend in view 

of the aforementioned observation that ELM (instead of ANM) 

be used in the nonlinear time history analysis of masonry 

buildings. 

The time histories of 

- the inplane relative displacement at the third 

floor of the assembly 2 

- the inplane shear force in the first story of 

the assembly 2 

- the total MP acceleration (in y direction) at 

the top (third) floor 

are obtained by ANM and, since the results are similar for 

reinforced and unreinforced cases, they are presented only 

for unreinforced Structure 2 in Figs. 29, 30 and 31. These 

time histories are compared in Figs. 32, 33 and 34 with 

those obtained by ELM in Example 4. The comparison 

indicates that the results of ELM and ANM are close and the 

agreement between the two improves as time increases. We 
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Table 11 The maximum values of element forces 

predicted by ANM for the wall assemblies 

2, 4 and 26 of Structure 2 for 

unreinforced case 

(forces are in kN and torques in kN-mt; 

sc=2.5) 

MEMBER FORCES FOR WALL ASSEMBLY # 2 

U-Z PLANE 
___ ~g¥ ___________ ~~ ___________ !Qgg~ _______ ~~_~~ __ ~~i~l_ 

1 134.58 .08 

2 106.96 .06 

3 52.51 .03 

MEMBER FORCES FOR WALL ASSEMBLY # 4 

U-Z PLANE 

. 166E-02 43.33 

.100E-02 18.56 

.415E-03 .00 

___ ~g¥ ___________ ~ ___________ !Qgg~ _______ ~~_~~ __ ~~i~l_ 
1 69.54 .02 

2 53.51 .01 

3 26.01 .00 

MEMBER FORCES FOR WALL ASSEMBLY # 26 

U-Z PLANE 

. 155E-02 39.26 

• 959E-03 16.84 

. 399E-03 .00 

___ ~g¥ ___________ ~ ___________ !Qgg~ _______ ~_~ __ Q~i~l_ 

1 42.96 .17 . 266E-03 .00 

2 22.62 .09 . 144E-03 .00 

3 8.24 .03 . 520E-04 .00 
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Table 12 The maximum values of element forces 

predicted by ANM for the wall assemblies 

2, 4 and 26 of Structure 2 for 

reinforced case 

(forces are in kN, torques and moments 

in kN-mt; sc=2.5) 

MEMBER FORCES FOR WAlL ASSEMBLY # 2 

U-Z PLANE V-Z PLANE 
_§!Qg! ______ §~ _______ ~ ____ ~ ____ !QgQ~ ____ §g~§~~ __ ~~~l~l 

1 126.39 4.52 6.7B .07 .139E-02 33.2B 

2 99.69 .01 .01 .06 .B76E-03 13.73 

3 40.90 .01 .01 .02 . 317E-03 .00 

MEMBER FORCES FOR WALL ASSEMBLY # 4 

U-Z PLANE V-Z PLANE 
_§~g! ______ ~ _______ §~ ____ ~~ ____ !Q~Y§ __ ~_§g~§~ __ ~~~l!l 

1 63.98 .84 1.26 .01 . 131E-02 29.97 

2 49.85 .03 .04 .01 . 836E-03 12.19 

3 20.25 .04 .06 .00 .304E-03 .00 

MEMBER FORCES FOR WALL ASSEMBLY #I 26 

U-Z PLANE V-Z PLANE 
_§!QgX ______ §~ _______ ~ ____ ~ ____ ~Y§ ____ §~~~~ __ Q~l!l 

1 30.34 3.49 5.23 .13 . 194E-03 .00 

2 1B.65 1.B6 2.BO .OB .1l9E-03 .00 

3 6.68 .67 1.01 .03 . 426E-04 .00 
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may attribute the reason for getting better agreement for 

large times to the fact that the damaged state for which ELM 

results hold is actually reached after a certain time 

elapses. 

We now present the hysteresis curves obtained by ANM 

with sc=3.0. They are given in Figs. 35 and 36 for 

unreinforced and reinforced buildings (Structure 2) 

respectively. The curves in the figures describe, during 

the earthquake excitation, the variation of the inplane 

shear force in the first story of the assembly 2 with, the 

shear strain in the same wall element. For unreinforced 

case, the degradation in the rigidity of the wall element 

during earthquake excitation is clearly evident in Fig.35: 

as time increases the slope of the major axis of the 

hysteresis loops decreases and the areas enclosed by the 

loops (which correspond to the amount of the energy 

dissipated during the cycles of hysteresis loops) get 

larger. It is interesting to note that the shape of 

hysteresis loops shown in Fig.35 for unreinforced case is 

very similar to the one obtained in [111 experimentally for 

an unreinforced adobe house. Comparison of Figs.35 and 36 

shows that reinforced masonry buildings retain, as 

anticipated, their rigidity during earthquake excitations 

better than that of unreinforced buildings. 
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7. ASSESSMENT OF THE MODELS AND CONCLUSIONS 

In this chapter we assess the models proposed in this 

study and reach some conclusions in view of the numerical 

results and discussions presented in the previous chapter. 

1) The model for the earthquake behavior of the reinforced 

masonry building was established in Chapter 3 by using the 

following assumption: the nonlinear behavior of a masonry 

building is caused only by the inplane deformations of 

wall elements and the behavior of a wall element in its 

out-of-plane direction remains linear during an earthquake 

excitation. Here, we verify this assumption using the 

results obtained in Example 5 in which Structure 2 is 

subjected to a strong ground motion, 

earthquake input with a scale factor 

building is analyzed by using the actual 

As seen from Table 12, the wall 

namely Pacoima 

of 2.5, and the 

nonlinear model. 

elements undergo 

considerable damages with regard to their inplane 

deformations. The results not presented in the section of 

Example 5 (in order to save space) indicate that the 

maximum bending strain caused by out-of-plane moment (i.e., 

by the moment acting in vz plane (see Fig.3» occurs in the 

first story of the assembly 3, which is equal to 0.07%. 

This value is well below the upper bound of the linear 

range of a reinforced concrete slab, which is about 0.1% 

[14]. This observation may be interpreted as an indication 

for the validity of the aforementioned assumption if one 

speculates that the linear upper bounds are close 
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for reinforced concrete slabs and reinforced masonry walls. 

2) The shape of hysteresis loops predicted by ANM 

for unreinforced masonry buildings (during an earthquake 

excitation) are similar to the ones observed experimentally. 

This may be considered as an evidence concerning the 

correctness of the proposed models. 

3) In linear dynamic analysis, the model does not assume 

preassigned values for damping ratios; instead, it predicts 

the damping ratios provided that the shear modulus and its 

viscous counterpart are specified. It also computes the 

damping ratios approximately for the nonlinear case if. the 

equivalent linear model is used in the analysis. The values 

of damping ratios predicted by the models for Structure 2 in 

the example problems are about 7% for linear analysis and 

may increase up to about 12% for nonlinear case. These 

values appear to be reasonable for masonry structures and 

are in good agreement with the ranges being assumed for them 

in practice. 

4) The first three free vibration frequencies of Structure 2 

computed by the linear model in the previous chapter are 

found to be closely spaced and to lie approximately in the 

frequency interval [4,5] Hz. The frequency values in this 

interval represent typical values for stiff structures and 

appear to be realistic for masonry buildings. Closeness of 

the first three frequencies suggest that all of them may be 

excited by an earthquake input and thus, in order to obtain 

meaningful results, at least the first three frequencies of 
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the masonry building should be considered in the earthquake 

analysis. 

5) In the analysis of example problems presented in the 

previous chapter, we observed that, when the intensity of 

the earthquake excitation is very large, the iterations of 

the equivalent linear method may lead to divergent values. 

When this is the case, the nonlinear analysis must be 

performed by using the actual nonlinear model. 

6) For the reinforced case the models were established by 

using the assumption that the rotations of wall elements at 

floor levels in out-of-plane directions (in vz plane (see 

Fig.3» are restrained. It appears that it is possible to 

improve the models by releasing these restraint conditions. 

However, we suspect that this modification will not 

influence the prediction of the models greatly in view of 

the closeness of the results obtained for reinforced and 

unreinforced cases in the previous chapter. 
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SUMMARY 

Mathematical models are proposed for the three -

dimensional earthquake analysis of reinforced and 

unreinforced masonry buildings. In the formulation it is 

assumed that for unreinforced case the earthquake forces are 

resisted by the inplane shear rigidities of the wall 

elements while for reinforced case the rigidities of wall 

elements in out-of-plane directions are also taken into 

account (in addition to their inplane shear rigidities). It 

is further assumed that the floors are infinitely rigid in 

their own planes, which makes it possible to simplify the 

formulation by using rigid diaphragm modelling. The 

hysteretic behavior of wall elements are formulated by using 

experimental data obtained from shaking table experiments. 

In view of this data, a bilinear form is assumed for the 

skeleton curve of the inplane shear modulus G of wall 

elements and a trilinear form for its associated viscous 

coefficient G'. 

For the nonlinear earthquake analysis of masonry 

buildings by the models described above, two different 

approaches are adopted. The first one uses the "equivalent 

linear method" (ELM) which had been used previously by some 

researchers in soil-structure interaction analysis. ELM 

performs the nonlinear analysis by employing iterations. 

Each iteration of ELM involves linear analysis with G and G' 

values adjusted to the state of the deformation in the 

previous iteration by using the skeleton curves of G and G'. 

The second approach employs the actual nonlinear model (ANM) 
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in which the nonlinear earthquake analysis of the building 

is carried out by taking into account the actual hysteretic 

behavior of wall elements (i.e., by considering the loading 

and unloading properties of G and G'). Both in the 

iteration of ELM and in the approach involving ANM, the 

equations are integrated through the use of Runge Kutta's 

method of order 4. 

Based on the proposed models and the methods used in the 

analysis, two computer programs of the names MAS! and MAS2 

are developed. The first program MAS! performs linear 

static, free vibration and linear earthquake analyses as 

well as nonlinear earthquake analysis by ELM. The second 

program MAS2 carries out the nonlinear earthquake analysis 

by using ANM. 

To appraise the models, some example problems are 

presented. The results indicated that the models are 

'capable to predict hysteresis loops observed experimentally 

for masonry structures and they can be used with confidence 

in linear or nonlinear earthquake analysis of masonry 

buildings. 
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