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INTRODUCTION 

 

The evolution of the architecture leaded us to build structures with more complex 

and stylish shapes. This evolution has created the appearance of new structures with 

unknown behavior and the necessity of study it. This complex shapes they are not only 

used for buildings, they are also used for any kind of structures as it could be industrial 

structures or bridges. 

Steel structures are some of the most used structures for seismic force resisting 

systems in the world. Many of industrials structures contain hazardous materials and 

located in areas with very high seismic risk, any failure in the structure during an 

earthquake would lead to a big catastrophe. Although some industries have their own 

seismic design guidelines, most of them use the design codes developed primarily for 

building structures. This type of seismic design practice is not comparable with the 

importance of the industrial structure itself. 

The lack of research in this field, specifically focusing on industrial structures with 

irregularities is mainly responsible for such ill conditions in seismic design practice. There 

are still a lot of questions about the behavior of these types of structures waiting to be 

answered. Some parts of the seismic analysis where studies haven’t been deep in it and 

some design procedures should be redone for irregular industrial steel structures. 

Our goals for this thesis are to study the linear and nonlinear behavior of an 

irregular industrial steel structure, to comment the problems they cause and if the code 

needs any modification to avoid or reduce this problems. The irregularity used in this 

structure is a set-back irregularity; this means that the height of the structure is not the 

same everywhere, so in some parts we will have more stories than in others. 

We will deeply study the linear analysis, the difference we found in this structure 

compared with regular ones and which problems does the set-back cause. Nonlinear 

analysis will be run for our structure and we will go as far as the theory, the technology 

and the capacity of the computers nowadays allow as to go.  

We would design a specific industrial steel structure with a vertical irregularity 

following the American code. Once the design is completed we would apply a particular 

earthquake in three different directions to observe the reaction of the structure. We 

would run both analyses, linear and nonlinear in order to get more deeply into its 

behavior. Once processed the results obtained we would comment if the structure can be 

designed following the American code for buildings since there is not any specific code for 

irregular industrial structures and which particular behavior have the irregular structures 

as ours. 

With this thesis we are trying to observe the behavior of irregular industrial steel 

structure, such analysis haven’t been carried out before so we are going profoundly to an 

unknown area. 
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DYNAMICS OF STRUCTURES 

 

For the understanding of the behavior of a complex structure such as a building or 

an industrial structure in front of a dynamic excitation as an earthquake it is important to 

first know the basic structural dynamics problem because any structure can be idealized 

as a system with a lumped mass and a massless supporting structure. 

 

1.1  Undamped free vibration 

We begin our study of structural dynamics with simple structures such as a mass 

attached to a spring, this structure is the most basic structure to study and it can 

represents any other structure in a fewer or greater approximation. The first case we 

analyze of this structure is the undamped free vibration. A structure is said to be 

underdoing free vibration when it is disturbed from its static equilibrium position and then 

allowed to vibrate without any external excitation. The motion of linear single degree of 

freedom (SDF) system is given by the following differential equation, which comes from 

applying the Newton law’s (∑� = ��, where � = �� ): 
 −�� = ���   Eq (1.1) 

Where �� is the force produced by the spring and we finally obtain the differential 
equation for the undamped free vibration: �� +��� = 0 

We can also obtain the same differential equation from the D’Alembert’s principle of 

dynamic equilibrium. Introducing a fictitious inertial force �� = ���  (mass times 
acceleration) always opposite to direction of positive motion, for the same system, a free-

body diagram with �� and all other forces (∑�	) acting on the mass, to obtain the same 
equation as before: −�� − �� = 0 → �� +��� = 0 

Free vibration is initiated by disturbing the system from its static equilibrium 

position by giving the system some initial displacement �(0) and some initial velocity �
 (0) 

at time zero. Subject to these initial conditions, the solution of the homogeneous 

differential equation is the following: 

 ��� = ��0������ +
�� ���
��
������  Eq (1.2) 

where �� is the natural circular frequency of the structures defined as: 

�� = ��� 
The plot of �(�) shows that the system undergoes vibratory (or oscillatory) motion 

about its static equilibrium (or undeformed, � = 0) position; this motion repeats itself 

after every period �� = 2�/��. In particular, the state (displacement and velocity) of the 
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mass at �	 and �
 = �	 + �� is identical. These equalities can easily be proved using the 

equation of �(�). 

 

As system executes 1/�� cycles in 1 sec. This natural cyclic frequency of vibration is 
denoted by 

�� =
1�� 

The units of �� are hertz (Hz) [cycles per second (cps)]; �� is obviously related to �� through 

�� =
��
2� 

The term natural frequency of vibration applies to both �� and  ��. The natural 
vibration properties ��, �� and �� depend only on the mass and stiffness of the structure. 
The stiffer of two SDF systems having the same mass will have the higher natural 

frequency and the shorter natural period. Similarly, the heavier (more mass) of two 

structures having the same stiffness will have the lower natural frequency and the longer 

natural period. We use the term natural to define ��, �� and �� to emphasize the fact 
that these properties belong to the natural condition of the system when it is allowed to 

vibrate freely without any external excitation. 

The system oscillates back and forth between the maximum displacement  �� and 
minimum displacement −��. The magnitude  �� of these two displacement values is the 
same, it is called the amplitude of motion and given by 

�� = �[�(0)]
 + [
�
 (0)��

]
 

Figure 1.1: Time history of undamped free vibration 



Nonlinear seismic analysis of industrial steel structures with irregularities 

  Dynamics of structures 

4 

 

The amplitude �� depends on the initial displacement and velocity. Cycle after cycle 
it remains the same; that is, the motion does not decay. This behavior is not a realistic 

one because every system has a damping mechanism to represent dissipation of energy. 
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1.2 Damped free vibration 

The process by which free vibration steadily diminishes in amplitude is called 

damping. There are different types of damping methods, friction or Coulomb, Hysteretic 

spring, linear hysteretic or structural damping and finally, viscous damping. In actual 

structures many other mechanisms also contribute to the energy dissipation. In a 

vibrating building these include friction at steel connections, opening and closing of 

microcracks in concrete, friction between the structures itself and nonstructural elements 

such as partition walls. It seems impossible to identify or describe mathematically each of 

these energy dissipating mechanisms in an actual building.  

As a result, the damping in actual buildings is usually represented in a highly 

idealized manner. For many purposes the actual damping in a SDF structure can be 

idealized satisfactory by a linear viscous damper. The damping coefficient is selected so 

that the vibrational energy it dissipates is equivalent to the energy dissipated in all the 

damping mechanisms combined. This damping force �� is related to the velocity �
  across 
the linear viscous damper by 

 �� = ��
   Eq (1.3) 

where the constant � is the viscous damping coefficient. 
Using the same method as for the undamped free vibration (Newton law’s or 

D’Alembert principle) we obtain the differential equation governing free vibration of SDF 

systems with damping: 

 �� + �� + �� = 0  Eq (1.4) 

 ��� + ��
 + �� = 0 Eq (1.5) 

Dividing Eq (1.5) by � we obtain  
 �� + 2����
 +��
� = 0 Eq (1.6) 

where � is the damping ratio defined as 
� =

�
2���

 

The damping ratio, a dimensionless measure of damping, is a property of the 

system that also depends on its mass and stiffness. When solving the differential equation 

we need to examine the solution qualitatively. We obtain three different solutions in 

function of �.  
If � > 1 we have an overdamped solution with the following equation 

 ��� = ����(��0���ℎ��� + �
 �0+
�����

�� ���ℎ���) Eq (1.7) 

�� = ���
 − 1 
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If � = 1 we have a critically damped solution with the following equation 

 ��� = ����[���0 + �
 �0+ ���
 �0��] Eq (1.8) 

If � < 1 we have an underdamped solution with the following equation 

 ��� = ����(��0 cos��� +
�� ���������

��
sin���) Eq (1.9) 

�� = ��1 − �
 

In the Figure 1.2 we observe that the only oscillatory solution is � < 1 so, it is the 

only correct solution for the damped free vibration. We can see that if we consider the 

case � = 0 we will obtain the same solution as for the undamped free vibration; this 

means that it is a compatible solution. 

As we are working with damping there are some things in the equation that 

change, the very first to mention is the period of oscillation. The new period of vibration 

is �� = 2�/��, is related to the natural period �� without damping by 
�� =

���1 − �
 

The displacement amplitude of the undamped system remains the same in all 

vibration cycles, but the dumped system oscillates with amplitude decreasing with every 

cycle of vibration. The exponential part of the equation (����) controls the decreasing of 
the amplitude of the oscillations. The envelope curve is ±�����, where 

� = �[�(0)]
 + [
�
 �0+ ���(0)��

]
 

Now we can represent the equation of displacement for the damped free vibration 

as  

Figure 1.2: Damping ratio 
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��� = �����cos (��� + �) 

� = atan (
�
 �0+ ����0����0 ) 

 

 

Figure 1.3: Time history of damped free vibration 
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1.3 Energy in free vibration 

The energy input to an SDF system by imparting to it the initial displacement �(0) 

and initial velocity �
 (0) is 

 � =
	

�[�(0)]
 +

	

�[�
 (0)]
 Eq (1.10) 

At any instant of time the total energy in a freely vibrating system is made up of 

two parts, kinetic enery �� of the mass and potential energy equal to the strain energy �� 
of the deformation of the spring: 

�� =
1

2
�[�
 (�)]
          �� =

1

2
�[�(�)]
 

Substituting Eq (1.2) we obtain 

 ���� =
	

���
[−��0������ +

�� ���
��
������]
 Eq (1.11) 

 ���� =
	

�[��0������ +

�� (�)

��
������]
 Eq (1.12) 

The total energy is 

 ���� + ���� =
	

�[�(0)]
 +

	

�[�
 (0)]
 Eq (1.13) 

Thus, the total energy is independent of the time implying conservation of energy 

during free vibration of a system without damping. For systems with viscous damping the 

kinetic energy and potential energy could be determined by substituting ��� for free 
vibration with damping and its derivative �
 (�). The total energy will now be a decreasing 
function of time because of the dissipated energy in viscous damping, which over the 

time duration 0 to �	 is 
�� =  ����!��

�
=  ��
 !��

�
=  ��
 
!���

�
 

All the input energy will eventually get dissipated in viscous damping as �	goes to 
∞, the dissipated energy tends to the input energy. 
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1.4 Undamped vibration with an external force applied  

Next step in evaluation and study of oscillatory movement in structures is applying 

an external force to the system, it could be any kind of force but we are focusing in 

harmonic excitation. We study harmonic vibration not only because we can find such 

excitations in engineering systems, but also because the understanding of harmonic 

excitation provides a deep look into how the system will respond to any other type of 

forces. The theory of forced harmonic vibration has several useful applications in 

earthquake engineering. 

We first define a harmonic force as "�� = "� sin���  or   "�cos (��) where "� is the 
amplitude or the maximum value of the force; the frequency of the excitation � is called 
the exciting frequency or forcing frequency. We are going to study the sinusoidal 

excitation deeper than the response to a cosine force because the concepts and the 

procedure are very similar in both cases. 

We set "�� = "�sin �� and following the same procedure as the past cases 
(Newton laws or D’Alembert procedure) we obtain the differential equation governing the 

forced harmonic vibration of the system as: 

 ��� + �� = "������ Eq (1.14) 

Where the initial conditions are ��0  and   �
 (0)  

The solution of the differential equation has the particular solution, ��(�), and the 
homogeneous, ��(�) 

 ���� =
��

�
	

	�(
�

��
)�
����� Eq (1.15) 

 ���� = #������ + $������ Eq (1.16) 

and the complete solution is the sum of Eq (1.15) and Eq (1.16): 

 ��� = #������ + $������ +
��

�
	

	�(
�

��
)�
����� Eq (1.17) 

The constants # and $ are obtained by imposing the initial conditions, ��0 and �
 (0), to obtain the final result: 

 ��� = ��0������ + %�� ���
��

−
��

�
�

��

	�� �

��
�� & ������'(((((((((((()((((((((((((*

transient

+
��

�
	

	�(
�

��
)�
������'(((()((((*

steady state

 Eq (1.18) 

 

In the Figure 1.4 is showed the harmonic force applied in the first figure and the 

response of undamped system to that harmonic force in the second figure. 
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In the equation that defines the response for the harmonic excitation shows that �(�) contains two distinct vibration components: the sin (��) term, giving an oscillation at 
the forcing or exciting frequency; and the sin (���) and cos (���) terms, giving an 
oscillation at the natural frequency of the system. The first of these is the forced vibration 

or steady state vibration, for it is present because of the applied force no matter what the 

initial conditions. The latter is the transient vibration, which depends on the initial 

displacement and velocity. It exists even if ��0 = �
 �0 = 0, in which case the equation 

would be 

 ��� =
��

�
	

	�� �

��
��

(����� −
�
��
������) Eq (1.19) 

The transient component is shown as the difference between the solid and dashed 

lines in Figure 1.4, where it is seen to continue forever. This is only an academic point 

because the damping inevitably present in real systems make the free vibration decay 

with time. It is for this reason that this component is called transient vibration. 

Figure 1.4: Force and response of undamped vibration 
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The steady state dynamic response, a sinusoidal oscillation at the forcing frequency, 

may be expressed as 

 ��� = (���)�[
	

	�(
�

��
)�

]����� Eq (1.20) 

Ignoring the dynamic effects signified by the acceleration term, gives the static 

deformation (indicated by the subscript “st”) at each instant: 

��� =
"�� sin� � 

The maximum value of the static deformation is 

(���)� =
"��  

which may be interpreted as the static deformation due to the amplitude "� of the 
force; for brevity we will refer to (���)� as the static deformation. The factor 	

	�(
�

��
)�
 has 

been plotted in the following figure against � ��+  , the ratio of the forcing frequency to 

the natural frequency. For � ��+ < 1 or � < �� this factor is positive, indicating that �(�) 
and "(�) have the same algebraic sign (i.e., when the force acts to the right the system 
would also be displaced to the right). For � ��+ > 1 or � > �� this factor is negative, 
indicating that �(�) and "�� have opposing algebraic signs (i.e., when the force acts to 
the right, the system would be displaced to the left). The displacement is said to be out 

of phase relative to the applied force. 

 

 

 

 

 

 

 

To describe this notion of phase mathematically, the Eq (1.20) is written in terms of 

the amplitude �� of the vibratory displacement �(�) and phase angle ,: 
��� = �� sin��� − , = (���)�-�sin (�� − ,) 

Where 

 -� =
��

(���)�
=

	
�	�(

�

��
)��     and    , = .0�          � < ��

180�     � > �� 
/ Eq (1.21) 

Figure 1.5 
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For � < ��, , = 0�, implying that the displacement varies as sin��, in phase with 
the applied force. For � > ��, , = 180�, indicating that the displacement varies as 
– sin��, out of phase relative to the force.  

The deformation (or displacement) response factor -� gives the ratio of the 
amplitude �� of the vibratory deformation to the static deformation (���)� due to force "�. 
In the following figure -� is plotted as a function of the frequency ratio � ��+ , permits 

several observations. If � ��+  is small (i.e., the force is slowly varying), -� is only slightly 
larger than 1 and the amplitude of the vibratory deformation is essentially the same as 

the static deformation. If  � ��+ > √2, -� < 1 and the deformation amplitude is less than 

the static deformation. As  � ��+  increase beyond √2, -� becomes smaller and 
approaches zero as � ��+ → ∞ implying that the vibratory deformation due to a rapidly 

varying force is very small. If � ��+  is close to 1, -� is many times larger than 1, implying 
that the deformation amplitude is much larger than the static deformation. 

The resonant frequency is defined as the forcing frequency at which -� is 
maximum. For an undamped system the resonant frequency is �� and -� is unbounded 
at this frequency. The vibratory deformation does not become unbounded immediately, 

however, but gradually, as we demonstrate next. 

If � = ��, the solution given before is no longer valid. In this case the choice of the 
function 1��� �� for a particular solution fails because it is also a part of the 
complementary solution. The particular solution now is 

���� = −
"�
2� ������ ���         � = �� 

And the complete solution for initial conditions, ��0 = �
 �0 = 0, is  

��� = −
1

2

"�� (������ ��� − ������) 
or �(�)

(���)�
= −

1

2
(
2���� ��� 2���� − sin

2���� ) 

The deformation amplitude grows indefinitely, but it becomes infinite only after an 

infinitely long time. 

This is an academic result and should be interpreted appropriately for real 

structures. As the deformation continues to increase, at some point in time the system 

would fail if it is brittle. On the other hand, the system would yield if it is ductile, its 

stiffness would decrease, and its natural frequency would no longer be equal to the 

forcing frequency, and the equation just exposed would no longer be valid. 
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1.5 Harmonic vibration with viscous damping 

Including viscous damping the differential equation governing the response of SDF 

systems to harmonic force is 

 ��� + ��
 + �� = "� sin�� Eq (1.22) 

This equation is to be solved subject to the initial conditions 

� = ��0     �
 = �
 (0) 

The particular solution of this differential equation is  

 ���� = 1 sin�� + 2 cos�� Eq (1.23) 

Where 

 1 =
��

�
	�(� ��� )�

[	�(� ��� )�]��[
� ��� ]�
 Eq (1.24) 

 2 =
��

�
�
� ���

[	�(� ��� )�]��[
� ��� ]�
 Eq (1.25) 

The complementary solution of the differential equation is the free vibration 

response. 

 ���� = �����(# cos��� + $ sin���) Eq (1.26) 

Where �� = ���1 − �
. The complete solution is 

 ��� = ������# cos��� + $ sin���'((((((((()(((((((((*
transient

+ 1 sin�� + 2 cos��'((((()(((((*
steady state

 Eq (1.27) 

Where the constants # and $ can be determined by standard procedures in terms 
of the initial displacement �(0) and initial velocity �
 (0). The total response is shown by 

the solid line and the steady state response by the dashed line in Figure 1.6. The 

difference between the two is the transient response, which decays exponentially with 

time at a rate depending on � ��+  and �. After while, essentially the forced response 
remains, and we therefore call it steady state response. 
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Now we analyze the role of the damping in the rate at which steady state response 

is attained and in limiting magnitude of this response when the forcing frequency is the 

same as the natural frequency. For � = �� we obtain 1 = 0 and 2 = −
(���)�

2�+ ; for 

� = �� and zero initial conditions, the constants # and $ can be determined as: # =

(���)�
2�+  and $ =

(���)�
2�1 − �
3 . With these solutions for #,$,1  and  2 the total 

solution becomes: 

 ��� = (���)� 	

 [����� 4cos��� +


�	�� sin���5− cos���] Eq (1.28) 

In this case we observe, in comparison with the undamped results, that the 

deformation, or displacement, is limited by the damping by the bounded value: 

�� =
(���)�

2�  

For lightly damped systems the sinusoidal term is small and �� ≈ �� ; thus 

 ��� ≅ ����� 	

 ������ − 1�'(((((()((((((*

���� ��� !����"��
cos��� Eq (1.29) 

The deformation varies with time as a cosine function, with its amplitude increasing 

with time according to the envelope function. The amplitude of the steady state 

deformation of a system to a harmonic force with � = �� and the rate at which steady 
state is attained is strongly influenced by damping.  

As we know that the total response is going to converge with the steady state 

response, we have to examine the steady state more deeply. 

Figure 1.6: Time history of viscous damping vibration with harmonic force applied 
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The steady state deformation of the system due to harmonic force can be written 

as: 

 ��� = �� sin(�� − ,) =
��

� -� sin(�� − ,) Eq (1.30) 

Where �� = √1
 +2
 and , = tan�	(−2 1+ ). Substituting for 1 and 2 gives 
 -� =

��

(���)�
=

	
#[	�(� ��� )�]��[
(� ��� )]�

 Eq (1.31) 

 , = tan�	 
(� ��� )

	�(� ��� )�
 Eq (1.32) 

The equation for the steady state of a system due to harmonic force (Eq (1.30)) is 

plotted for three values of � ��+ . Also shown by dashed lines is the static deformation due 

to "(�), which varies with time just as does the applied force, except for the constant � . 

The steady state motion is seen to occur at the forcing period � = 2� �+ , but with a time 

lag=
,

2�+ ; , is called the phase angle or phase lag. 
A plot of the amplitude of a response quantity against the excitation frequency is 

called a frequency-response curve. Such a plot for deformation � is given by Figure 1.7, 
wherein -� is plotted as a function of � ��+  for a few values of �; all the curves are below 
the � = 0 curve. Damping reduces -� and hence the deformation amplitude at all 
excitation frequencies. The magnitude of this reduction is strongly dependent on the 

excitation frequency and is examined next for three regions of the excitation-frequency 

scale: 

1.- If the frequency ratio � ��+ ≪ 1 (i.e., the force is slowly varying), -� is only 
slightly larger than 1 and is essentially independent of damping. Thus  

�� ≅ (���)� =
"��  

This result implies that the dynamic response is essentially the same as the static 

deformation and is controlled by the stiffness of the system. 

2.- If � ��+ ≫ 1 (i.e., the force is rapidly varying), -� tends to zero as � ��+  

increases and is essentially unaffected by damping. For large values of � ��+ , the (� ��+ )$ 
term is dominant, which can be approximated by  

�� ≅ (���)�
��
�
 =

"���
 

This result implies that the response is controlled by the mass of the system. 

3.- If � ��+ ≅ 1 (i.e., the forcing frequency is close to the natural frequency of the 

system), -� is very sensitive to damping and, for the smaller damping values, -� can be 
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several times larger than 1, implying that the dynamic deformation can be much larger 

than the static deformation. If � = �� we obtain: 

�� =
(���)�

2� =
"����

 

This result implies that the response is controlled by the damping of the system. 

When we reach this point resonance response is produced. In practice and design 

of any kind of structures, the resonance response should be avoided by changing the 

natural frequency of the system or structure, ��. Furthermore, for a harmonic excitation, 
the system can be designed so that dynamic response is smaller than static response. 
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Then next step to get closer to what we need to understand for the bases for this 

project is applying a ground motions instead of a harmonic excitation. For engineering 

purposes the time variation of ground acceleration is the most useful way of defining the 

Figure 1.7 
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shaking of the ground during an earthquake. The ground acceleration ��%(�) appears on 
the right side of the differential equation governing the response of structures to 

earthquake excitation. Thus, for the given ground acceleration the problem to be solved 

is defined completely for a single-degree-of-freedom (SDF) system with known mass, 

stiffness and damping properties. The differential equation governing the motion of a 

linear SDF system subjected to a ground motion ��%(�) and dividing it by  � becomes: 
 �� + 2����
 +��
� = −��%(�) Eq (1.33) 

It is clear that for a given ��%(�), the deformation response �(�) of the system 
depends only on the natural frequency �� or natural period �� of the system and its 
damping ratio, �; writing formally, � = �(�,�� , �). Thus any two systems having the same 

values of �� and � will have the same deformation response �(�) even though one system 
may be more massive than the other or one may be stiffer than the other. 

Ground acceleration during earthquakes varies irregularly to such an extent that 

analytical solution of the equation of motion must be ruled out. Therefore, numerical 

methods are necessary to determine the structural response. 
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NONLINEAR THEORY 

 

Earthquakes are a very special type of natural hazard in the sense that they are 

very rare low-probability events, whose consequences, when they do occur, are very 

large in terms of destruction and suffering. Because of this special nature of the hazard 

and economic considerations, structures are usually not designed to have sufficient 

strength to remain elastic during severe earthquake ground motions. A structure is 

allowed to have damage large inelastic deformation as long as the deformation is 

controlled under its maximum capacity of deformation (or ductility) to prevent collapse 

due to exhaustion of the structure’s energy dissipation capacity or due to excessive lateral 

displacements. Since the structures will behave inelastically during a major earthquake, 

nonlinear should be considered in seismic response analysis. 

So far, we have been assuming that  

 �� = �� Eq (2.1) 

at any time during the response. �� gives a linear relation between force and 
deformation of the structure. Therefore, the equation of motion: 

 ��� + ��
 + �� = −���% Eq (2.2) 

can be written in the simple format from which a linear response will be obtained. 

This assumption is valid only when ��&'( < �) = yield strength of the structure or � < �) = 

yield deformation at which the structure reaches its yield capacity. 

When � > �) the structure will reduce its stiffness significantly and relation between �� and � is no longer like it was, but ∆�� = ��∆�  when � > �). 

A nonlinear dynamic analysis is to use real relationship of �� and � at any time of 
response to an earthquake to obtain maximum deformation, base shear, and energy 

demand. Therefore, it has to be time-history analysis because the response spectrum 

analysis is no longer valid for this analysis. 

We should use a nonlinear seismic response when we have to take a seismic design 

of important structures, at the development of new systems for seismic design, when we 

derive and verify simplified design methods and eventually, all structures for seismic 

resistance have to be designed based on nonlinear dynamic response procedure to have 

consistent design procedure and behavior. This stage may be not too far from now since 

the computer’s power and the knowledge of earthquake itself. 

In the following figure we observe a nonlinear SDF with realistic resistance-

displacment relation (dashed curve). The elasto-perfectly plastic (EPP) model (solid line) 

can be used to represent the dashed curve as an acceptable approximation. 

We are going to rewrite the differential equation governing the motion of the SDF 

as 



Nonlinear seismic analysis of industrial steel structures with irregularities 

  Nonlinear theory 

20 

 

 �� + 2���
 + !�
& = −��% Eq (2.3) 

 �� = 6��        |�| ≤ �)�)           |�| ≥ �)
/ Eq (2.4) 

Dividing by �) we obtain 

 
�*
�	

+ 2�� ��
�	

+
!�

&�	
= −

�*

�	
 Eq (2.5) 

We define new variables as 

8 =
��)
 

� =
���) 

Where 8 is the normalized deformation, called ductility, and � is the normalized 
resistance. We recall that: 

 � = �
� Eq (2.6) 

 �) = ��) Eq (2.7) 

Using what we have just defined and recalled the differential equation becomes 

 �� + 2���
 +�
� = −�
(
&
!	)��% Eq (2.8) 

The left hand side of the equation is about the normalized deformation �. Note that 
 � = 9�� �)3 = �� �)+ = 8          |�| ≤ �)

1.0                                       |�| > �)

/ Eq (2.9) 

If the ground acceleration is expressed as a fraction of the peak ground 

acceleration in the record, ��%��
, the differential equation becomes 

 �� �� + 2���
 �� +�
��� = −
��

+
�*
(�)

�*
��

 Eq (2.10) 

In which, : =
!	

&�*
��

=
,	

�*
�� %�
 and 1) =

!	
&% which is called seismic resistance 

coefficient. 

Note that �, �, :  and  1) are all constants of the SDF system (; is the acceleration 
of the gravity) and the given ground motion. Thus, the nondimensional response of a 

nonlinear system (8) to a particular nondimensionalized ground motion (��%(�) ��%��

3 ) can 
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be evaluated in terms of : in addition to the parameters � and � needed for a linear 
system. 

The seismic response of a nonlinear SDF system can be obtained from the new 

differential equation obtained before using step-by-step integration for a set of 

parameters of the system: �) ,�  and  �. It can be observed that the only difference 
between linear and nonlinear systems is �) value. If �) has a large value such that the 
base shear �� is always less than �) through the entire duration of ground shaking (i.e., ����

< �)    (then |�| < �)) we have linear response; then, linear-elastic response 

spectrum is valid for maximum response which is related to � and � only. This case is 
also included in the differential equation. Therefore, this differential equation is a general 

equation of motion for SDF system. Let us examine the physical meanings of parameters 

due to inclusion of �). 
1.- 1) =

!	
&% =

!	
- = ratio of yielding (maximum) shear strength. The reason that it is 

called seismic resistance coefficient is that: 

<&'( = ����
= �) = 1)= 

1) =
<&'(= =  Ratio of maximum base shear to the total weight of structures 

Which is called base shear coefficient in seismic design codes. The smaller value of 1) means lower strength (�)), therefore the earlier the structure yields and enters 
inelastic region (damage) in general, the lower strength requires larger capacity of 

deformation. 

2.- : =
,	

�*
�� %�
=

!	
&�*
��

 normalized by peak ground acceleration. It can be related 

to maximum displacement as follows 

8 =
��)
 

8&'( =
�&'(�)

=
�&'(�) �+ =

��&'(:���%��

 

8&'( = >�
: ?>�&'(��%��

? 
�&'( = 8&'(�) 

8&'( is the maximum ductility 

Comparison between linear and nonlinear response 
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Let us examine two SDOF systems with the same natural period of vibration, 

damping ratio, but different strength, one elastic and the other plastic (linear and 

nonlinear) 

The objective of the comparisons is to obtain an approximation of the response of a 

nonlinear system by appropriate interpretation of the response of elastic system. 

Let’s use : = 0.4, � = 5% and ��%&'( = 0.3485; with “el centro” type of record, 
which can be found on SAP2000 time history default records.  

1) =
�)= = : ��%&'(; = 0.14 

�) =
�)� =

�)��
 =
�)= (

�
2�)
; = 1.37�
(��) 

�� = �@�' →
�� = =

@�'��%&'(
��%&'(; = 0.3485

@�'��%&'(
(��"�) 

�� =
�� � =

�� ��
 =
�� �; ;

(2� �+ )
 =
�� = 9.7876�
(��) 

Using the above relations, different SDOF systems from low-rise buildings (small 

periods) to high-rise buildings (longer periods) are evaluated and put into the following 

table 

 �  
!	
-  8 

  

1/8 	
�
.�	  

.
�
.�	  !��

-   ��   
!	
!��

  �)  ��   

0.2 0.14 15 0.067 0.186 2.785 0.697 0.273 0.2 0.0548 0.882 

0.3 0.14 10 0.100 0.229 2.294 0.697 0.614 0.2 0.1233 1.233 

0.4 0.14 7 0.143 0.277 1.941 0.7 1.096 0.2 0.2192 1.534 

0.5 0.14 6.2 0.161 0.296 1.836 0.871 2.131 0.161 0.3425 1.517 

0.6 0.14 6.1 0.164 0.299 1.823 0.767 2.703 0.183 0.4932 3 

0.8 0.14 5.5 0.182 0.316 1.739 0.558 3.495 0.251 0.8768 4.82 

1 0.14 3 0.333 0.447 1.342 0.488 4.776 0.287 1.37 4.11 

1.2 0.14 2 0.500 0.577 1.155 0.279 3.932 0.502 1.9728 3.95 

1.5 0.14 1.5 0.667 0.707 1.061 0.209 4.603 0.67 3.0825 4.62 

Table 2.1 

Observations from table above and common assumptions used in design: 

- For � > 0.5 ��� we are working with relatively flexible structures since �) �� 3 ≈
	
. 

(compare columns 4 and 9), this approximation is getting better for longer 

periods. �� ≈ ��  (compare columns 8 and 11), similarly this correlation is also 
getting better for longer periods. 

- For 0.125 < � < 0.5 ���, this range of periods covers most low- to medium-rise 
buildings, highway bridges, etc. common structures that we are dealing with in 
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design practice. As discussed earlier the short period structures are very 

sensitive to nonlinear response from earthquake to earthquake and for different : values. It has been argued that the relationship between �) and �� , ��  and ��  may not be even close to the ones for longer-period structures  

In the figure 2.1 can be shown the maximum 

deformation of the linear (blue) and nonlinear (red) SDOF 

systems are plotted on the same plot. It was proposed 

that the deformation energy is the same in the two 

systems, in other words, the are below the blue line 

(linear) should be the same as the area below the red line 

(nonlinear).  

Expressing these two areas in terms of �� , �� , k and 8 results in 
 A�� =

.
�
.�	�� �) =

	
�
.�	�� 

/ Eq (2.11) 

for 0.125 < � < 0.5 ��� 
Now that we have these expressions, let’s compare columns 5 and 9 in table of our 

example, the average value of the first three rows in column 5 (
	

�
.�	) is 0.231, close to 

0.200 in column 9 (
!	
!��
) which is similar for first three columns. However, the variation is 

large for individual �. 
Columns 6, 8 and 11 can be used to see if we have good predictions for our 

example 

 

 

 

The conclusions extracted from here are: 

- The nonlinear SDOF’s are sensitive to yield strength (�)) and 
ductility particularly when � < 0.5 ���. 

- The reliable way to evaluate nonlinear response of SDOF’s systems is to use the 

nonlinear response charts we can found for each earthquake which come from 

nonlinear time-history analysis. 

- For practical applications, the simplified relations between linear and nonlinear 

performance can be used, considering uncertainties in selecting ground motions, 

evaluating structural properties (such as �, �),8) 

�  
���

���
  

.
�
.�	  

0.2 3.232 2.785 

0.3 2.008 2.294 

0.4 1.399 1.941 

Table 2.2 

Figure 2.1 
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� > 0.5 secA �) ≈
�� 8�� ≈ �� 
/ 

0.125 < � < 0.5 sec

BCD
CE�� ≈

8�28 − 1
�� 

�) ≈
�� �28 − 1

/ 
in which case, we only need to do linear spectrum analysis to get ��  and/or �� , 

and then evaluate �), ��  or 8 from the equations above. 
For more important structures these relations may be too coarse to be used. 
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SEISMIC DESIGN PROVISIONS IN BUILDING CODES 

 

Seismic design of regular buildings up to 160 ft height can be conducted by the 

“equivalent lateral force” (ELF) method, which is briefly described by compared with 

dynamic analysis of linear and nonlinear systems as follows. 

Base shear force V, where V is defined based on elastic response spectrum, soil 

deposit effect on response spectrum and the observation that nonlinear response is 

related with linear (elastic), so that 

 �) =
!��

.  Eq (3.1) 

No matter what �� is (less conservative for �� < 0.5 ���) we use 
< = �) =

�� 8 =
�#8 =

#/;8 = 

We call 1� = 1), so /- = 1� leads us to 

1� =
#/;8 =

#/;-  

In building codes 8 = -, where R is called reduction factor and it’s mainly due to 
ductility capacity. 

#/; is given from the spectrum charts which depends on the parameters F and G, 
where F = 0.3~0.8 depending on the intensity of the earthquake and G = 2~3 times F. 

The soil deposits at the site, where the ground motions was recorded, has 

significant impact on response, which is reflected in the response spectrum (#/;) 
R-factor for short-periods structures (� < 0.5 ���) should have some special 

considerations. R is introduced for ductility (8) of the structure. The larger R the smaller V 
(or �)) and lower design strength. This requires good detailing and constriction of the 
structure, for example, for special moment resisting frames (special connections) - = 8 

but for ordinary moment resisting frames (ordinary connections) - = 3
	

. For steel braced 

frames follows a similar pattern, with special connections and compact sections - = 6, for 

ordinary connections - = 5. 

Using the same relationship < = �) =
!��

.  for short-period structures (low-rise 
building) tends to result in a higher risk for them than for taller buildings. 

In order to see the difference for low- and high-rise building for different types of 

grounds we are going to proceed with a small example. 

Given to buildings, one low rise-rise (�� = 0.4 ���) and another high-rise (�� =

2.2 ���) both originally designed on spectrum for rock motion (called @	 site type) and we 
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use the same R for both buildings, we are going to compare how much V increase if we 

situate the same buildings in a shallow soil site with the same design. 

For @	 type (Rock soil site) for �� = 0.4 ��� (design strength for low-rise building) # ;+ = 1.0 

1� =
#/;- =

1- 
< = 1�= =

=-  
For �� = 2.2 ��� (design strength for high-rise building) 

# ;+ =
0.6�� = 0.27 

1� =
#/;- =

0.27-  

< = 1�= =
0.27- = 

For @
 type (shallow soil site) for �� = 0.4 ��� 
# ;+ = 1 → < =

=-  
For �� = 2.2 ��� 

# ;+ =
2.0�� 0.91 

1� =
#/;- =

0.91-  

< = 1�= =
0.91- = 

It is incremented by 
�.0	
�.
1 = 3.40. Since the high-rise (and any kind of structure) does 

not have a safety factor of 3.40 the structure would fail (completely or partially collapse). 

This means that it is also very important to have a good knowledge of the soil you are 

constructing on because it also influence the procedure of design, charts used and 

reduction factor to use. 
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PREVIOUS STUDIES 

 

It has not been for a long time that seismic response of vertical irregular structure 

frames was the focus of study and research, but they started getting attention in the late 

1970s. Since then a large number of papers focused on vertical irregularities. Vertical 

irregularities have the main difference with regular structures in the fact that a vertical 

discontinuity in the distribution of mass, stiffness or strength appear along the height of 

the structure. Even though there are a big number of studies in this field very few of 

them have evaluated the effects of discontinuities in each one of the quantities exposed 

independently, and majority of the researches only focus on the elastic response instead 

of the inelastic behavior. There are also some different type of studies also detailed on 

the vertical irregularities but carried out in real irregular buildings that collapsed or 

partially failed during earthquakes but this kind of studies are in small number. Many 

researches also focused on set-back structures. In set-back structures there is a sudden 

change in the vertical distribution of mass, stiffness, and in some cases strength. A set-

back structure is thought of being made up of two parts: a base (the lower part having 

many bays), and the tower (the upper part with fewer bays). Following is a brief review 

of the work that has been done on the seismic response of set-back structures. 

Some of the most interesting studies carried on set-back structures where, Humar 

and Wright (1977), Aranda (1984), Shahrooz and Moehle (1990), Wood (1992) or Wong 

and Tso (1994) and some different conclusions were obtained regarding the response of 

set-back structures.  

Conclusion like the difference in the story drift between a set-back and a regular 

structure, for the set-back structure, the story drift is larger in the tower part and smaller 

in the base part as compared with the regular structure; it was concluded that the 

difference in elastic and inelastic story drifts between set-back and regular structures 

depends on the level of story considered. Another study observed that ductility demand is 

higher for set-back structures than for regular ones and was found that this increase to 

be more pronounced in the tower portions. 

Another one explains that damage is concentrated on the tower portion of a set-

back structure due to high rotational ductility and the fundamental mode dominates the 

response in the direction parallel to the set-back. It was also observed after studying the 

response of set-back structures by using elastic response spectrum analysis that the 

modal masses of higher modes are larger for the set-back structures resulting in different 

seismic load distributions as compared to those from the static code procedure. 

However, this project exposed in these pages on the irregular steel braced frame 

typically used in industrial structures is a unique, as the earthquake engineering 

community has come to realize weakness in this area. 
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DESIGN OF THE STRUCTURE 

 

The structure we are going to use for study in this thesis is an industrial structure 

with a vertical irregularity; there are portions of the structure with different height due to 

various operational purposes. The steel Special Concentrically Brace Frame (SCBF) is 

arranged along Lines 1, 4 and 6 for lateral forces in N-S direction, and along Lines A and 

D for lateral forces in E-W direction. The 3-1/2 inch thick concrete on the metal deck is 

used as composite floor, which is considered to have a rigid diaphragm for the purposes 

of transferring lateral forces to lateral load resisting frames in each orthogonal (E-W, N-S) 

direction. All beam to column connections are simple (pin) connections. 

We have a Site Class C at the structure site. From the maximum considered 

earthquake map �� = 1.2 ���;  �� = 0.6 (�) for this site. �� = 12 seconds and the 

Occupancy category is I. 

The design gravity loads are 100 ��� (4788 	
)dead load (already including all 

structural weight. We are going to use this for seismic weight calculation) and 

50 ��� (2394 	
) live load at all levels. 

We are using �� = 50 �� (344.7 �	
)steel for wide flage shapes and �� =

46 �� (317.2 �	
) for ��� sections (used in braced members). 

Attached are Figures 5.1, 5.2, 5.3 and 5.4 where is defined the whole structure, top 

view and lateral views for the frames 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.1: Top view 
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Figure 5.2: Frame in lines A and D 

Figure 5.3: Frame in line 1 
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Figure 5.4: Frames in lines 4 and 6 
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5.1 CALCULATION OF LOADING 

 

For the design of the structure we first calculate the gravity loads and the 

equivalent lateral force acting on each frame. We assume that the girders of the 3.5” 

thick concrete metal deck are going on the E-W direction and there is 10 feet between 

each girder so this will create a distributed load on the frames in lines A and D and some 

concentrated loads on the frames in lines 1, 4 and 6. We are going to calculate all the 

loads (gravity and lateral) frame by frame. 

 

 

 

 

 

 

 

 5.1.1 LAODING FOR FRAME IN LINE 1 

The gravity loads are defined by the influence area on every floor and defined in 

Figure 5.5. 

Dead load in columns: 

	� = ��
� ��
� ∗ ��� 
��
 = 100 ��� ∗ �15 �� ∗ 15 ��� = 22.5 ��� (100.1 ��) 

	� = ��
� ��
� ∗ ���� 
��
 = 100 ��� ∗ �30 �� ∗ 15 ��� = 45 ��� (200.2 ��) 

Live load in columns: 

	� = ��� ��
� ∗ ��� ��
� = 50 ��� ∗ �15 �� ∗ 15 ��� = 11.25 ��� (50 ��) 

	� = ��� ��
� ∗ ���� 
��
 = 50 ��� ∗ �30 �� ∗ 15 ��� = 22.5 ��� (100.1 ��) 

Concentrated dead and gravity loads along the span: 

We calculate the distributed load along the corresponding girder, which has an 

influence length of 10 ft, and the concentrated load on the frame it would be the reaction 

at the ends of the girder considering we have a pins support. 

����	
�(	
�	) = ��
� ��
� ∗ ��� ��!� �����ℎ = 100 ��� ∗ 10 �� = 1
����  (175.1 

��" ) 

Figure 5.5 
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����	
����
� = ��� ��
� ∗ ��� ��!� �����ℎ = 50 ��� ∗ 10 �� = 0.5 
����  (87.6 

��" ) 

	��	
�	� =
����	
��	
�	� ∗ ����� �����ℎ

2
=

1
���� ∗ 30 ��

2 
= 15 ��� (66.7 ��) 

	����
� =
����	
����
� ∗ ����� �����ℎ

2
=

0.5
���� ∗ 30 ��

2
= 7.5 ��� (33.4 ��) 

Forces 	� are located as concentrated loads in all the lateral columns at each floor 

while 	� are located at all the central columns at each floor, in other hand forces 	� are 
located at 1/3 and 2/3 of the length at each beam, both dead and live load. 

For designing the equivalent lateral force we are going to use ASCE 7-05 chapter 11 

and 12 – Seismic Design Criteria. The structure is assigned as Seismic Design Category C 

with the given �� = 1.2 (�) and �� = 0.6 (�). 

Using tables 11.4-1 and 11.4-2 on AISC 7-05 we obtain ��  and �� used to obtain ��� 
and ��� as ��� = ���� and ��� = ���� 

 

�� = 1.0 and �� = 1.3 

��� = ���� = 1.0 ∗ 1.2 = 1.2 

��� = ���� = 1.3 ∗ 0.6 = 0.78 

The design spectral acceleration parameters are defined by equations 11.4-3 and 

11.4-4 that are ��� =
�

�
��� and ��� =

�

�
��� respectively. 

��� =
2

3
��� =

2

3
∗ 1.2 = 0.8 

��� =
2

3
��� =

2

3
∗ 0.78 = 0.52 

Per ASCE 7-05 table 12.2-1 and as the frame is Special Concentrically Braced Frame 

(SCBF) (section B.3 on the table just named) the response modification coefficient is � = 6 and # = 1 because the structure has an Occupancy Category I. 
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As an alternative to perform an analysis to determine the fundamental period � we 
are allowed to use an approximate fundamental period determined from the following 

equation: 

�� = $�ℎ�
� 

 

Where ℎ� is the height in ft above the 

base to the highest level of the structure and 

the coefficients $� and % are determined from 

Table 12.8-2 on AISC 7-05 

As our structure is in the group of All 

other structure systems $� = 0.02 and % = 0.75. Frame in line 1 has ℎ� = 45 �� so 
the approximate fundamental period is: 

�� = $�ℎ�
� = 0.02 ∗ 45�.�� = 0.347 � 

To obtain the base shear & = $�' of the frame we have to calculate the total 

weight of the structure which is defined as: 

' = ��
� ��
� ∗ ���
� 
��
 
Where the total area is the area of the small floor (upper stories) times three plus 

the area of the big floor (lower stories) times three: 

���
� 
��
 = �2 ∗ 30 �� ∗ 3 ∗ 30 ��� ∗ 3 + �5 ∗ 30 �� ∗ 3 ∗ 30 ��� ∗ 3

= 8164800 �� (5267.6 "�) 

So: 

' = 100 ��� ∗ 8164800 �� = 5670 ��� (25221.4 ��) 

We also need $� that shall be determined in accordance with equation 12.8-2 on 

ASCE 7-05 chapter 12: 

$� =
����# =

0.8

6
1

= 0.133 

The value of $� need not to exceed the following: 
$� =

���
��# =

0.52

0.347 ∗
6
1

= 0.249 

And as our structure �� is equal or greater than 0.6 (g), $� shall not be less than 
$� =

0.5���# =
0.5 ∗ 0.6

6
1

= 0.05 
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So: 

& = $�' = 0.133 ∗ 5670 ��� = 756 ��� (3362.9 ��) 

The base shear we have to apply for the calculations is the shear received by every 

frame, so for frame in line 1, 4 and 6 we must divide by three. 

& =
���
� (
�� �ℎ�
�� "(�� �� ��
"�� =

756 ���
3

= 252 ��� (1121 ��) 

Now we are ready to calculate the equivalent lateral force to apply at the frame in 

order to design it. The lateral seismic force �� induced at any level shall be determined 

from the following equations: 

�� = $��& 
$�� =

)�ℎ�
�

∑ )�ℎ���
���

 

Where )� and )� are the weight of the structure at % (or ) floorw while � is an 
exponent related to the structure period as follows: 

� = + structures with a period of 0.5 or less,� = 1 

structures with a period of 2.5 or more,� = 2

structures with a period between 0.5 and 2.5,� = linear interpolation

, 
� = 1 

Story wi hi wi(hi)^k Cvx Fx Fx 

  kips ft kips-ft Unitless Kips kN 

3 1350 45 60750 0.5 126 560 

2 1350 30 40500 0.33333333 84 374 

1 1350 15 20250 0.16666667 42 187 

TOTAL 4050 90 121500 1 252 1121 
Table 5.1 
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 5.1.2 LOADING FOR FRAME IN LINE 4 

Following the same sketch as in frame in line 1 we are going to go more straight on 

the calculations of the gravity loads and the equivalent lateral forces for the rest of the 

frames as we only have to change the area of influence and the number of stories. 

The areas of influence for the frame in line 4 are defined in Figure 5.7. 

Dead load in columns for the upper levels: 

	� = ��
� ��
� ∗ ��� 
��
 = 100 ��� ∗ �15 �� ∗ 15 ��� = 22.5 ��� (100.1 ��) 

	� = ��
� ��
� ∗ ���� 
��
 = 100 ��� ∗ �30 �� ∗ 15 ��� = 45 ��� (200.2 ��) 

Live load in columns for the upper levels: 

Figure 5.6: Equivalent lateral forces 

Figure 5.7 
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	� = ��� ��
� ∗ ��� ��
� = 50 ��� ∗ �15 �� ∗ 15 ��� = 11.25 ��� (50 ��) 

	� = ��� ��
� ∗ ���� 
��
 = 50 ��� ∗ �30 �� ∗ 15 ��� = 22.5 ��� (100.1 ��) 

Concentrated dead and gravity loads along the span for the upper levels: 

The influence length for the calculation of the distributed load on the girders is the 

same as in frame in line 1. 

����	
�(	
�	) = ��
� ��
� ∗ ��� ��!� �����ℎ = 100 ��� ∗ 10 �� = 1
����  (175.1 

��" ) 

����	
����
� = ��� ��
� ∗ ��� ��!� �����ℎ = 50 ��� ∗ 10 �� = 0.5 
����  (87.6 

��" ) 

	��	
�	� =
����	
��	
�	� ∗ ����� �����ℎ

2
=

1
���� ∗ 30 ��

2 
= 15 ��� (66.7 ��) 

	����
� =
����	
����
� ∗ ����� �����ℎ

2
=

0.5
���� ∗ 30 ��

2
= 7.5 ��� (33.4 ��) 

For the lower levels (purple and green areas of influence) we observe that the 

gravity loads are going to be exactly double the gravity loads in upper level because the 

area of influence is going to be exactly double the area of influence in upper levels as we 

appreciate it in the figure attached to show the areas of influence. We also have two 

girders instead of one supported on the beams therefore we assure that gravity loads are 

going to be double in lower levels. 

For the equivalent lateral force we are going to use the same ��� and ��� because 
it doesn’t depend on the total height of the frame and the rest of characteristics of both 

frames are the same, so: 

��� = 0.8 

��� = 0.52 

We find some changes on the approximate fundamental period because of the 

change in the total high: 

�� = $�ℎ�
� = 0.02 ∗ 90�.�� = 0.584 � 

On the calculation of $� we find no difference either  
$� =

����# =
0.8

6
1

= 0.133 <  
���
��# =

0.52

0.584 ∗
6
1

= 0.148 

And as our structure �� is equal or greater than 0.6 (g), we find $� is not smaller 

than: 
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$� =
0.5���# =

0.5 ∗ 0.6

6
1

= 0.05 

The main differences are found on the calculation of the equivalent lateral load 

because the different number of stories and a slightly difference in the fundamental 

period that changes the value of � as follows: 
� = 0.5 ∗ � + 0.75 = 0.5 ∗ 0.584 + 0.75 = 1.042 

Story wi hi wi(hi)^k Cvx Fx Fx 

  kips ft kips-ft Unitless Kips kN 

6 540 90 58710.321 0.20497105 51.65 230 

5 540 75 48552.0527 0.16950623 42.72 190 

4 540 60 38479.3177 0.13434003 33.85 151 

3 1350 45 71282.2185 0.2488624 62.71 279 

2 1350 30 46719.0621 0.16310684 41.10 183 

1 1350 15 22689.2876 0.07921345 19.96 89 

TOTAL 5670 315 286432.26 1 252 1121 
Table 5.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Equivalent lateral forces 
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 5.1.3 LOADING FOR FRAME IN LINE 6 

As this frame is situated at the end of the structure all the gravity loads are the 

same as in frame in line 1 or the upper levels gravity loads for frame in line 4. The 

equivalent lateral loads are the same as in frame in line 4 due to the exact geometry. We 

summarize the gravity forces and the equivalent lateral forces for the frame in line 6 as: 

Dead load in columns: 

	� = 22.5 ��� (100.1 ��) 

	� = 45 ��� (200.2 ��) 

Live load in columns: 

	� = 11.25 ��� (50 ��) 

	� = 22.5 ��� (100.1 ��) 

Concentrated dead and gravity loads along the span: 

	��	
�	� = 15 ��� (66.7 ��) 

	����
� = 7.5 ��� (33.4 ��) 

Equivalent lateral forces: 

Story wi hi wi(hi)^k Cvx Fx Fx 

  kips ft kips-ft Unitless Kips kN 

6 540 90 58710.321 0.20497105 51.65 230 

5 540 75 48552.0527 0.16950623 42.72 190 

4 540 60 38479.3177 0.13434003 33.85 151 

3 1350 45 71282.2185 0.2488624 62.71 279 

2 1350 30 46719.0621 0.16310684 41.10 183 

1 1350 15 22689.2876 0.07921345 19.96 89 

TOTAL 5670 315 286432.26 1 252 1121 
Table 5.3 
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 5.1.4 LOADING FOR FRAME IN LINES A AND D 

The gravity loads for these frames are going to be the same as in frame in line 1 

the only difference is that we must beware of the position of the columns, because the 

column on line 4 is going to have different loads in function of the story, this is caused by 

the fact that in the upper levels this column is at one side meanwhile the column in the 

lower levels is situated in the middle. The other difference between these frames and the 

frames calculated before (line 1, 4 and 6) is that we don’t have concentrated loads on the 

beams because the girders with the concrete metal deck are situated parallel to the 

beams so, instead of creating concentrated loads they create a distributed load along the 

span of the beam with a length influence of half the distance between each girder 

(� = 5 ��). So the gravity loads are the following: 
Dead load in columns: 

	� = 22.5 ��� (100.1 ��) 

	� = 45 ��� (200.2 ��) 

Live load in columns: 

	� = 11.25 ��� (50 ��) 

	� = 22.5 ��� (100.1 ��) 

Distributed load along the span of the beam: 

Figure 5.9: Equivalent lateral forces 
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����	
�(	
�	) = ��
� ��
� ∗ ��� ��!� �����ℎ = 100 ��� ∗ 5 �� = 0.5
����  (87.6 

��" ) 

����	
����
� = ��� ��
� ∗ ��� ��!� �����ℎ = 50 ��� ∗ 5 �� = 0.25 
����  (43.8 

��" ) 

For the equivalent lateral forces we know that $�� is the same as for frame in line 4 

and 6 because the total weight and at each floor is obviously the same, the total height 

and the characteristics of the earthquake are the same so are approximate fundamental 

period is the same (� = 0.584 �) and because of that, � is the same too. The only 

difference is that we have to divide the base shear by two because there are only two 

frames resisting the earthquake instead of three as we had for the other frames (& =
��� ����

�
= 378 ��� (1681 ��)). 

Story wi hi wi(hi)^k Cvx Fx Fx 

  kips ft kips-ft Unitless Kips kN 

6 540 90 58710.321 0.20497105 77.48 345 

5 540 75 48552.0527 0.16950623 64.07 285 

4 540 60 38479.3177 0.13434003 50.78 226 

3 1350 45 71282.2185 0.2488624 94.07 418 

2 1350 30 46719.0621 0.16310684 61.65 274 

1 1350 15 22689.2876 0.07921345 29.94 133 

TOTAL 5670 315 286432.26 1 378 1681 

 

 

Table 5.4 

Figure 5.10: Equivalent lateral forces 
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5.2 DESING OF THE STRUCTURE 

We have done a pre-design of the whole frame using AISC table 3-1 for beams, 

table 4-1 for columns and table 4-3 for brace members. We are using the same W shape 

at all columns because it easy to construct due to the continuity of the whole column, 

from the base to the roof. As this frame is just 3 stories tall it also make sense to use the 

same W shape everywhere because the compression is quite similar in all the stories, if it 

had had been higher, for example 6 or 8 stories tall as in the rest of the frames, we 

would have used different W shapes for the columns in function of the height dividing the 

building in 2 or 3 zones with the same shape at each zone as we will see for the next 

frames. We apply the same reason at the beams so we will use the same W shape at all 

stories in this frame. 

For designing the brace we just have to consider the compression forces because 

they are going to control the brace, these members can buckle while members in tension 

are not. Usually this critical moment for buckling is produced before yielding so 

compression members are more restrictive than tension members. We are using the same 

HSS section for compression and tension members because now we only have obtained 

the response for a static loading (gravity and equivalent lateral loads) but when time 

history is applied seismic loads go in both directions so tension members turns into 

compression and in the other way around. 

 5.2.1 DESGIN OF FRAME IN LINE 1 

The pre-design is the following: 

Frame in line 1 

Floor Gravity Column Brace Column Gravity Beam Brace Beam Brace  

Text W shape W shape W shape W shape HSS shape 

1st W14x48 W14x68 W14x74 W24x335 HSS7x7x1/2 

2nd W14x48 W14x68 W14x74 W24x335 HSS7x7x1/2 

3rd W14x48 W14x68 W14x74 W24x335 HSS7x7x1/2 
Table 5.5 

 

Now we are ready to check these sections, we start with the gravity columns which 

we are going to use member number 1: 

We check the flexural buckling strength using chapter E from the specification of 

the AISC. First of all we calculate the effective length factor - obtained from chapter C. 

In this case and the rest of the design the effective length factor - is equal to 1.0 

because the structure is braced in both directions. 

(
-�� )� =

1.0 ∗ 15 ∗ 12

5.85
= 30.77 

(
-�� )� =

1.0 ∗ 15 ∗ 12

1.91
= 94.24  (controls) 
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The column buckles about y-axis, and since 

-�� = 94,24 < 4.71.��� = 113.43   (OK) 

Thus we have inelastic buckling, so: 

�
 =
/��

(
-�� )�

=
/�29000

(94.24)�
= 32.23 �� (222.2 �	
) 

��� = 00.658

��
��1 �� = 20.658

��
��.��350 = 26.12 �� (180.1 �	
) 

	� = 4���� = 14.1 ∗ 26.12 = 368.29 ��� (1638.2 ��) 

5�	� = 0.9 ∗ 368.29 = 331.46 ��� �1474.4 ��� >  	 = 197.73 ��� (879.6 ��) (OK) 

We cannot use a lighter section ('14%43) because is slender in compression with �� = 50 �� (344.7 �	
). 

To check the brace columns we use member number 4, as we are check the brace 

column the requirements are different and we have to use AISC 341-05 chapter 13 and 

14. 

(
-�� )� =

1.0 ∗ 15 ∗ 12

6.01
= 29.95 

(
-�� )� =

1.0 ∗ 15 ∗ 12

2.46
= 73.17  (controls) 

The column buckles about y-axis, and since 

-�� = 73.17 < 4.00.��� = 96.33   (OK) 

We have inelastic buckling, so 

�
 =
/��

(
-�� )�

=
/�29000

(73.17)�
= 53.46 �� (368.6 �	
) 

��� = 00.658

��
��1 �� = 20.658

��
��.!�350 = 33.8 �� (233 �	
) 

	� = 4���� = 20.0 ∗ 33.8 = 676 ��� (3007 ��) 

5�	� = 0.9 ∗ 676 = 608.4 ��� �2706 ��� >  	 = 540.269 ��� (2403.4 ��)  (OK) 

We also have to check the width-thickness ratios because we are checking a 

member part of a brace, so 6 ≤ 6�� 
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6 =
("
2�" = 6.97 < 7.22 = 0.3.��� = 6��    (OK) 

Thus, the columns are well designed, now we check the beam strength using 

chapter F from the specification of the AISC. The member to analyze is member number 

13 due to the largest moment applied. 

$# =
12.5�$��

2.5�$�� + 3���% + 4���% + 3���%

 

$# =
12.5 ∗ 263.06

2.5 ∗ 263.06 + 3 ∗ 197.3 + 4 ∗ 263.06 + 3 ∗ 197.3
= 1.14 

�$�� (maximum moment on the beam), ���% (moment at a quarter of the beam 

length), ���% (moment at half of the beam length) and ���% (moment at three quarters 

of the beam length) have been obtained from SAP2000 calculations. 

�� and �� are natural of the beam and the value of them is �� = 8.76 �� and �� = 31.0 �� while �# = 30 �� (from the design), as �� < �# < ��  we have inelastic lateral 
torsional buckling in the beam and we calculate the nominal moment as: 

�� = $#[�� − (�� − 0.7����)
�# − ���� − ��] 

�� = 1.14 2525 − 7525 − 0.7 ∗ 50 ∗
112

12
830 − 8.76

31 − 8.76
3 = 381.9 ��� − �� (517.8 ��") 

5��� = 0.9 ∗ 381.9 = 343.71��� − �� �466 ��"� > � 

= 263.06 �� − �� �356.7��"� (OK) 

Thus, the beams are well designed; we complete to check this frame by checking 

the brace members, as explained before by checking for compression strength, so we 

check the flexural buckling strength using chapter E from specification of the AISC. The 

member we are going to analyze is member number 26 due to be the brace member with 

the largest compression force. 

We assume that the effective factors are 1.0 both (-� = 1.0  and  -� = 1.0). 

The brace length for this member is �# = √15� + 15� ≅ 21 �� (6.4 "). 

-�� =
1.0 ∗ 21 ∗ 12

2.63
= 95.82 

-�� = 95.82 < 4.71.��� = 4.71.29000

46
= 118.26   (OK) 

From table I-8-1 from AISC 341-05 we check the limiting width-thickness ratio for 

compression element 
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(� =
ℎ� = 12.1 < 0.64.��� = 0.64.29000

46
= 16.06   (OK) 

�
 =
/��

(
-�� )�

=
/�29000

(95.82)�
= 31.18 �� (219.3 �	
) 

��� = 00.658

��
��1 �� = 20.658

!�
��.�%346 = 24.8 �� (171 �	
) 

	� = 4���� = 11.6 ∗ 24.8 = 287.68 ��� (1279.7 ��) 

5�	� = 0.9 ∗ 287.68 = 258.9 ��� �1151.6 ��� >  	 = 212.339 ��� (944.5 ��) (OK) 

Once we have designed the brace members we can precede with the braced 

beams. For the design of these beams we have to follow the design requirement of AISC 

341 chapter 13 and 14. The difference between this procedure and the procedure used 

for the gravity beams is that we do not use the moment obtained from the results of 

SAP2000. What we do in this case is take the gravity loads (the same as in the gravity 

beams) and adds an unbalanced force created by the yielding of the brace member in 

tension and the buckling of the brace member in compression. 

In this case the unbraced length (�#) is less than whatever �� of the beam is, so we 

can always use the yielding moment as the nominal moment (�� = ��). The reason is 

that we have to provide lateral braces with spaces less than �� for the girder interrupted 
by the braces. 

For frame in line 1 with a brace beam size of W24x335 we have that 5#�� =

3830 �� − �� so 5#�� = 3830 �� − �� (5192.8 ��"). �  is calculated as follows. We 

consider the effects of load combination 1.2� + 1.0� + :#, where 1.2� + 1.0� is the same 

effect as in the gravity beams and :# = ;��4��� − 0.35�	�< sin=, and �� expected 
yielding stress (1.1 for A992 �� = 50 ��; �� 1.4 for A501 �� = 46 ��) and = is the angle 
between brace and beam. The first term of :# (��4���) represents the yielding of the 
member in tension and the second term represents the buckling of the member in 

compression. 

In our frame: 

:# = �1.4 ∗ 11.6 ∗ 46 − 0.3 ∗ 258.9� sin 45 = 473.32 ��� (2105.4 ��) 

The moment produced by this force concentrated at midspan is 

� =
:#
2

∗ 15 �� = 3549.87 �� − �� (4813 ��") 

The final moment at midspan of the brace beam is the moment we have just 

calculated plus the moment produced by the gravity forces (the same as in the gravity 

beam) 
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� = 3549.87 + 263.06 = 3812.93 �� − �� �5170 ��"� < 5���

= 3830 �� − �� (5192 ��") 

The size for the brace beam (W24x335) has a flange thickness greater than 2 in. so 

special requirements may apply per AISC specification A3.1c 

 5.2.2 DESIGN OF FRAME IN LINE 4 

So frame in line 1 is well designed for the pre-design made before. We move 

forward for the next frame in line 4, in this case we are going to use two different 

patterns of W shape; we use the same shape for the first 3 floors and a different shape 

than the prior for all the whole upper 3 floors. The brace members are not following two 

different patterns, we use the same section at all members because the difference on the 

compression between all the members is very small. 

The pre-design for frame in line 4 is the following: 

 

The first step we are going to take is to check the gravity columns for the lower 

levels (1st, 2nd and 3rd floors) and the upper levels (4th, 5th and 6th floor). After this first 

check we are going to do the same for the brace columns. 

Check the flexural buckling strength. We use member 1 for the lower level gravity 

columns. 

For the same reason as in frame 1 and from now on, the effective length factor is 

1.0 in both directions, so -� = 1.0  and  -� = 1.0, using this effective length factor: 

(
-�� )� =

1.0 ∗ 15 ∗ 12

6.01
= 29.95 

(
-�� )� =

1.0 ∗ 15 ∗ 12

2.46
= 73.17  (controls) 

The column buckles about y-axis, and since 

Frame in line 4 

Floor Gravity Column Brace Column Gravity Beam Brace Beam Brace  

Text W shape W shape W shape W shape HSS shape 

1st W14x68 W14x132 W14x109 W24x370 HSS7x7x1/2 

2nd W14x68 W14x132 W14x109 W24x370 HSS7x7x1/2 

3rd W14x68 W14x132 W14x109 W24x370 HSS7x7x1/2 

4th W14x48 W14x61 W14x74 W24x250 HSS6x6x3/8 

5th W14x48 W14x61 W14x74 W24x250 HSS6x6x3/8 

6th W14x48 W14x61 W14x74 W24x250 HSS6x6x3/8 

Table 5.6 
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-�� = 73.17 < 4.71.��� = 113.43   (OK) 

Thus we have inelastic buckling, so: 

�
 =
/�29000

(73.17)�
= 53.46 �� (368.6 �	
) 

��� = 00.658

��
��1 �� = 20.658

��
��.!�350 = 33.8 �� (233 �	
) 

	� = 4���� = 20.0 ∗ 33.8 = 676 ��� (3006 ��) 

5�	� = 0.9 ∗ 676 = 608.4 ��� �2706.3 ��� >  	 = 586.7 ��� (2609.8 ��) (OK) 

For the upper levels we are going to use member number 4 and we follow the same 

procedure as before. 

(
-�� )� =

1.0 ∗ 15 ∗ 12

5.85
= 30.77 

(
-�� )� =

1.0 ∗ 15 ∗ 12

1.91
= 94.24  (controls) 

The column buckles about y-axis, and since 

-�� = 94,24 < 4.71.��� = 113.43   (OK) 

Thus we have inelastic buckling, so: 

�
 =
/��

(
-�� )�

=
/�29000

(94.24)�
= 32.23 �� (222 �	
) 

��� = 00.658

��
��1 �� = 20.658

��
��.��350 = 26.12 �� (180.1 �	
) 

	� = 4���� = 14.1 ∗ 26.12 = 368.29 ��� (1638 ��) 

5�	� = 0.9 ∗ 368.29 = 331.46 ��� �1474.4 ��� >  	 = 197.73 ��� (879.6 ��) (OK) 

We cannot use a lighter section ('14%43) because is slender in compression with �� = 50 ��. 
Now we check the brace columns in the lower levels using the same procedure used 

in frame in line 1. For this case we use member number 7. 

(
-�� )� =

1.0 ∗ 15 ∗ 12

6.28
= 28.66 
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(
-�� )� =

1.0 ∗ 15 ∗ 12

3.76
= 47.87  (controls) 

The column buckles about y-axis, and since 

-�� = 47.87 < 4.00.��� = 96.33   (OK) 

We have inelastic buckling, so 

�
 =
/��

(
-�� )�

=
/�29000

(47.87)�
= 124.9 �� (861.2 �	
) 

��� = 00.658

��
��1 �� = 20.658

��
��!.&350 = 42.28 �� (291.51 �	
) 

	� = 4���� = 38.8 ∗ 42.28 = 1640.5 ��� (7297 ��) 

5�	� = 0.9 ∗ 1640.5 = 1476.4 ��� �6567 ��� <  	 = 1477 ��� (6570 ��) (OK) 

It’s still OK because 	  is less than a 5% larger than 5�	� so we can consider that 
the section is appropriate.  

We also have to check the width-thickness ratios because we are checking a 

member part of a brace, so 6 ≤ 6�� 
6 =

("
2�" = 7.15 < 7.22 = 0.3.��� = 6��    (OK) 

We also have to check the brace columns on the upper levels, we use member 

number 10 for the checking. 

(
-�� )� =

1.0 ∗ 15 ∗ 12

5.98
= 30.1 

(
-�� )� =

1.0 ∗ 15 ∗ 12

2.45
= 73.47  (controls) 

The column buckles about y-axis, and since 

-�� = 73.47 < 4.00.��� = 96.33   (OK) 

We have inelastic buckling, so 

�
 =
/��

(
-�� )�

=
/�29000

(73.47)�
= 53.02 �� (365.6 �	
) 
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��� = 20.658
��

��.��350 = 33.69 �� (232.3 �	
) 

	� = 4���� = 17.9 ∗ 33.69 = 603.12 ��� (2683 ��) 

5�	� = 0.9 ∗ 603.12 = 542.8 ��� �2414 ��� <  	 = 445.26 ��� (1980  ��) (OK) 

We also have to check the width-thickness ratios because we are checking a 

member part of a brace, so 6 ≤ 6�� 
6 =

("
2�" = 7.75 > 7.22 = 0.3.��� = 6��    (not OK) 

As we have problems with the width-thickness ratio we have to use a heavier 

section, so in this case we are going to use a '14%68 and we have to check it again. 

 

(
-�� )� =

1.0 ∗ 15 ∗ 12

6.01
= 29.95 

(
-�� )� =

1.0 ∗ 15 ∗ 12

2.46
= 73.17  (controls) 

The column buckles about y-axis, and since 

-�� = 73.17 < 4.00.��� = 96.33   (OK) 

We have inelastic buckling, so 

�
 =
/��

(
-�� )�

=
/�29000

(73.17)�
= 53.46 �� (368.6 �	
) 

��� = 00.658

��
��1 �� = 20.658

��
��.!�350 = 33.8 �� (233 �	
) 

	� = 4���� = 20.0 ∗ 33.8 = 676 ��� (3007 ��) 

5�	� = 0.9 ∗ 676 = 608.4 ��� �2706 ��� >  	 = 445.26 ��� (1980 ��) (OK) 

We also have to check the width-thickness ratios because we are checking a 

member part of a brace, so 6 ≤ 6�� 
6 =

("
2�" = 6.97 < 7.22 = 0.3.��� = 6��    (OK) 

We check now the gravity beams for the lower levels using member number 25. 
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$# =
12.5 ∗ 518.06

2.5 ∗ 518.06 + 3 ∗ 388.55 + 4 ∗ 518.06 + 3 ∗ 388.55
= 1.14 

�� = 13.2 �� and �� = 48.4 �� while �# = 30 ��, as �� < �# < ��  we have inelastic 
lateral torsional buckling in the beam and we calculate the nominal moment as: 

�� = 1.14 2800 − 7800 − 0.7 ∗ 50 ∗
173

12
8 30 − 13.2

48.4 − 13.2
3 = 751.27 ��� − �� (1018 ��") 

5��� = 0.9 ∗ 751.27 = 676.14 ��� − �� �916.7 ��"� > � 

= 518.06 �� − �� (702 ��") (OK) 

We could try to use a lighter section for this beam but the W shape section '14%99 

is not compact for flexure as we are going to prove now. 

("
2�" = 9.34 > 9.15 = 0.38.���     ( �> ������ ���"����) 

ℎ�' = 23.5 < 90.55 = 3.76.���      (stiffened elements) 

Exceeds the limit for the unjustified elements so we cannot use it for flexural 

members as we have in this case. 

For the upper level gravity beams we use the member number 28. 

$# =
12.5 ∗ 263.06

2.5 ∗ 263.06 + 3 ∗ 197.3 + 4 ∗ 263.06 + 3 ∗ 197.3
= 1.14 

�� = 8.76 �� and �� = 31.0 �� while �# = 30 ��, as �� < �# < ��  we have inelastic 
lateral torsional buckling in the beam and we calculate the nominal moment as: 

�� = 1.14 2521 − 7521 − 0.7 ∗ 50 ∗
112

12
830 − 8.76

31 − 8.76
3 = 382.36 ��� − �� (518 ��") 

5��� = 0.9 ∗ 382.36 = 344.12 ��� − �� �466 ��"� > � 

= 263.06 �� − �� (357 ��") (OK) 

Finally we check the brace for the lower and upper levels to finish checking this 

frame. We use member number 53 as the member with the largest compression in the 

lower levels. 

The brace length for this member is �# = √15� + 15� ≅ 21 ��. 
-�� =

1.0 ∗ 21 ∗ 12

2.63
= 95.82 

-�� = 95.82 < 4.71.��� = 118.26   (OK) 
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From table I-8-1 from AISC 341-05 we check the limiting width-thickness ratio for 

compression element 

(� =
ℎ� = 12.1 < 0.64.��� = 0.64.29000

46
= 16.06   (OK) 

�
 =
/��

(
-�� )�

=
/�29000

(95.82)�
= 31.18 �� (215 �	
) 

��� = 00.658

��
��1 �� = 20.658

!�
��.�%346 = 24.8 �� (171 �	
) 

	� = 4���� = 11.6 ∗ 24.8 = 287.68 ��� (1280 ��) 

5�	� = 0.9 ∗ 287.68 = 258.9 ��� �1152 ��� >  	 = 245.102 ��� (1090 ��) (OK) 

We now check the upper levels using member number 47. 

The brace length for this member is �# = √15� + 15� ≅ 21 �� (6.4 "). 

-�� =
1.0 ∗ 21 ∗ 12

2.28
= 110.52 

-�� = 110.52 < 4.71.��� = 118.26   (OK) 

From table I-8-1 from AISC 341-05 we check the limiting width-thickness ratio for 

compression element 

(� =
ℎ� = 14.2 < 0.64.��� = 0.64.29000

46
= 16.06   (OK) 

�
 =
/��

(
-�� )�

=
/�29000

(110.52)�
= 23.43 �� (161.5 �	
) 

��� = 00.658

��
��1 �� = 20.658

!�
��.!�346 = 20.22 �� (139.4 �	
) 

	� = 4���� = 7.58 ∗ 20.22 = 153.26 ��� (682 ��) 

5�	� = 0.9 ∗ 153.26 = 137.94 ��� �614 ��� >  	 = 124.837 ��� (555 ��)  (OK) 

For the design of the braced beam we follow the same procedure as in frame in line 

1. 

For lower levels :# is the same because the size of the brace members is the same 

and the position of them too (same =) the only difference is the moment produced by the 

gravity forces (518.06 �� − ��). The total moment is 
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� = 4067.9 �� − �� �5515 ��"� < 5#�� = 4240 �� − �� �5748 ��"�(W24x370) 

This section has flange thickness greater than 2 in. and special requirements may 

apply per AISC specification section A3.1c 

For upper levels we have to calculate :# as 
:# = �1.4 ∗ 7.58 ∗ 46 − 0.3 ∗ 137.94� sin 45 = 315.91 ��� (1405 ��) 

� = � + 263.06 = 2632.42 �� − �� �3570 ��"� < 2790 �� − ��(3782 ��")(W24x250) 

The whole frame in line 4 has now been designed properly and the final design is 

the following. 

Frame in line 4 

Floor Gravity Column Brace Column Gravity Beam Brace Beam Brace  

Text W shape W shape W shape W shape HSS shape 

1st W14x68 W14x132 W14x82 W24x370 HSS7x7x1/2 

2nd W14x68 W14x132 W14x82 W24x370 HSS7x7x1/2 

3rd W14x68 W14x132 W14x82 W24x370 HSS7x7x1/2 

4th W14x48 W14x68 W14x74 W24x250 HSS6x6x3/8 

5th W14x48 W14x68 W14x74 W24x250 HSS6x6x3/8 

6th W14x48 W14x68 W14x74 W24x250 HSS6x6x3/8 
Table 5.7 

 5.2.3 DESIGN OF FRAME IN LINE 6 

We use the same two-pattern pre-design for the frame in line 6 as follows, and we 

are ready to check all the members. 

Frame in line 6 

Floor Gravity Column Brace Column Gravity Beam Brace Beam Brace  

Text W shape W shape W shape W shape HSS shape 

1st W14x68 W14x109 W14x74 W24x335 HSS7x7x1/2 

2nd W14x68 W14x109 W14x74 W24x335 HSS7x7x1/2 

3rd W14x68 W14x109 W14x74 W24x335 HSS7x7x1/2 

4th W14x48 W14x68 W14x74 W24x250 HSS6x6x3/8 

5th W14x48 W14x68 W14x74 W24x250 HSS6x6x3/8 

6th W14x48 W14x68 W14x74 W24x250 HSS6x6x3/8 
Table 5.8 

 

If we compare the stresses in this frame we realize that they are very similar as in 

the frame in line 4, the only difference is the lower levels because the gravity forces are 

slightly different. So the upper level is going to be the same size. For the lower levels we 

only modify the brace columns and the gravity beams, so we only check these two cases. 

To check the rest of members we only have to compare the nominal stresses obtained 

before for each W size and compare them with the 	  of each member. 
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First we check the columns with a W shape of '14%109 with the same procedure 

followed before, we use member number 7.  

(
-�� )� =

1.0 ∗ 15 ∗ 12

6.22
= 28.94 

(
-�� )� =

1.0 ∗ 15 ∗ 12

3.73
= 48.26   (controls) 

The column buckles about y-axis, and since 

-�� = 48.26 < 4.00.��� = 96.33   (OK) 

�
 =
/��

(
-�� )�

=
/�29000

(48.26)�
= 122.89 �� (847.3 �	
) 

��� = 00.658

��
��1 �� = 20.658

��
���.%&350 = 42.17 �� (291 �	
) 

	� = 4���� = 32.0 ∗ 42.17 = 1349.44 ��� (6003 ��) 

5�	� = 0.9 ∗ 1349.44 = 1214.5 ��� �5402 ��� >  	 = 1116.8 ��� (4968 ��) (OK) 

And now we only have to check the gravity beam for the lower levels, where we 

use member number 25. 

$# =
12.5 ∗ 263.06

2.5 ∗ 263.06 + 3 ∗ 197.3 + 4 ∗ 263.06 + 3 ∗ 197.3
= 1.14 

�� = 8.76 �� and �� = 31.0 �� while �# = 30 ��, as �� < �# < ��  we have inelastic 
lateral torsional buckling in the beam and we calculate the nominal moment as: 

�� = 1.14 2473 − 7473 − 0.7 ∗ 50 ∗
112

12
830 − 8.76

31 − 8.76
3 = 379.9 ��� − �� (515 ��") 

5��� = 0.9 ∗ 379.9 = 341.9 ��� − �� �463 ��"� > � = 263.06 �� − �� (357 ��") (OK) 

For the design of the brace beams we can use the results obtained until now. For 

the lower levels the design follows exactly the same points as in frame in line 1 because 

the size of the brace members are the same and the gravity loads are the same so �  is 

the same. 

For the upper levels we follow the exact same points as the upper levels in frame in 

line 4 because we also have the same size for the brace member and the same gravity 

loads so �  is the same too. 

So the design is correct for frame in line 6. 
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 5.2.4 DESIGN OF FRAME IN LINES A AND D 

We finally check the pre-design for the frame in line A and D, we still use a two-

pattern design due to the irregularity in the geometry of the frame. 

 

Frame in line A and D 

Floor Gravity Column Brace Column Gravity Beam Brace Beam Brace  

Text W shape W shape W shape W shape HSS shape 

1st W14x109 W14x176 W14x176 W40x324 HSS7x7x5/8 

2nd W14x109 W14x176 W14x176 W40x324 HSS7x7x5/8 

3rd W14x109 W14x176 W14x176 W40x324 HSS7x7x5/8 

4th W14x68 W14x132 W14x176 W40x324 HSS7x7x5/8 

5th W14x68 W14x132 W14x176 W40x324 HSS7x7x5/8 

6th W14x68 W14x132 W14x176 W40x324 HSS7x7x5/8 
Table 5.9 

 

From the calculations done before, we simply check the gravity columns in the 

lower levels (W14x109 size), where  

5�	� = 1214.5 ��� �5402 ��� >  	 = 1160.456 ��� (5161 ��)  (OK) 

Where 	  is the force in member number 31. 

For the gravity columns in the upper levels (W14x68 size) we do de same, 

5�	� = 608.4 ��� �2706 ��� >  	 = 580.228 ���  (2581 ��) (OK) 

Using the force in member number 34. 

For the brace column in the lower levels, we use member number 25. 

(
-�� )� =

1.0 ∗ 15 ∗ 12

6.43
= 27.99  

(
-�� )� =

1.0 ∗ 15 ∗ 12

4.02
= 44.78   (controls) 

The column buckles about y-axis, and since 

-�� = 44.78 < 4.00.��� = 96.33   (OK) 

�
 =
/��

(
-�� )�

=
/�29000

(44.78)�
= 142.73 �� (984 �	
) 

��� = 00.658

��
��1 �� = 20.658

��
�!�.��350 = 43.18 �� (297.7 �	
) 
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	� = 4���� = 51.8 ∗ 43.18 = 2236.7 ��� (9949 ��) 

5�	� = 0.9 ∗ 2236.7 = 2013.05 ��� �8954 ��� >  	 = 1883.79 ��� (8379 ��) (OK) 

We also have to check the width-thickness ratios because we are checking a 

member part of a brace, so 6 ≤ 6�� 
6 =

("
2�" = 5.97 < 7.22 = 0.3.��� = 6��    (OK) 

For the brace columns in the upper levels we are forced to use a heavier section 

than the one needed because it is the lighter section that satisfy the width-thickness 

requirement and the strength requirements too. 

5�	� = 1480 ��� >  	 = 953.54 ���   (OK) 

6 = 7.15 < 7.22 = 6��    (OK) 

For the gravity beam we are only going to check one member because we are using 

the same size everywhere, this is because the force is the same everywhere. 

$# =
12.5 ∗ 1150.46

2.5 ∗ 1150.46 + 3 ∗ 862.85 + 4 ∗ 1150.46 + 3 ∗ 862.85
= 1.14 

�� = 14.2 �� and �� = 73.2 �� while �# = 30 ��, as �� < �# < ��  we have inelastic 
lateral torsional buckling in the beam and we calculate the nominal moment as: 

�� = 1.14 21333 − 71333 − 0.7 ∗ 50 ∗
281

12
8 30 − 14.2

73.2 − 14.2
3 = 1362.88 ��� − �� (1847 ��") 

�� > ��

��
	�?@@@A�� = �� 

5��� = 0.9 ∗ 1333 = 1200 ��� − �� �1626 ��"� > � 

= 1150.45 �� − �� (1559 ��") (OK) 

For the bracing members we are using the same section (HSS7x7x5/8) because the 

axial force is very similar at all the bracing members. We use member number 79 for the 

design. 

We assume that the effective factors are 1.0 both (-� = 1.0  and  -� = 1.0). 

�# = B15� + 15� ≅ 21 �� 
-�� =

1.0 ∗ 21 ∗ 12

2.58
= 97.67 

-�� = 97.67 < 4.71.��� = 118.26   (OK) 
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From table I-8-1 from AISC 341-05 we check the limiting width-thickness ratio for 

compression element 

(� =
ℎ� = 9.05 < 0.64.��� = 16.06   (OK) 

�
 =
/��

(
-�� )�

=
/�29000

(97.67)�
= 30 �� (206.8 �	
) 

��� = 00.658

��
��1 �� = 20.658

!�
��346 = 24.21 �� (166.9 �	
) 

	� = 4���� = 14.0 ∗ 24.21 = 338.94 ��� (1507 ��) 

5�	� = 0.9 ∗ 338.94 = 305.046 ��� �1357 ��� >  	 = 303.6 ���  (1350 ��) (OK) 

We calculate :# for the design of the brace beams 

:# = �1.4 ∗ 14.0 ∗ 46 − 0.3 ∗ 305.05� sin 45 = 572.82 ��� (2548 ��) 

� = 4296.1 + 1150.46 = 5446.6 �� − ���7385 ��"�
< 5480 �� − �� (7430 ��")(W40x324) 

We finally check the pre-design for the frame in line A and D, we still use a two-

pattern design due to the irregularity in the geometry of the frame. We have consider the 

relative position of each column because they are they are supported by pin connections 

so there is no moment applied at any column. 

To complete the final design of the whole structure, we have to calculate the W size 

of the beams and columns that are not currently in any frame. The tribute area we are 

going to use for the design of these columns is the green area defined at the beginning of 

this chapter. For the beams we double the influence length used in the design for frame 

in line A and D. 

For the design of the columns we divide the whole structure in three zones, zone 

between line 1 and line 4 and upper and lower levels between line 4 and 6. We are using 

the same section in all the columns in the same zone. 

In the zone between line 1 and 4 we use column in lines 2 and C in the first floor. 

This column has the larger axial force and we design the whole zone based in this 

column. 

The axial force is 

;1.2(2 ∗ 	�����) + 1.0(2 ∗ 	�����)< ∗ 3 = 459 ��� (2041 ��) 

	 = 459 ��� < 5�	� = 543 �� �2415 ���(W14x61) 
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For the second zone, lower levels between line 4 and 6 we use column in lines 5 

and C in the first floor for the design, this columns has the largest axial force between all 

the columns in this zone. 

The axial force is  

;1.2(2 ∗ 	�����) + 1.0(2 ∗ 	�����)< ∗ 6 = 918 ��� (4083 ��) 

	 = 918 ��� < 5�	� = 1000 �� �4448 ���(W14x90) 

For the third zone, upper levels between line 4 and 6 we use column in lines 5 and 

C in the fourth floor for the design, this column has the largest axial force between all the 

columns in this zone. 

;1.2(2 ∗ 	�����) + 1.0(2 ∗ 	�����)< ∗ 3 = 459 ��� (2041 ��) 

	 = 459 ��� < 5�	� = 543 �� (2415 ��)(W14x61) 

For the design of the rest of the beams of the structure we also consider two kinds 

of beams, those that are in North-South direction and those that are in West-East 

direction.  

For the beams that are in North-South direction we realize that the loading is 

exactly the same as the gravity beams in the lower levels at frame in line 4, so the size of 

the beams is going to be the same as those gravity beams in the frame in line 4 

(W14x82). 

For the beams in the West-East direction we also realize that the loading is exactly 

double that the gravity beams in the frame in line A and D, so �  is exactly double 

(� = 2300.92 ��� − ��). Check for W33x221. 

�� = 12.7 �� and �� = 38.2 �� while �# = 30 ��, as �� < �# < ��  we have inelastic 
lateral torsional buckling in the beam and we calculate the nominal moment as: 

�� = 1.14 23210 − 73210 − 0.7 ∗ 50 ∗
759

12
8 30 − 12.7

38.2 − 12.7
3 = 2888.89 ��� − �� (3916 ��") 

5��� = 0.9 ∗ 2888.89 = 2600 ��� − �� �3525 ��"� > � 

= 2300.92 �� − �� (3120 ��") (OK) 

We use the same $# as in gravity beam at frame in line A and D because the shape 

of the moment distribution is the same multiplied by two. 

In the following tables it is rewritten the design of the whole structure, with the 

shape for all the members. We observe that some member in the frames has changed 

from the member checked before, this is because there are members that belong to two 

different frames so we choose the heavier size. As we don’t have this problem with 

beams (there aren’t any beam shearing two different frames) we don’t have to rewrite all 

the sizes for all the beam members. 
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Lower levels 

Line A B C D 

Text W shape W shape W shape W shape 

1 W14x109 W14x68 W14x68 W14x109 

2 W14x109 W14x61 W14x61 W14x109 

3 W14x176 W14x61 W14x61 W14x176 

4 W14x176 W14x132 W14x132 W14x176 

5 W14x176 W14x90 W14x90 W14x176 

6 W14x109 W14x109 W14x109 W14x109 
Table 5.10 

Upper levels 

Line A B C D 

Text W shape W shape W shape W shape 

1 - - - - 

2 - - - - 

3 - - - - 

4 W14x90 W14x68 W14x68 W14x90 

5 W14x90 W14x61 W14x61 W14x90 

6 W14x68 W14x68 W14x68 W14x68 
Table 5.11 

 

 

 

 

 

 

 

Once the design is done we can move on to the analysis of the structure. We 

introduce all the members and the shape of the structure into the program SAP2000, a 

very useful program on structural calculation which is the essential tool for the core 

interests of this thesis. 

Brace members 

Frame Lower levels Upper levels 

Text HSS Shape HSS Shape 

1 HSS7x7x1/2 - 

4 HSS7x7x1/2 HSS6x6x3/8 

6 HSS7x7x1/2 HSS6x6x3/8 

A and D HSS7x7x5/8 HSS7x7x5/8 

Table 5.12 
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LINEAR ANALYSIS  

 

After designing the structure we want to analyze and which we are centering this 

project too, we are going to proceed to the analysis itself. We first start with the linear 

time history analysis to obtain some perception of how the structure behaves in front of 

an earthquake. This earthquake will be applied in different directions in order to obtain an 

extensive vision of this behave. 

6.1 THE EARTHQUAKE 

First of all we define the earthquake and we expose some brief history of it. The 

earthquake used for all the following calculations is the earthquake that devastated Kobe 

in 1995. The measure to obtain the time history we are going to use were taken at 3.4 

km of distance to the epicenter, and the earthquake magnitude was 6.9 in the Moment 

Magnitude scale, which transformed into the Richter magnitude scale it turns out to be 

very similar (6.92). 

The earthquake suffered in Kobe in 1995 called Great Hanshin Earthquake 

(阪神・淡路大震災 in Japanese) occurred on Tuesday, January 17, 1995. More than 6400 

people lost their lives due to this earthquake and about 4600 were from Kobe. This city 

was the closest to the epicenter and hit by the strongest tremors. In the JMA (Japan 

Meteorological Agency) seismic intensity scale this earthquake was rated as 7.2 which the 

effects for human being would be as dangerous as being thrown by the shaking and 

impossible to move at will, the ground is considerably distorted by large cracks and 

fissures, and slope failures and landslides take place, which occasionally change 

topographic features.  

The earthquake was followed by several foreshocks and aftershocks. There were 

counted four foreshocks on the previous day and within five weeks about 50 aftershocks 

were observed.  

There were daunting losses counted in hundreds of billions and a landscape bleak 

as the following images show. 

Figure 6.1 

Figure 6.2 



Nonlinear seismic analysis of industrial steel structures with irregularities 

  Linear analysis 

58 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The ground motion time history that we are going to use for the rest of this project 

is the following attached as an image. We can observe that the higher peaks are 

produced between the seventh and the twelfth 

seconds and after that the intensity decrease 

rapidly and stays vibrating with small ground 

acceleration.  

The data to create this time history image 

and to proceed with all the calculations has been 

supplied by Jiehua J. Shen. 

So we apply this earthquake to the 

structure designed using SAP2000 in the East-

West direction (from now on we consider this 

direction as 0º angle direction). With the time 

history analysis we will obtain all the forces at each of the elements on the structure for 

every 0.02 seconds during the length of the earthquake, as a table of this magnitude 

cannot be attached anywhere due to the length of it, we process all these results to 

obtain only the maximum force at each element and we attach these results at the 

annex. 

Figure 6.3 

Figure 6.4 

Figure 6.5: Ground motion diagram used 
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6.2 DISTRIBUTION OF FICTITIOUS FORCES 

After processing all the information for an earthquake coming in 0º we will do the 

same for 45º and 90º and from the results of all the different angles we can get some 

conclusions on the behavior of structures with vertical irregularities. 

The first thing we are going to do is finding the imaginary static forces that would 

produces a similar behavior to the structure, then we can compare these forces with the 

static forces used during the design which were obtained from the equivalent lateral force 

(ELF) method. In order to find these forces we will use the following procedure using the 

results from the calculations. 

As we are working with simple connections everywhere we would only have internal 

reactions at the members in the brace system (columns, brace members itself and 

girders) and we will use these internal reactions to find the imaginary static forces that 

we are looking for. If we cut the structure in one story we will have the following force 

diagram from where we can find the lateral force. 

Using the axial force on the brace 

members we only have to apply force equilibrium 

to obtain the lateral force. 

��� =
(� + �)

cos�  

Where ∑�� is the sum of all the lateral 

forces above the cut, and � and � are the 

tension force of the member in tension and the 

compression force of the member in compression respectively. 

To solve the system of equations we will start cutting at the top story so we only 

have one unknown and we repeat the same procedure for the rest of floors going from 

top to bottom one by one. 

Due to the simplicity of the calculations and the length of them we save to 

transcript them. As we cannot compare directly the lateral forces obtained and the ELF, 

because the ELF came from the code and it is based on the zone where the structure is 

constructed and the lateral forces we have just obtained come from a real earthquake, 

we calculate the factor ��� which is in base 1.  
Every lateral force is expressed as � = ���� where ��� change for each floor and � 

depends on the earthquake. As � = ∑�� (of all stories) once we obtain � we only have to 
divide the lateral force by the base shear (�) and we obtain all ��� for each floor. Now we 
are ready to compare the distribution of lateral force along the structure. 

We resume the results in the following table and we plot them with the distribution 

of the equivalent lateral forces too to observe the difference. Lines in blue are the ��� 
calculated as explained and red lines are ��� used for design and obtained from 

equivalent lateral force method. 

Figure 6.6 
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Cvx 

Floor 0º 45º 45º 90º 

Text X direction X direction Y direction Y direction 

1st 0.11922 0.082 0.11448 0.11464 

2nd 0.16551 0.13587 0.14272 0.14233 

3rd 0.18766 0.3641 0.0495 0.04987 

4th 0.1352 0.09752 0.16388 0.16355 

5th 0.17383 0.14368 0.24 0.23986 

6th 0.21858 0.17684 0.2894 0.28973 
Table 6.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

We can observe that ��� for the � direction is very similar with the earthquake 

coming in 90º or 45º but the shape is very different compared with ��� used in the ELF 
method. It would be necessary a deeper study to determine the real cause of such a 

different shape, in lower levels specifically. In the other hand ��� of the 	 direction has a 
similar shape than the one obtained with ELF method but we observe differences in the 

value for the second and third floor when comparing ELF method and results obtained 

from the analysis. 

 

  

Figure 6.7: 0º direction earthquake Figure 6.8: 45º direction earthquake 

Figure 6.9: 90º direction earthquake 
Figure 6.10: 45º direction earthquake 
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6.3 DEFORMATION 

If we consider the deformation of the structure the best way to observe the results 

is plotting the story drift. We are only looking for the displacement of one point at each 

floor and plotting its displacement in both directions, a priori we don’t have to take care 

of all the points of the floor because we have considered a rigid diaphragm because of 

the concrete deck we have at each story, this means that the entire floor is moving 

compactly without internal displacements. We will see that when we change the direction 

of the earthquake from 0º to different angles we cannot just consider the deformation of 

one point because, even if we have rigid diaphragm and there are no internal 

displacements, the nonlinearity and the vertical irregularity creates torsion in the 

structure and a rotation appears in each floor so not all the points have the same 

deformation. In order to take care of this rotation we are going to calculate the 

deformation of each corner point, so with 2 point for each floor we can obtain an 

absolutely clear and understandable result. So the joint to consider for the first floor are: 

number 2 and 142; for second floor: 3, 144; for third floor: 4, 145; for fourth floor: 89, 

145; for fifth floor: 90, 146 and finally for sixth floor are: 91, 147. 

In order to understand the deformation of the building we first have to find the 

mode shapes of it and the period of each mode shape. Running a modal analysis on 

SAP2000 we obtain the periods and frequencies of the structure and the shape of each 

mode which is following attached, we are only considering 6 modes because we are 

working with a structure with only 6 floors and as we have defined the structure by nodes 

we should only consider 6. For a more accurate description of the structure, using several 

nodes at each element for example, we would have more nodes. 

MODAL ANALYSIS 

Mode Period Frequency Circular Freq 

Unitless Sec Cyc/sec red/sec 

1 0.788116 1.2688 7.9724 

2 0.553233 1.8076 11.357 

3 0.40751 2.4539 15.418 

4 0.321632 3.1091 19.535 

5 0.267586 3.7371 23.481 

6 0.219825 4.5491 28.583 
Table 6.2 

The main mode shape is the first one, which is the fundamental mode governed by 

the fundamental period, in our case � = 0.788116 
�� (called from now on ��). This 
period controls the rest of modes by the ratio ��/�� telling us 
the quantity other modes will influence the deformation of the 

structure. It is important that the torsional modes, as we are 

going to classify them in following pages, have a ratio as large 

and far away from 1 as possible so the influence (participating 

ratio) they will have in the deformation would be minimum so 

Mode Ratio 

Unitless Unitless 

2 1.42456433 

3 1.93397953 

4 2.45036564 

5 2.94528114 

6 3.58519732 

Table 6.3 
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rotation in floors would be as small as possible. 

We also have to classify the modes by their deformation shape and which kind of 

deformation they provide to the total deformation of the structure. It is easy to recognize 

this by its top view deformation, if there is rotation this means that that mode provides 

torsion to the structure while if there is no rotation and we only have translation, that 

mode would only provide axial force in columns and brace members. 

In the following pages the 6 mode shapes are attached, discussed and classified. 

The fundamental mode is a non torsional mode, we can observe it in the top right 

image (top view deformation diagram) that there is no rotation at any floor (there is a 

very small rotation that can barely be perceived, it should be a higher rotation as we will 

see in other modes to consider it as a torsional mode) as there is no rotation we can say 

that it is a translational mode and as the deformation is only in the � axes we classify this 
mode as a translational mode in � direction and we named ���.  

If we check the rest of modes we would see that ��� (the fundamental mode) is the 

only mode that affects directly to the deformation in � axes (torsional modes also affects 

to the deformation in � direction by the rotation of the decks but this deformation is very 

small compared with the one provided by a translational mode like this). 

Figure 6.11: Mode 1 
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The second mode shape is also a translational mode as we appreciate in the top 

view deformation diagram; in this case there is absolutely no rotation as it was in the first 

mode. In this case translation is in 	 axes so we name the mode as ���.  
We can also see that both modes (��� and ���) can define any deformation in both 

directions of the space and both are the modes with most influence in the structure, ��1 

for being the fundamental mode and ��� because is the mode with the smallest ratio 

��/�� and it is very close to one (1.42456433). 

  

Figure 6.12: Mode 2 
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For the third mode we can observe in the top view deformation diagram that there 

is a lot of rotation in each floor so we can conclude that it is a torsional mode.

this mode as ��� as it is the first torsional mode. It can be observed that 

floors. 

As we could predict the third mode is the first torsional mode

whole structure instead of just a specific part of it. As 

(���, ��� and ���) are enough to define translational deformation in both direction and 

rotation in the whole structure. Third node (

(1.93397953) and close to two 

factor. If otherwise we should check the design in order to avoid any small ratio closer to 

one in torsional modes because rotation (and torsion) is an important cause of collapse in 

structures. 
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For the third mode we can observe in the top view deformation diagram that there 

is a lot of rotation in each floor so we can conclude that it is a torsional mode.

as it is the first torsional mode. It can be observed that 

As we could predict the third mode is the first torsional mode

whole structure instead of just a specific part of it. As we expected the first three m

are enough to define translational deformation in both direction and 

rotation in the whole structure. Third node (���) has a much larger ratio 

and close to two not to one so torsional mode has a smaller 

factor. If otherwise we should check the design in order to avoid any small ratio closer to 

one in torsional modes because rotation (and torsion) is an important cause of collapse in 

  

Figure 6.13: Mode 3 
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For the third mode we can observe in the top view deformation diagram that there 

is a lot of rotation in each floor so we can conclude that it is a torsional mode. We name 

as it is the first torsional mode. It can be observed that it affects all 

As we could predict the third mode is the first torsional mode and it affects the 

we expected the first three modes 

are enough to define translational deformation in both direction and 

) has a much larger ratio ��/�� 

torsional mode has a smaller participating 

factor. If otherwise we should check the design in order to avoid any small ratio closer to 

one in torsional modes because rotation (and torsion) is an important cause of collapse in 
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In mode 4 we realize 

those with a notable rotation, lower levels are barely affected b

conclude that this node is a torsional mode but is only affecting the upper levels so for 

deeper study focusing in individual floors this mode would have no interaction at any kind 

of deformation for lower levels.

This mode has a ratio 

means that has a small partic

because we avoid have large rotations on the floors. 
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In mode 4 we realize that the torsion is only affecting the upper levels which are

those with a notable rotation, lower levels are barely affected by this mode. So we can 

conclude that this node is a torsional mode but is only affecting the upper levels so for 

using in individual floors this mode would have no interaction at any kind 

of deformation for lower levels. We name this mode as ���. 

This mode has a ratio ��/�� of 2.45036564, as this ratio is large and not close to 1 it 

means that has a small participating factor which is very important in torsional modes 

because we avoid have large rotations on the floors.  

  

Figure 6.14: Mode 4 
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ting the upper levels which are 

y this mode. So we can 

conclude that this node is a torsional mode but is only affecting the upper levels so for 

using in individual floors this mode would have no interaction at any kind 

, as this ratio is large and not close to 1 it 

ipating factor which is very important in torsional modes 
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Mode 5 is clearly a translational mode as it can be appreciated in the top view 

deformation diagram where there is no rotation at any floor of the structure. We name 

this mode as ��� because it’s the second mode in 	 direction. 
We can see that is the second mode in a certain direction because the deformation 

has two different directions, while the lower levels are going to the positive side of the 	 
axes, the upper levels are going in the opposite direction. We do not see this in primary 

modes were the deformation goes in the same direction in all the stories. 

In this mode we are not worried about the ratio ��/�� (2.94528114 for mode 5) 

because even if it were close to 1, it wouldn’t be a big deal because it is not a torsional 

mode which are the only ones that can produce big problems with large participating 

factors. 

  

Figure 6.15: Mode 5 
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Last mode is a torsional mode as we can easily see in the figure above. We name it as �	
 
for being the third torsional mode. 

As we have commented for mode ��� we can observe that mode �	
 is not a 
primary torsional mode because the rotation is in different direction for upper and lower 

levels, lower levels are rotating counter clockwise while upper levels are rotating anti 

counter clockwise.  

As the ratio ��/�� is very large in this case we don’t have to be especially worried 
for this mode. It would be different if it were smaller and close to one, not only because 

it’s a torsinoal mode and it would be rotation but as the rotation is in different directions 

this would create huge stresses and torsion in the floor where it change from one 

direction to the other 

  

Figure 6.16: Mode 6 
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When focus on the actual deformation of the structure due to a linear analysis, the 

way to study it is by the story drift suffered in each floor. As we cannot use the envelope 

deformation provided by SAP2000 because the maximum deformation that appears at 

each story could be caused in a different time, the way to obtain the story drift in each 

direction is by obtaining the deformation of every node at very each step of calculation 

and obtaining the evolution of the story drift for each of these steps getting so the 

evolution of the story drift at all the nodes. Once we have the evolution of the story drift 

we can obtain the maximum point (positive or negative, it doesn’t matter, both direction 

have the same influence) of the story drift. 

After following the procedure just explained we have obtained the story drift in both 

directions in nodes 2, 3, 4, 89, 90, 91, 142, 143, 144, 145, 146, 147. As explained before, 

these points can define the behavior of all the floors in the structure since we are working 

with a rigid diaphragm. 

 

Earthquake in 0º direciton 

Joint X direction Y direction 

Text inch mm inch mm 

142 1.58 40.07 - - 

143 1.59 40.43 - - 

144 1.46 37.04 - - 

145 2.75 69.91 - - 

146 2.73 69.33 - - 

147 2.30 58.30 - - 

Earthquake in 90º direction 

Joint X direction Y direction 

Text inch mm inch mm 

142 0.54 13.84 3.53 89.55 

143 0.69 17.50 4.42 112.15 

144 0.80 20.28 5.03 127.88 

145 0.72 18.31 6.84 173.67 

146 0.71 18.00 6.55 166.27 

147 0.60 15.12 5.45 138.45 
 Table 6.6 

 

Tables above show maximum story drift of the South-East corner of the structure 

corresponding to the intersection between frames in lines D and 6 for the same 

earthquake in three different directions. Tables bellow corresponds to maximum story 

drift on the South-West corner which is the intersection of frames in lines D and 1 (joints 

2, 3 and 4) for the lower levels and lines D and 4 (joints 89, 90 and 91)for the upper 

levels.  

 

Earthquake in 45º direction 

Joint X direction Y direction 

Text inch mm inch mm 

142 1.29 32.69 2.49 63.32 

143 1.37 34.72 3.12 79.30 

144 1.39 35.33 3.56 90.42 

145 2.06 52.22 4.83 122.80 

146 2.04 51.72 4.63 117.57 

147 1.72 43.80 3.85 97.90 

Table 6.5 Table 6.4 



Nonlinear seismic analysis of industrial steel structures with irregularities 

  Linear analysis 

69 

 

Earthquake in 0º direction 

Joint X direction Y direction 

Text inch mm inch mm 

2 1.58 40.07 - - 

3 1.59 40.43 - - 

4 1.46 37.04 - - 

89 2.75 69.91 - - 

90 2.73 69.33 - - 

91 2.30 58.30 - - 

Earthquake 90º direction 

Joint X direction Y direction 

Text inch mm inch mm 

2 0.54 13.84 2.47 62.86 

3 0.69 17.50 2.63 66.83 

4 0.80 20.28 2.46 62.56 

89 0.72 18.31 6.34 161.09 

90 0.71 18.00 6.07 154.17 

91 0.60 15.12 5.03 127.81 
 Table 6.9 

First thing we notice is that in one direction (	 direction) the maximum story drift is 

the same in the whole floor as we see when we compare both points we have calculated, 

in the other hand, story drift in other direction (� direction) is not the same along the 

whole floor. It is not as we expected since we defined rigid diaphragm so we were 

expecting the entire floor moving together, so the same story drift in the whole floor in 

both directions. Then we realize that rotation causes these differences in the drift in the 

same story but this would affect both direction and it is not. 

If we take a closer look we comprehend why is this happening, we are working on 

maximum story drift of all time instead of time history displacement, so we are right 

when we think that the rotation affects both direction, but when affects one direction it 

creates the maximum drift while in the other direction that drift is not the maximum of all 

time (the maximum is created by translation). 

We can also see that the story drift between two points in the same floor is not the 

same, meaning that there is rotation in that floor so torsional effect appears on the 

structure. We cannot use the results in tables 6.4 through 6.9 to calculate the rotation 

because they are maximum values which they can occur in different moments of the time 

history. 

This torsional effect is produced by the difference of position between the center of 

mass and the center of rigidity, the distance between these positions are called 

eccentricity. Now we calculate both centers and the eccentricity in each floor so we can 

observe why the torsional effects are different in each floor. The fictitious force produced 

by the earthquake is applied on the center of mass, but the structure moves around the 

Earthquake in 45º direction 

Joint X direction Y direction 

Text inch mm inch mm 

2 1.29 32.69 1.75 44.45 

3 1.37 34.72 1.86 47.26 

4 1.39 35.33 1.74 44.23 

89 2.06 52.22 4.48 113.91 

90 2.04 51.72 4.29 109.01 

91 1.72 43.80 3.56 90.38 

Table 6.8 Table 6.8 
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center or rigidity, so if we have eccentricity between both centers, it will appear a 

torsional moment applied in the center of rigidity creating the rotation on the stories. 

The center of mass for each floor, as the mass is distributed constantly along the 

whole floor, is going to be positioned in the very middle of every story. This means that 

for lower levels the center of mass is situated in �� = 75 ��;  ��� = 45 �� for an axes 
situated in the S-W corner of the structure (in lines 1 and D). For upper levels the center 

of rigidity is also situated in the middle of each floor but since the floors are not centered 

the center of mass is situated in the coordinates: �� = 120 ��;  ��� = 15 ��. 
The center of rigidity instead of being situated in the middle of the floor is moved. 

The way to obtain this center is by getting the stiffness of each frame first. As we want to 

calculate the stiffness for every floor we only consider the brace at that specific floor 

which are working with. If we apply a force at the top of the brace we are calculating and 

we obtain the displacement we would easily know the stiffness of it because � = ��.  
We use SAP2000 to obtain the displacements for a 1 ��� force, for frames with a 

brace section of ���7	7	1/2 displacement is 7.8893 ∗ 10� ���ℎ so stiffness is � =

1268 
���

��
, while for frames with a brace section of ���6	6	3/8 displacement is 

0.001199 ���ℎ so stiffness is � = 840 
���

����
. This is enough to obtain the center of rigidity 

for each floor. For lower stories �� =
���∗������∗���

������∗���
= 68.38 ��. For upper levels is the 

same as the center of mass since it’s symmetric. 

Since the frames in line A and D are exactly the same, the � axe of the center of 
rigidity is in the middle (the same as the center of mass for both, lower and upper levels).  

We also have to consider the accidental mass eccentricity, this eccentricity comes 

from the fact that during the construction the mass is not going to be perfectly distributed 

creating so some variation on the center of mass, from studies and from the code we 

consider this accidental eccentricity as 5% of the total length of the structure, so in 	 
directions would be �� = 0.05 ∗ 150 = 7.5 �� and in � direction would be �� = 0.05 ∗ 90 =

4.5 �� for lower levels, in upper levels is different because the dimensions of the decks 

are different from the lower levels. For � directions is the same but in 	 direction would 
be �� = 0.05 ∗ 60 = 3 ��. 

Now that we have situated both centers we can make some comments on the 

torsional effect. The first thing we notice is that in upper levels there is barely no 

eccentricity, only accidental eccentricity which is very small, so the torsional effect would 

be very small, far from what we expected since the upper levels are the irregularity in the 

structure. It is completely opposite on the lower levels where there is eccentricity and we 

expected less torsional effect than in upper stories. For a better appreciation of the 

torsional effect on each story we obtain the rotation of each one. To do so we go back to 

the procedure we followed to obtain the story drift, we retake the process at the point 

where we had the time history of the drift for two points at each floor and for the � 
direction we subtract the drift of one point from the other so we would obtain the 
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difference on the drift which is a clear data for the rotation, the higher the difference the 

larger the rotation is.  

Max difference between points in same floor 

Story 0º 45º 90º 

Text inch mm inch mm inch mm 

1 - - 1.28 32.62 1.82 46.13 

2 - - 1.62 41.25 2.30 58.34 

3 - - 1.88 47.81 2.66 67.61 

4 - - 0.68 17.26 0.96 24.42 

5 - - 0.67 16.97 0.94 24.00 

6 - - 0.56 14.25 0.79 20.16 
Table 6.10 

Some results are like we expected but some others are not. Results in 0º directions 

are pretty much as we supposed they would be, they can be neglected. This is because 

there is no eccentricity in that direction. But rotation in 90º is larger than rotation in 45º. 

Somebody without structural and seismic knowledge could think that because the 

directions are not in any of the primary directions (	 or � directions) there would be more 

rotation and for an earthquake in a primary direction there would not. Since the rotation 

is not only a matter of the direction of the earthquake, is a matter of the position of the 

center of mass and the center of rigidity, so in function of the eccentricity each directions 

would produce more or less torsional moment and in our structure the case that produce 

more torsional moment is for an earthquake in 90º direction. 

As commented before the torsinal effect is larger in lower levels than in upper levels 

because of the position of the center of rigidity. This is not as we expected specially after 

explaining and knowing how are the modes of vibration for our structure are. We can see 

that the torsional modes (�	�,�	� and �	
 corresponding to modes 3, 4 and 6) have a very 

large rotation in all the stories but we have to remember that we are considering the 

rotation with respect to the story below not to the original position; that’s why even if we 

have large rotations during the whole earthquake, it could be that the actual rotation with 

respect to other floors is very small. In table 6.10 we have considered the rotation with 

respect to the story below so it gives us a clear view of the behavior of the structure in 

front of torsional effects. 

The worst scenario is with the earthquake coming in 90º because it causes the 

largest drift, especially in the first floor of the upper levels (4th story), where the drift is 

6.84 ���ℎ�
 (173.74 ��) and 6.34 ���ℎ�
 (161.04 ��) in both corners respectively we 

also have the largest rotation at any direction as we see in table 6.10. This situation is the 

worst because this direction is the weak one since there is a smaller rigidity than the 

other direction and there is an eccentricity causing the appearance of torsional moment, 

so torsinonal modes have more influence in the displacement of the structure which is not 

a good sign since torsional modes create rotation on floors and torsion on some elements 

making them easily to collapse. 
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6.4 BENDING MOMENT

Once completed this

through the stresses that the structure receive

looking at the maximum because these are the most important forces

control the structure. Here we find some interesting difference caused by the vertical 

irregularity. 

The first notable observation is the appearance of bending moment in some 

elements, this is not supposed to hap

not allow to transfer bending moment (we have to remember that we are only looking 

the effects of the earthquake load not the gravity loads, that’s why we are not expecting 

bending moment, gravity loads do produce bending moment in elements with pin 

braced girders is caused by 

explanation of the cause of bending moment in 

would happens with a structure without vertical irregularities and just one braced bay, 

then we move to two braced bay and finally to the structure with vertical irregularity we 

have. 

If we only consider one braced bay

analysis to explain the reason of the bending moment, this has no further meaning in this 

If we move on to two 

braced bays we would see that 

the same procedure is followed 

but in this case, even with a 

Figure 6.17: Bending moment diagram
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is deeper look at the modes and deformation we are going 

through the stresses that the structure received during the earthquake, we are only 

because these are the most important forces

. Here we find some interesting difference caused by the vertical 

The first notable observation is the appearance of bending moment in some 

pposed to happen in braced frames because pin connections do 

not allow to transfer bending moment (we have to remember that we are only looking 

the effects of the earthquake load not the gravity loads, that’s why we are not expecting 

y loads do produce bending moment in elements with pin 

supports). Bending moment is only 

appearing in the braced girders on 

lower levels, it’s caused by an 

unbalanced force on brace 

members, this unbalanced force

not created by earthquake load 

because we are in a linear analysis 

so the axial force in brace members 

on the same floor should be the 

same. 

 

This bending moment in 

braced girders is caused by the axial deformation of braced columns

explanation of the cause of bending moment in the girders we start explaining what 

would happens with a structure without vertical irregularities and just one braced bay, 

then we move to two braced bay and finally to the structure with vertical irregularity we 

If we only consider one braced bay and we run a push-over analysis (we use static 

analysis to explain the reason of the bending moment, this has no further meaning in this 

project) we would see that we are solving a 

hyperstatic structure, as it is symmetric the axial 

deformation on the columns is the same with 

opposite directions so de vertical deformation on 

the joint of the brace members is zero 

only horizontal deformation, so for compatibility the 

axial force in the brace members is the same.

If we move on to two 

s we would see that 

the same procedure is followed 

but in this case, even with a 
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deeper look at the modes and deformation we are going 

during the earthquake, we are only 

because these are the most important forces and those which 

. Here we find some interesting difference caused by the vertical 

The first notable observation is the appearance of bending moment in some 

pin connections do 

not allow to transfer bending moment (we have to remember that we are only looking 

the effects of the earthquake load not the gravity loads, that’s why we are not expecting 

y loads do produce bending moment in elements with pin 

. Bending moment is only 

appearing in the braced girders on 

lower levels, it’s caused by an 

unbalanced force on brace 

, this unbalanced force is 

not created by earthquake load 

e are in a linear analysis 

so the axial force in brace members 

on the same floor should be the 

This bending moment in 

the axial deformation of braced columns. To help in the 

the girders we start explaining what 

would happens with a structure without vertical irregularities and just one braced bay, 

then we move to two braced bay and finally to the structure with vertical irregularity we 

over analysis (we use static 

analysis to explain the reason of the bending moment, this has no further meaning in this 

project) we would see that we are solving a 

hyperstatic structure, as it is symmetric the axial 

umns is the same with 

so de vertical deformation on 

the joint of the brace members is zero and there is 

so for compatibility the 

axial force in the brace members is the same. 
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symmetric structure, the joint of the brace members have vertical displacement creating 

so bending moment in the girders (same bending moment with opposite directions). 

Finally, for our structure, two braced bays and vertical irregularities, axial force in 

external columns is not the same due to the vertical irregularity, so axial deformation is 

different too; this means that vertical displacement in the joint of the brace members in 

one bay is different than the other so the bending moment is different too.  

In conclusion, the fact of having two braced bays in a structure would create a 

bending moment on the girders, that it is no supposed to be because of the pin 

connections, caused by the hyeperstaticy of the structure and the vertical displacement 

on the joint of the braced members; but vertical irregularities, like the one we are 

studying, cause more bending moment that need to be added to the one caused by the 

double braced bay and cause a non symmetrical distribution of this moment too, so both 

brace systems would have different bending moments creating an irregular distribution 

along the deck of the floor. 

6.5 AXIAL STRESS 

Once we have studied the axial loads on the brace members, displacements, drifts 

and rotation of the structure and bending moment on the girders the last step of the 

linear analysis is the axial load at columns and how the vary with the direction of the 

earthquake and how are affected by the set-back. The first thing to do is classify the 

columns and obtain the maximum axial force through the earthquake in both three 

directions and for all the frames in the structure, point that gravity columns are not 

important since they don’t receive any stress from the earthquake because all the 

structure is connected by pin connections, gravity columns only give shape to the 

structure and as the name stands they bear the gravity loads. 

So, after classifying all the columns, we obtain the maximum axial stress in each of 

the members and we discover some interesting patterns function of the direction of the 

frame.  

For frames in � direction (lines 1, 4 and 6) are not affected by an earthquake 
applied in perpendicular direction (0º earthquake) because there is not such a force in 

that direction, none coming straight from the earthquake either from the rotation since, 

as explained before, there is no eccentricity for earthquakes in 0º direction. 

In table 6.11 the ratio between the axial stresses received at any column from the 

frames in � direction for different earthquake directions is plotted. These stresses are 
produced by the overturning moment on the structure coming from the earthquake, that 

is the reason why there is no ratio for elements of the last floor, the axial force is 0 or 

negligible (for any direction of earthquake) so the ratio make no sense because we are 

dividing by zero or close to zero. To compensate the overturning moment the same force 

in opposite direction appear in both of the braced columns so we have equilibrium of 

forces and the torque produced by these forces is the same of the overturning moment 

so we also have equilibrium of moments. 
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Table 6.11 

As we expected both ratios of 0º/45º and 0º/90º are negligible because the 

earthquake in 0º direction does not affect these frames. On the other hand the ratio 

45º/90º is very similar in all the columns and very close to 0.70710678 which curiously is 

the result of sin 45º which would be the projection of the earthquake in 45º into 90º. 

Although curiously is not the best word because there is a 45º angle difference and no 

irregularity in these frames it was something not expected. There is torsion involved 

(especially for 45 and 90 degree as we have seen above) and the structure have a set-

back irregularity, although the irregularity is not specifically situated in these frames it 

affects the behavior of the whole structure so it was expected some influence somehow. 

  

Member ratio 0/45 ratio 0/90 ratio45/90 

  Text Unitless Unitless Unitless 

7 3.6611E-15 2.5888E-15 0.7071067 

Columns in frame in 

line 1 

8 5.4517E-15 3.8549E-15 0.70710651 

9 - - - 

13 3.6237E-15 2.5623E-15 0.7071067 

14 5.7296E-15 4.0514E-15 0.70710651 

15 - - - 

79 3.1454E-16 2.2241E-16 0.70710675 

Columns in frame in 

line 4 

80 5.862E-16 4.145E-16 0.70710687 

81 1.1165E-15 7.895E-16 0.70710673 

82 2.8432E-15 2.0105E-15 0.70710683 

83 1.2875E-14 9.1038E-15 0.70710744 

84 - - - 

85 4.1293E-16 2.9198E-16 0.70710675 

86 4.3157E-16 3.0516E-16 0.70710687 

87 1.1548E-15 8.1655E-16 0.70710673 

88 3.4774E-15 2.4589E-15 0.70710683 

89 1.3615E-14 9.6273E-15 0.70710744 

90 - - - 

127 9.0349E-16 6.3886E-16 0.70710678 

Columns in frame in 

line 6 

128 8.6845E-16 6.1409E-16 0.70710684 

129 7.4584E-16 5.2739E-16 0.70710685 

130 3.4951E-15 2.4714E-15 0.70710685 

131 1.4513E-14 1.0262E-14 0.7071057 

132 - - - 

133 7.6698E-16 5.4234E-16 0.70710678 

134 9.5114E-16 6.7256E-16 0.70710684 

135 7.4222E-16 5.2483E-16 0.70710685 

136 3.7045E-15 2.6195E-15 0.70710685 

137 1.4951E-14 1.0572E-14 0.7071057 

138 - - - 
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On the other hand we have the same ratios for the frames in 	 direction (lines A 
and D) which are plotted in table 6.12 

  

Member ratio 0/45 ratio 0/90 ratio45/90 

  Text Unitless Unitless Unitless 

67 1.14167852 2.16358782 1.89509375 

Columns in frame in 

line A 

68 1.17077709 2.02733102 1.73161146 

69 1.47093923 3.86676995 2.62877614 

91 1.47092177 3.86660438 2.62869477 

92 1.47092207 3.86660774 2.62869653 

93 1.47092165 3.86660858 2.62869784 

94 1.47117281 3.8969672 2.64888474 

95 1.47894063 3.91605511 2.64787851 

96 - - - 

115 1.35794357 3.18268344 2.34375235 

116 1.42957006 3.75223134 2.62472715 

117 1.47092237 3.8666075 2.62869583 

118 1.47117281 3.8969672 2.64888474 

119 1.47894063 3.91605511 2.64787851 

120 - - - 

49 1.11027855 2.16358782 1.9486892 

Columns in frame in 

line D 

50 1.07997741 2.02733102 1.87719761 

51 1.36174856 3.86676995 2.83956235 

73 1.36171535 3.86660438 2.83951003 

74 1.36171462 3.86660774 2.83951401 

75 1.36171501 3.86660858 2.83951381 

76 1.36150101 3.8969672 2.86225804 

77 1.35318709 3.91605511 2.8939495 

78 - - - 

97 1.2183214 3.18268344 2.61235126 

98 1.26087349 3.75223134 2.97589836 

99 1.36171501 3.8666075 2.83951302 

100 1.36150101 3.8969672 2.86225804 

101 1.35318709 3.91605511 2.8939495 

102 - - - 
Table 6.12 

For the first and the third columns of ratios (0/45 and 45/90) we could expect some 

similar results as the third column in table 6.11 since both ratios are for angles with 45 

degree of difference but any of the ratios in table 6.12 are close to 0.70710678 or 

1.41421356 which are the results of sin 45º and 
�

�����º
 respectively. 

The first conclusion we obtain from table 6.12 is that earthquakes in 45 and 90 

degree directions affects in a different way frames in lines A and D (they are supposed to 

react the same way since they are exactly the same and situated symmetrically) caused 

because the torsional moment impacts in the same direction as the overturning moment 
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for one frame and the opposite directions for the other frame. We see from the results in 

the first column that most of the ratios for frame in line A are over 1.41421356 meaning 

this that the influence of the 45º direction earthquake is smaller than the straight 

projection of the earthquake into the 0º direction while for frame in line D is in the 

opposite way, all the ratios are below 1.41421356 so the influence in this frame is larger 

than the straight projection into the 0º direction, the smaller the ratio the larger the 

influence. 

In the second column, ratio 0/90, values go from 2 to 4. Even they look like that 

the influence of the earthquake in 90º directions does not really affect frames in 	 
direction as much as 0º direction earthquake does we have to think that axial stresses in 

for 0º direction are very large so being twice or four times smaller it’s still a large amount 

of stress. This means that the torsional effect for a 90º direction earthquake is very large 

producing large rotations on the floors of the structure as we have commented before. In 

this case we observe that unlike the first ratio we find the same values for both frames 

(line A and D), this is caused because the stresses produced by the earthquake in 90º 

direction are coming only from the torsional moment, so they are the same but in 

different directions. 

Finally for the third column it could be the less important ratio for these frames 

because we have already seen how earthquakes in 45 and 90 degrees affect these 

frames by torsion plus the fact that the 45º direction earthquake, unlike the 90º direction, 

torsion is not the only cause for the stresses so we cannot obtain much more new 

conclusions from it. 

The only patterns we see in all three ratios is that for upper levels they are very 

similar but for lower levels the change. The variation depends on the position of the 

columns. Exterior brace columns with only three stories (columns situated farthest to the 

west) don’t follow any progression, the lowest ratio is in the second story, then goes the 

first one ending with a similar to upper levels ratio for the third floor. Columns in the 

middle have the same ratio as upper levels while the exterior columns with six stories 

(furthest to the East) have a progressive ratio from the lowest one for first floor to the 

largest for the third floor. We have already commented what produces this, it is caused 

by the torsion, and because of the position of the center or rigidity torsion is higher in 

lower floors, so ratio is smaller as explained before. 

As we have found in the bending moment, set-back also creates none expected 

axial stresses in columns. For the frames in lines A and D in lower levels axial stress 

distribution in columns does not follow the way it is for the same structure without the 

irregularity. For a regular structure both braced bays would act as a one big brace bay so 

only exterior columns would have axial stress in order to balance the overturning moment 

created by the earthquake; unlike them, middle columns don’t have any axial stress. But 

as we can observe in figure 6.18 it does not occur for a set-back irregularity where middle 

columns do have axial stress.  

The relationship between columns in the same floor is not the same as for regular 

frames where the axial stress is the same in opposite direction to fulfill force equilibrium 
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and create enough torque for the moment equilibrium; in this case the idea is the same, 

satisfy both force and moment equilibriums, but is not as straight forward as just two 

forces.  

The cause of this difference between regular and irregular structures has the same 

basis as the cause of bending moment on the girders explained before. The axial 

deformation of the columns is 

the cause, but the set-back 

irregularity is the reason why 

we have axial deformation in 

the middle column too so an 

axial stress also appears in it. 

Irregularity causes more axial 

deformation in one of the 

external columns while the 

other external column has not 

the same deformation meaning 

this that the middle column has 

some axial deformation leading 

us to find some axial stress on it as we appreciate in figure 6.18. 

We also observe that the axial stress in the middle column increases for higher 

floors until it gets into the set-back zone where it goes back to the normal pattern, 

decreasing for upper levels. 

Figure 6.18: Axial stress diagram 
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NONLINEAR ANALYSIS  

 

Once analyzed the structure linearly and discussed the results we can proceed to 

the most complex, accurate and realistic analysis that a structure can receive, the 

nonlinear time history analysis, which involves analysis for an earthquake while we 

consider the yielding points and the different stiffness of the elements once they reach 

that point. For nonlinear calculations we cannot use a modal analysis as we have done for 

linear analysis because the structure is not going to behave linearly anymore, so we have 

to change that into direct integration analysis. For direct integration the equation of 

motion described at the beginning of this paper is made in a matrix form in order to 

include all the elements of the structure and it’s integrated for each point of the 

earthquake defined, in other words, the program calculates the integration of the 

equation of motion every 0.02 second. 

From the experience of running this type of calculation several times we realized 

that most of the times calculations did not converge at the end of the earthquake, this 

means that we are obtaining results but we cannot do it for the whole time we have 

defined for the earthquake. This is caused because of the changes that the stiffness 

matrix receives throughout the earthquake. Stiffness matrix receives some small changes 

due to numerical errors on the memory of the program, these changes are not the main 

cause of the crash of the program, the main problem are the changes produced by the 

adjustment on the stiffness when an element reaches the yielding point. At that point the 

stiffness of that element changes so the matrix changes too and it reaches a point where 

it is unstable and SAP2000 cannot get a final result producing a failure on the program. 

After trying to find a solution to this problem by modifying the time step and the 

maximum number of iterations at each integration and SAP2000 was still crashing we 

decided to reduce the time of the earthquake because, as it can be appreciated in the 

diagram of the acceleration of the ground motion produced by the earthquake, after 20 

seconds the earthquake has lost all the important ground motion and it can be negligible 

from then on. After reducing the time of the earthquake we started getting total results. 

As we moved on in calculations that involved more members, as it can be for earthquake 

in 45º ,we have also reduced the earthquake at the 

beginning where the peak ground acceleration of the 

first 5 seconds is less than 0.0001 the peak ground 

acceleration of the whole earthquake. With these 

reductions we started obtaining some results useful 

for the study and the diagram of ground acceleration 

against time is attached next to these lines. 

  

Figure 7.1: Ground motion diagram used 
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7.1 PLATIC HINGES

Before starting with any kind of calculation we had to define the plastic hinge

to obtain nonlinear results. 

the analysis by defining the point where a specific section

stiffness. We are going to define several different types of plastic hinges for our structu

divided in two main groups, b

For bending moment hinges, as they work symme

we only have to define it as a function of yielding moment 

automatically change it for each section. For axial load hinges

equally in tension than in compression 

yielding force too but for the compression part we

have the yielding point for compression as a function of the yielding in point in tension.

For example, for brace members

���7�7�5/8) ��� 	 24.196 

ratio is 
���

��
	 0.526 and the plastic hinge diagram 

following 

 

 

 

The stiffness after yielding is going to be 10% of the original stiffness. As we are working 

with a catastrophic earthquake we are moving the fracture limit to avoid any fracture on 

the structure, we get this by moving the ends o

We do the same with the rest of t

columns and braced members, and we post the ratios for each member in the following 

table and we define the rest of plastic hinges necessary for the calcula

W14x68 W14x109 W14x132

unitless unitless 

0.676 0.843 

Since all the members are supported by pin connections we only have to define the 

plastic hinge in the midspan of the memb

Before we proceed with the calculation we first define and check the options given 

by SAP2000, it’s very important and worth it to check several times the loading cases 

because as we are dealing with nonlinear calculation with direct integration each time we 

want to run an analysis it will take between 5 to 7 hours of calculation, so it is important 

to leave everything clear before we start the analysis. Some of the options to check are 
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PLATIC HINGES 

Before starting with any kind of calculation we had to define the plastic hinge

. Plastic hinges are responsible of giving the nonlinear sense to 

the point where a specific section of an element will change the 

. We are going to define several different types of plastic hinges for our structu

divided in two main groups, bending moment plastic hinges and axial force plastic hinges. 

For bending moment hinges, as they work symmetrically in tension than in compression 

we only have to define it as a function of yielding moment �� and the program would 

automatically change it for each section. For axial load hinges, member

equally in tension than in compression so, we define the tension part as a function of 

yielding force too but for the compression part we have to find the ratio 

have the yielding point for compression as a function of the yielding in point in tension.

For example, for brace members in line A and D (all of them have the same section

 ��� as we have calculated in the design of the structure, so the 

and the plastic hinge diagram as it is defined in Sap2000 

The stiffness after yielding is going to be 10% of the original stiffness. As we are working 

with a catastrophic earthquake we are moving the fracture limit to avoid any fracture on 

the structure, we get this by moving the ends of the plastic hinges. 

We do the same with the rest of the members that work in tension

columns and braced members, and we post the ratios for each member in the following 

and we define the rest of plastic hinges necessary for the calculations.

Ratio Fcr/Fy 

W14x132 W14x176 HSS7x7x5/8 HSS7x7x1/2

unitless unitless unitless unitless

0.846 0.864 0.526 0.539

Table 7.1 

all the members are supported by pin connections we only have to define the 

e in the midspan of the members and it is not needed at the ends.

Before we proceed with the calculation we first define and check the options given 

ery important and worth it to check several times the loading cases 

because as we are dealing with nonlinear calculation with direct integration each time we 

want to run an analysis it will take between 5 to 7 hours of calculation, so it is important 

ave everything clear before we start the analysis. Some of the options to check are 

Figure 7.2 

 Nonlinear analysis 

79 

Before starting with any kind of calculation we had to define the plastic hinges used 

Plastic hinges are responsible of giving the nonlinear sense to 

an element will change the 

. We are going to define several different types of plastic hinges for our structure 

ending moment plastic hinges and axial force plastic hinges. 

trically in tension than in compression 

the program would 

members do not work 

define the tension part as a function of 

have to find the ratio ���/�� so we 

have the yielding point for compression as a function of the yielding in point in tension. 

in line A and D (all of them have the same section 

as we have calculated in the design of the structure, so the 

as it is defined in Sap2000 would be the 

The stiffness after yielding is going to be 10% of the original stiffness. As we are working 

with a catastrophic earthquake we are moving the fracture limit to avoid any fracture on 

he members that work in tension-compression, 

columns and braced members, and we post the ratios for each member in the following 

tions. 

HSS7x7x1/2 HSS6x6x3/8 

unitless unitless 

0.539 0.4397 

all the members are supported by pin connections we only have to define the 

ers and it is not needed at the ends. 

Before we proceed with the calculation we first define and check the options given 

ery important and worth it to check several times the loading cases 

because as we are dealing with nonlinear calculation with direct integration each time we 

want to run an analysis it will take between 5 to 7 hours of calculation, so it is important 

ave everything clear before we start the analysis. Some of the options to check are 
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the method of calculation is going to be used for the direct integration, we are using the 

Hilber-Hughes-Taylor method is an implicit method that allows for energy dissipation and 

second order accuracy (which is not possible with the regular Newmark method) and we 

should define � = −1/3 as � controls the convergence of this method. For a larger � the 

analysis would be more precise but it would probably not converge (we still have a lot of 

problems of convergence with this � being it the smallest it can be chosen). After several 

tries and hundreds of hours in calculation we decide to use a maximum substep in 

calculations of 0.01 (which is half the step of the input data), defining a smaller substep 

than the step which we have defined the earthquake we provide more precision to the 

analysis pushing back the crashing of the program as far as possible (it cannot be 

avoided in some cases), we don’t use a smaller substep in order to avoid any kind of 

collapse because the calculations would turn into an extremely slow process which it only 

delays the crashing few steps so it is not worth it. 

7.2 DEFORMATION 

Once we run the program and we obtain the results, we observe that it is not as we 

were expecting, we need to remember that when considering nonlinearity, structures do 

not act as we always expected or as it usually do. As it is a very slow process to calculate 

and process all the information given, we start with the analysis of the earthquake 

coming in 0º and we comment it deeply before we move on to other directions of 

earthquake and we extract the final results at the end of all. 

The first notable not expected result is the deformation of structure, it was not 

expected to have such a large deformation in the first story and the fact that it does not 

go back and forward around the zero. The shape of the structure in the 9th second of the 

new reduced-time defined earthquake is the following 

 

 

 

 

 

 

 

 

 

 

  

FIgure 7.3: Deformation at the 9
th

 second 
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The image has been created in the 9th second in order to appreciate the large 

deformation in the first floor and the first upper floor; those deformations are way larger 

than the rest of stories. It has to be added that we have applied a scale factor of 10 at 

the deformation so it can be appreciated easily the difference between stories. The 

braced members in compression in the first and fourth story have a weird shape as it 

would have been broken; this means that the deformation is too large to be represented 

without that z-shape.  

Dots in light blue are those plastic hinges that reached the yielding point plus a 

safety factor (called life safety), some of them should reach collapse point (which would 

be a green dot in SAP2000) but since we modified the plastic hinges in order to avoid 

those points we won’t find them. 

Purple dot means that the element has barely yielded and it cannot be considered 

as plastic zone because the member is still behaving linearly and it’s still inside the range 

of linear deformation. Dark blue dot means that plastic hinge has reached immediate 

occupancy, so the member yielded but the deformation is still acceptable and considered 

inside the limits. 

We also have to comment the time history deformation of the braced member 

mentioned before because during the earthquake they do not vibrate and deform back 

and forward around or close to the zero, they reach a point (different at each member) 

where they don’t come back and the start vibrating around that point. This is caused 

because of the nonlinearity of the members, when they yield the stiffness of the element 

changes and the deformation is way larger than before; then, when the ground motion 

varies the direction, they go back to the linearity around the deformation point reached 

during the yielding. If the ground motion is not large enough the member is not able to 

yield again and go back to zero, so it stays around that point. The plastic hinge on the 

member number 64 (brace member in compression in the left bracing system of the first 

floor in line A) and the deformation of the element are attached below. 

 

 

 

 

 

  

Figure 7.4: Plastic hinge graph Figure 7.5: Time history deformation of a brace 
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As explained before the member reaches the yielding point and starts deforming 

faster and larger as the stiffness is just 10% of it used to be, when the ground motions 

changes direction it is not going to be strong enough to make the member yields in 

tension and go back to the original position. 

The blue dot on the plastic hinge graph indicates the situation in the time history 

deformation at the 9th second. In this image it can easily be appreciated what we have 

explained about the deformation, how it reaches the plastic zone and deformation 

increases fast and how it can barely reaches the plastic zone again so it cannot return to 

the original postion. 

For the story drift we follow the exact same procedure as we did for the linear 

analysis to get the time history of the story drift and then take the maximum for each 

floor. The results for and earthquake coming in 0º are plotted in the following table 

Max story drift 

Joint X direction Y direction 

Text inch mm inch mm 

142 13.59 345.13 - - 

143 1.85 46.94 - - 

144 1.14 28.90 - - 

145 9.79 248.77 - - 

146 2.77 70.47 - - 

147 1.29 32.86 - - 

 

The first and the fourth (first in upper levels) floors have a huge story drift while 

the rest of stories have similar drift than for linear analysis, even smaller in some stories 

(like the last one), this is caused because the only stories that reached yielding and went 

far into the plastic zone are first and fourth floor. If we take a look at the maximum axial 

loads produced in linear analysis in the brace members (these are the members that 

resist the displacement) we’ll see that all of them reach the yielding strength in both 

tension and compression, we have to remember that is not the same. 

On the following image we can see the numeration of the members for the north 

bound frame (frame in line A) and after it we observe the table with the maximum axial 

loads in the brace members (in tension and in compression). 

 

 

 

 

 

Table 7.2 
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7.3 AXIAL STRESS 

Max axial force in brace members 

Member Tension Compression 

Text Kips kN Kips kN 

40 805.21 3581.56 -718.15 -3194.34 

41 718.15 3194.34 -805.21 -3581.56 

42 1445.19 6428.21 -1293.27 -5752.44 

46 1293.27 5752.44 -1445.19 -6428.21 

47 1891.11 8411.67 -1702.78 -7573.96 

48 1702.78 7573.96 -1891.11 -8411.67 

54 877.60 3903.57 -765.44 -3404.68 

58 766.82 3410.82 -878.89 -3909.29 

59 1387.63 6172.18 -1180.98 -5253.00 

60 1217.65 5416.08 -1433.10 -6374.42 

64 1732.78 7707.41 -1499.24 -6668.61 

65 1574.61 7003.85 -1825.34 -8119.09 

66 1856.96 8259.77 -1598.00 -7107.89 

70 1475.85 6564.57 -1701.23 -7567.07 

71 1755.64 7809.10 -1600.79 -7120.30 

72 1499.49 6669.71 -1642.69 -7306.68 

148 1810.34 8052.37 -1595.62 -7097.32 

149 1472.85 6551.23 -1691.50 -7523.80 

 

As all the brace members in this frame have the same section (���7�7�5/8) we 

have to compare these maximum axial forces with only two strengths, in tension and in 

compression. For tension members (which it does not depend on the member, it depends 

on the time) the yielding force is, � = ���� = 14.0 ∗ 46 = 644 �	
� (2864.7 ��) while for 

Table 7.3 

Figure 7.6: Numeration for frame in line A 
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compression members is  = ����� = 24.21 ∗ 14.0 = 339 �	
� (1507.9 ��) (��� has 

already been calculated on the design of the structure). 

We observe that all the members surpass these limits for tension and compression, 

some of them the axial load is way larger than the yielding limit. In a rational standards 

we would interpret it as all the brace member yield and get deeply into the plastic zone, 

but as we can see in the deformation shape and the story drift only the first, second and 

fourth floor brace members reach yielding but only ones on first and fourth floor get deep 

into the plastic zone and it happens what explained before. 

Even all the members have at least barely reached the yielding point this is not still 

what we expected, because some of them have hardly get in the plastic zone while the 

axial force they received in the linear analysis was more than twice larger than the 

yielding strength, like for example element 72 which received a tension force in the linear 

analysis 2.3 times larger than the limit strength and more than 4.8 times bigger in 

compression and it scarcely yielded without even reach the immediate occupancy. 

When some of the braced floors, in this case the first floor and the fourth (first 

upper level floor) buckle earlier, the buckled floor would form a weak floor, attracting 

most of input energy. As we observe in this case, most likely the most roof drift comes 

from the first and fourth floor in this case. 

The difference between a regular structure and our set-back structure is that 

instead of having this problem in just one story, we now have it in two, the first story and 

the fourth, which is the first one for the upper levels. This situation is not created 

because the irregularity since we would find this every time we run a nonlinear analysis 

which such a big earthquake, but the fact of the irregularity is what produces to have the 

problem twice. 

7.4 BENDING MOMENT 

Another problem caused by the nonlinearity, and we should compare with the 

earthquake in 45º and 90º to see if the irregularity also helps at it, is the appearance of 

bending moment on the girders. In the linear analysis we explained how a double braced 

bay and the set-back creates bending moment on the braced girders because the 

hyperstaticity but this time the bending moment is created by the nonlinearity of the 

members. As we are considering yielding in members and not all the members yield at 

the same time because compression and tension work differently. Compression members 

buckle first at �� axial force applied but members in tension yield at ���� axial force 

which is larger than ��. As both members of the brace have to have the same 

displacement because they are connected, compression force is reduced until 0.3�� while 

the tension force keeps growing until ������ (�� is a factor which measures the 

uncertainty of yielding in tension, it depends on the material). For the same 

displacements members in tension reach ������ and members in compression 0.3��, this  

creates an unbalanced force in the midspan of the girder and is the reason why there is 

bending moment on the braced girders.  
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On Figure 7.7 it can be observed the appearance of bending moment on the braced 

girders, as we designed these girders using the unbalanced force, they are prepared to 

resist such moment so none of them have reached the yielding moment which is are 

great news, because the failure, or yielding, of one of these girders would produce the 

collapse of the whole deck of that floor causing lots of lost even human life. On figure 7.8 

it’s shown the diagram of tension compression of the brace members where we can 

observe how the unbalanced force is caused by the difference on the yielding forces for 

tension and compression. 

 

  

Figure 7.7: Bending moment diagram 

Figure 7.8: Force-deformation diagram 
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7.5 ERRORS 

After running the nonlinear analysis for 45º and 90º direction earthquake without 

getting any result we modified all the input data in order to avoid the crashing of 

SAP2000®. We first started with the failure point of the members; we changed that point 

moving it as far as possible in order to avoid any possibility of failure members so the 

program wouldn’t stop calculating because of that.  

Once the first modification was made we run the nonlinear analysis again but the 

same results were obtained. We changed the stiffness after the yielding and we first 

increased to 1% of the initial stiffness (before that the stiffness was smaller than 1% 

since we considered elastic-perfectly-plastic plastic hinge), we increased this stiffness 

from 1% to 10% by steps of 1% but the same results were obtained every time, 

SAP2000® crashed at the exact same point of calculation. 

So we moved on to a new step of modifications. Next modification made was the 

sub-step size for the nonlinear direct integration iterations, by decreasing the sub-step we 

made from 0.02 to 0.01 and finally 0.005. We redid all the calculations (0.01 sub-step for 

1% to 10% stiffness and 0.005 sub-step for 1% to 10% stiffness) but we obtained again 

the same results. 

After trying everything as explained and always obtain the same results, SAP2000® 

was crashing around the same step of calculation; we decided to check on the SAP2000® 

nonlinear analysis background. 

SAP2000® is one of the first design-oriented programs to introduce nonlinear 

dynamic analysis and it is far from being a perfect platform for this kind of analysis. The 

program tends to be unstable for irregular structures under large inelastic deformation, as 

in our case. There are stability issues involved in numerical solution algorithm for 

SAP2000®. 

As far as we have gone in calculations we can say that a much deeper study of a 

longer period is needed to solve some of the problems presented by nonlinear 

calculations, and the algorithm may be revised or rewritten for special structure with 

irregularities as ours. 
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COMMENTS AND CONCLUSIONS 

 

The effort input in this project led us to some interesting discoveries, unknown for 

us until now, which are summarized and explained in the following pages. 

After the whole process of analyze, organize and comment every single result 

obtained from the linear analysis and all the result we could obtain from the nonlinear 

analysis we obtain some conclusions about these results, we reached more understanding 

about the behavior of the structure and the response of it in front of an earthquake. 

First thing to add is that we have to understand that the structure wasn’t designed 

for this specific earthquake, it was designed following the American code, using the 

seismic zone maps and the utility we were supposed to give it; it was designed to stand 

an average earthquake and we have applied a very powerful one, notice that the seism 

we used was measured in Japan in 1995 and it’s one of the most devastating earthquakes 

that have ever happened. This would mean that it’s very logical that some result may 

look like huge, very large or out of our understanding but this thesis has been made to 

know and comprehend the behavior of irregular industrial structures and more specifically 

the nonlinear behavior, even if we had some issues to carry it on, so we had to apply an 

earthquake powerful enough to put the structure in struggle. 

After deciding what was going to be this thesis, which kind of structure, which 

earthquake, what type of calculations we were looking for, the distribution of the thesis 

itself, which theory was necessary to apply and some else we needed to know how to use 

SAP2000®, specifically for time history analysis and nonlinear dynamic analysis. 

SAP2000® is a structural calculation program for design and study any kind of 

bridge, building or structure. It is one of the first design-oriented program to introduce 

nonlinear dynamic analysis and it’s a very powerful and a must for a structural engineer. 

During the learning process of the program we started from static push-over 

analysis for simply 2D frames (moment frame of 4 stories by 4 bays) to nonlinear time 

history analysis of the same frame going through response spectrum analysis, time 

history analysis of a sinusoidal force and linear time history analysis with ground motion. 

Notice that we had results for the nonlinear analysis in this case due to a very simply 

frame so unstable problems did not appear. We haven’t included the results acquired 

during the learning process because they would fit double the pages we have used to 

write this entire project and it is not important for the matter of this particular thesis as 

were we focus on the response of irregular 3D structures. 

One of the first impressions during this learning process was the lack of information 

and manuals for nonlinear analysis and time history analysis. The fact that most of the 

information used for learning was focused in more specific and simpler matter (which is 

logical since we are in front of a designing program where time history analysis is not use 

for it) made it longer than expected at the beginning to reach enough level to carry on 

these analyses. The time spent on nonlinear analysis it’s also another matter to 
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emphasize. Nonlinear analysis are a very long time consuming procedures where several 

hours are spent on each calculation. For the learning process a lot of hours were spent 

for nonlinear time history analysis but the main problem appeared during the nonlinear 

analysis of the irregular structure for the thesis itself where tones of hours were spent 

trying to avoid the non-stability of the program and trying to obtain some results about it 

by modifying the maximum sub-steps of calculation, increasing the stiffness after yielding, 

increasing the failure point too and modifying the ground motion definitions by erasing 

the first second which were useless. 

After running the first cases during the learning process we realized that the 

amount of data obtained at each calculation is enormous, big enough not to fit in an 

Excel lower than 2007 version, so the main problem was to classify this information to 

obtain only the important values we were looking for. Once the first calculation is 

processed and the Excel sheet is prepared we can use the same one for other calculations 

on the same structure since the formulas follow the same pattern. 

Once we started with the design of the irregular structure we early found some 

issues on it. The first one is the distribution of the lateral forces for the design, the code 

does not clarify what to do in case of irregularity, there is not any coefficient or specific 

way to define those forces as there is no particular way to apply the forces for both 

irregular frames in lines A and D. After processing the linear analysis data we also 

discovered some differences in the distribution of those forces by the ��� coefficient, the 

way to obtain the coefficient is explained in section 6.2, and we realize that the 

distribution for the frames in lines A and D, � direction frames, were similar to the one 

obtained from the data, some differences were found close to the third level but they are 

acceptable as this level is the story on the discontinuity itself. On the other hand, the 

distribution found for � direction is not similar to the one applied for the design, it is 

actually very different in lower levels while it has a similar shape but larger values for 

upper levels. 

Second issue found was the drift of each floor, for upper levels this drift is larger, as 

we expected somehow since the stiffness in upper levels is smaller than lower levels. 

What we did not expect was the pattern that these drifts follow which is completely 

different depending on the earthquake and obviously the direction. In all the cases for � 

direction the drift for lower levels is similar and for upper levels is larger than lower 

stories but is constant without any increase. This leads to a discontinuity between the 

third and the fourth floor which could cause some problems on it, remarking that this 

doesn’t mean that the higher level has a displacement of the summation of all drifts 

below because they may not appear at the same moment of time and the same direction. 

In other way, for � direction drifts increase for upper levels constantly reaching high 

drifts in top levels which could cause some deformation and failure problems but they do 

not follow any unexpected pattern because of the irregularity. 

Third issue is the rotation of each floor; this may be one of the most unexpected 

issues. The maximum rotation of the floors occur for a 90º direction earthquake, these 

rotations are larger than for 45º direction by far, and much more larger than 0º direction 
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where there is no rotation. The interesting point is that there is barely some rotation on 

upper levels while the rotation on lower levels is huge, notice that this rotation is with 

respect to the story below so even if it could look like the rotation is very large for upper 

levels, it is very small because they move to the beat of level below. These rotations are 

created by torsional effects meaning that they are larger in lower levels than upper levels 

which it was not expected. 

Fourth issue but not last is the bending moment that appears in girders for linear 

analysis, remember that for linear analysis should not appear any bending moment 

caused by the earthquake forces since we are dealing with simply (pin) supports. As 

commented in section 6.4 this bending moment appears mainly because of the double 

bays braced but in our case, with a set-back irregularity, this bending moment is larger 

than for a regular structure with two braces bays and does not have any logical pattern 

distribution function of the bays. 

The final issue to comment from the linear analysis is the axial stresses in the 

columns of the braced systems which are a mess, some columns increase their axial 

stress for higher levels while others decrease plus the direction of the earthquake affects 

each frame differently. While frames in � directions are only affected by earthquakes in 

45º and 90º, and 45º direction only has an effect of 0.707 (sin 45), frames in � direction 

receive force from all the earthquake directions and the quantity that affect them is not 

as straight forward to know as 0.707 or 1.414 (sin 45  and 
�

�����
 respectively). 

About nonlinear analysis we only have few comments to do. It is only few because 

the impossibility of taking some of the calculations needed. First of all we would like to 

comment the huge deformation in certain stories due to the yielding of the brace 

members in those stories. To be added that those members yield early on time to start 

vibrating and deforming around another points instead of the zero deformation point. As 

commented in section 7 this is because it is not as easy to yield in compression than in 

tension, so some members after reach the yielding point and deform a lot there isn’t any 

force enough large to make them yield again in tension and go back to the initial point. 

After those certain stories yield they absorb most of the input energy so the other 

members (columns or brace member from other stories) that in linear analysis received 

enough stress to yield don’t reach yielding point. 

Second to comment is the unbalanced force created by the difference of stress 

needed to yield in compression and in tension, so brace members yield in different points 

and they create and unbalanced force applied on the girder creating bending moment on 

it, note that this bending moment is not the same as the one commented on the linear 

analysis which was created because of the hyperstaticity of the structure.  

The lack of information in nonlinear analysis prevents us to make more comments 

about it; a deeper study on the algorithm used for the analysis should be made before 

continuing with complex nonlinear analysis as ours. 
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CONCLUSIONS 

When torsional irregularity is significant like in our case, the direction of earthquake 

affects the response and it should be considered in design process. We can appreciate 

this in all the comments we have made about the linear analysis where depending on the 

direction the rotation of the every floor is important, specially in lower levels, drift on 

stories varies a lot and follow different patterns for different earthquake directions and 

the most important which it could be the reason that affects more directly to the design 

process is the fictitious lateral forces used during the design that, as we have 

commented, have different distribution for each direction of earthquake and structure. 

Equivalent lateral force procedure should be studied for irregular structures like ours 

in order to obtain more conclusions and maybe modify the code for the design. The 

whole procedure should be revised too in order to avoid or decrease large rotation on 

floors and torsion appearance in some members.  

Design process only considers earthquake in 0º and 90º direction in a conventional 

way where torsion is not conceived, it should be modified to consider it since is created 

because of this irregularity. 

For nonlinear studies we do not have the necessary technology and the algorithms 

used by programs like SAP2000® have not been developed enough to proceed with this 

kind of calculations at this level. It has to be added that the time spent on these 

calculations, when the algorithm is not unstable like our case for 0º direction, is huge, 

long enough to discard nonlinear procedures for designing process until some solutions 

for this problem are obtained, until then it is not a viable way to take because for 

engineering companies that design time is a very important factor they cannot afford 

such a waste of time. Although some important structures need a large period of time for 

design, they are so important that they don’t accept reaching the yielding point so 

nonlinearity stays useless for them. 

On the other hand a bigger effort should be made to improve this situation in front 

of nonlinear time history analysis, not only on the nonlinear calculations themselves but 

also in specific structures with irregularities like ours where studies and papers about their 

behavior are small in number and hard to find. 
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ANNEX 

 

FIGURES 

In Figures 9.1, 9.2, 9.3, 9.4 and 9.5 are represented the numeration of the 

members for frames in lines 1, 4, 6, A and D respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.1 

Figure 9.2 
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Figure 9.3 

Figure 9.4 
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Members section for frames in lines 1, 4, 6 and A and D are plotted in Figures 9.6, 

9.7, 9.8 and 9.9 respectively 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.5 

Figure 9.6 
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Figure 9.7 

Figure 9.8 
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TABLES 

In Tables 9.1, 9.2 and 9.3 are all the maximum stresses received for linear analysis 

in IS units at all the members of the structure for earthquakes in 0º, 45º and 90º 

direction respectively. 

 

Stresses in Linear Analysis for 0º direction 

Member Max|P| Max|V2| Max|V3| Max|T| Max|M2| Max|M3| 

Text kN kN kN kN-m kN-m kN-m 

1 0 2.5354E-14 3.5517E-15 0 1.6238E-14 1.1687E-13 

2 0 0 0 2.2318E-16 0 0 

3 0 0 0 2.4634E-16 0 0 

7 2.5643E-11 1.1107E-14 5.8803E-16 4.8816E-15 2.6894E-15 8.9986E-14 

8 1.6756E-11 0 0 9.4649E-17 0 0 

9 6.454E-13 0 0 1.045E-16 0 0 

13 2.538E-11 2.3877E-14 5.8803E-16 5.0014E-15 2.6894E-15 7.6185E-14 

14 1.761E-11 0 0 9.4649E-17 0 0 

15 2.7204E-13 0 0 1.045E-16 0 0 

19 0 4.5681E-14 3.5517E-15 0 1.6238E-14 2.8738E-13 

20 0 0 0 2.2318E-16 0 0 

21 0 0 0 2.4634E-16 0 0 

Figure 9.9 
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25 0 2.5354E-14 1.0586E-15 0 4.8398E-15 1.1687E-13 

26 0 0 0 2.2318E-16 0 0 

27 0 0 0 2.4634E-16 0 0 

31 0 2.6012E-14 1.1961E-15 0 5.4692E-15 6.855E-14 

32 0 0 0 6.8953E-17 0 0 

33 0 0 0 7.6128E-17 0 0 

37 0 1.5248E-14 1.1961E-15 0 5.4692E-15 5.6518E-14 

38 0 0 0 6.8953E-17 0 0 

39 0 0 0 7.6128E-17 0 0 

40 3581.56074 0 0 1.8363E-15 0 0 

41 3581.56074 0 0 1.2927E-15 0 0 

42 6428.21402 0 0 1.063E-15 0 0 

43 0 4.5681E-14 1.0586E-15 0 4.8398E-15 2.8738E-13 

44 0 0 0 2.2318E-16 0 0 

45 0 0 0 2.4634E-16 0 0 

46 6428.21402 0 0 2.4815E-15 0 0 

47 8411.66618 0 0 3.946E-15 0 0 

48 8411.66618 0 0 2.6928E-15 0 0 

49 10315.9439 2.8049E-14 7.4015E-15 1.5266E-15 3.3844E-14 1.4859E-13 

50 5130.2209 0 0 8.3055E-16 0 0 

51 177.635328 0 0 9.17E-16 0 0 

54 3903.5737 0 0 2.1131E-15 0 0 

55 0 2.6012E-14 1.0208E-15 0 4.6692E-15 6.855E-14 

56 0 0 0 6.8953E-17 0 0 

57 0 0 0 7.6128E-17 0 0 

58 3909.28938 0 0 1.7289E-15 0 0 

59 6172.17824 0 0 1.3843E-15 0 0 

60 6374.41546 0 0 2.3527E-15 0 0 

61 0 1.5248E-14 1.0208E-15 0 4.6692E-15 5.6518E-14 

62 0 0 0 6.8953E-17 0 0 

63 0 0 0 7.6128E-17 0 0 

64 7707.41434 0 0 3.8126E-16 0 0 

65 8119.09453 0 0 2.1945E-15 0 0 

66 8259.77142 0 0 2.0498E-15 0 0 

67 10315.9439 5.0707E-14 4.9996E-15 1.6012E-15 2.2871E-14 2.0746E-13 

68 5130.2209 0 0 8.3055E-16 0 0 

69 177.635328 0 0 9.17E-16 0 0 

70 7567.07104 0 0 3.6567E-16 0 0 

71 7809.10006 0 0 1.5232E-15 0 0 

72 7306.67622 0 0 2.2103E-15 0 0 

73 8872.16762 2.8049E-14 8.1754E-15 2.1696E-16 3.738E-14 1.4859E-13 

74 10138.1351 0 0 8.3055E-16 0 0 

75 12850.7124 0 0 9.17E-16 0 0 

76 7077.97786 0 0 2.503E-16 0 0 

77 2532.54442 0 0 1.1248E-16 0 0 

78 5.6845E-12 0 0 1.4261E-16 0 0 
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79 6.5697E-12 9.3853E-14 5.7735E-15 2.8453E-15 2.6397E-14 2.9439E-13 

80 9.3586E-12 0 0 3.8544E-16 0 0 

81 1.2984E-11 0 0 4.2556E-16 0 0 

82 1.8188E-11 0 0 1.8611E-16 0 0 

83 3.0091E-11 0 0 8.3665E-17 0 0 

84 0 0 0 1.061E-16 0 0 

85 8.6247E-12 7.3837E-14 5.7735E-15 3.3482E-15 2.6397E-14 2.3418E-13 

86 6.89E-12 0 0 3.8544E-16 0 0 

87 1.3429E-11 0 0 4.2556E-16 0 0 

88 2.2244E-11 0 0 1.8611E-16 0 0 

89 3.1821E-11 0 0 8.3665E-17 0 0 

90 0 0 0 1.061E-16 0 0 

91 8872.16762 5.0707E-14 8.1754E-15 1.0762E-16 3.738E-14 2.0746E-13 

92 10138.1351 0 0 8.3055E-16 0 0 

93 12850.7124 0 0 9.17E-16 0 0 

94 7077.97786 0 0 2.503E-16 0 0 

95 2532.54442 0 0 1.1248E-16 0 0 

96 5.9114E-12 0 0 1.4261E-16 0 0 

97 19410.2936 2.8049E-14 2.6519E-15 1.5176E-15 1.2125E-14 1.4859E-13 

98 15544.8126 0 0 8.3055E-16 0 0 

99 13023.5038 0 0 9.17E-16 0 0 

100 7077.97786 0 0 2.503E-16 0 0 

101 2532.54442 0 0 1.1248E-16 0 0 

102 0 0 0 1.4261E-16 0 0 

103 0 1.7378E-14 1.5977E-15 0 7.3066E-15 5.0486E-14 

104 0 0 0 1.2724E-16 0 0 

105 0 0 0 1.4046E-16 0 0 

106 0 0 0 1.356E-16 0 0 

107 0 0 0 6.0952E-17 0 0 

108 0 0 0 7.7292E-17 0 0 

109 0 2.587E-14 1.5977E-15 0 7.3066E-15 1.0086E-13 

110 0 0 0 1.2724E-16 0 0 

111 0 0 0 1.4046E-16 0 0 

112 0 0 0 1.356E-16 0 0 

113 0 0 0 6.0952E-17 0 0 

114 0 0 0 7.7292E-17 0 0 

115 19410.2936 5.0707E-14 2.2329E-15 1.5526E-15 1.0211E-14 2.0746E-13 

116 15544.8126 0 0 8.3055E-16 0 0 

117 13023.5038 0 0 9.17E-16 0 0 

118 7077.97786 0 0 2.503E-16 0 0 

119 2532.54442 0 0 1.1248E-16 0 0 

120 0 0 0 1.4261E-16 0 0 

121 0 2.5354E-14 7.4771E-15 0 3.4183E-14 1.1687E-13 

122 0 0 0 2.2318E-16 0 0 

123 0 0 0 2.4634E-16 0 0 

124 0 0 0 1.8611E-16 0 0 
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125 0 0 0 8.3665E-17 0 0 

126 0 0 0 1.061E-16 0 0 

127 2.0461E-11 2.413E-14 7.4771E-15 9.3304E-16 3.4183E-14 2.5076E-13 

128 1.434E-11 0 0 2.2318E-16 0 0 

129 8.2555E-12 0 0 2.4634E-16 0 0 

130 2.0937E-11 0 0 1.8611E-16 0 0 

131 3.0807E-11 0 0 8.3665E-17 0 0 

132 3.1038E-12 0 0 1.061E-16 0 0 

133 1.7369E-11 2.3441E-14 7.4771E-15 1.1256E-15 3.4183E-14 3.2789E-13 

134 1.5706E-11 0 0 2.2318E-16 0 0 

135 8.2155E-12 0 0 2.4634E-16 0 0 

136 2.2191E-11 0 0 1.8611E-16 0 0 

137 3.1736E-11 0 0 8.3665E-17 0 0 

138 5.9069E-12 0 0 1.061E-16 0 0 

139 0 4.5681E-14 7.4771E-15 0 3.4183E-14 2.8738E-13 

140 0 0 0 2.2318E-16 0 0 

141 0 0 0 2.4634E-16 0 0 

142 0 0 0 1.8611E-16 0 0 

143 0 0 0 8.3665E-17 0 0 

144 0 0 0 1.061E-16 0 0 

145 0 0 0 0 0 0 

146 0 0 0 4.7008E-17 0 0 

147 0 0 0 0 0 0 

148 8052.37453 0 0 1.8193E-15 0 0 

149 7523.79645 0 0 1.5029E-15 0 0 

150 4.1802E-11 0 0 1.7481E-15 0 0 

151 0 0 0 0 0 0 

152 0 0 0 1.8069E-17 0 0 

153 0 0 0 1.6261E-16 0 0 

154 4.1776E-11 0 0 6.9766E-16 0 0 

157 0 268.676992 0 1.1041E-15 0 1210.12928 

158 0 214.011072 0 1.0882E-15 0 963.915876 

159 0 177.635328 0 7.9111E-16 0 800.071814 

160 7.3081E-11 0 0 1.2091E-15 0 0 

161 7.317E-11 0 0 1.773E-15 0 0 

162 4.1678E-11 0 0 6.4681E-16 0 0 

163 0 147.731424 0 1.7007E-15 0 665.384345 

164 0 75.785024 0 1.2159E-15 0 341.332169 

165 0 2.42416 0 2.5967E-15 0 10.908513 

166 0 3.8537E-13 0 1.0442E-15 0 2.3996E-12 

167 0 7.5082E-13 0 1.443E-15 0 4.0023E-12 

168 0 7.6595E-13 0 3.3866E-16 0 3.4492E-12 

169 0 0 0 7.3179E-17 0 0 

170 0 0 0 0 0 0 

171 0 0 0 0 0 0 

172 0 0 0 0 0 0 
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173 0 0 0 0 0 0 

174 0 0 0 0 0 0 

175 0 0 0 0 0 0 

176 0 0 0 0 0 0 

177 0 0 0 0 0 0 

178 4.1486E-11 0 0 2.3877E-15 0 0 

179 2.4887E-11 0 0 1.6747E-15 0 0 

180 2.4806E-11 0 0 1.2475E-15 0 0 

181 0 0 0 0 0 0 

182 0 0 0 0 0 0 

183 0 0 0 0 0 0 

186 1.6231E-11 0 0 1.7063E-15 0 0 

187 0 0 0 0 0 0 

188 0 0 0 0 0 0 

189 0 0 0 0 0 0 

190 1.5973E-11 0 0 1.13E-15 0 0 

191 2.3174E-11 0 0 1.73E-15 0 0 

192 2.3192E-11 0 0 1.9775E-15 0 0 

193 0 0 0 0 0 0 

194 0 0 0 0 0 0 

195 0 0 0 0 0 0 

196 0 0 0 0 0 0 

197 0 0 0 0 0 0 

198 0 0 0 0 0 0 

199 0 0 0 0 0 0 

200 0 0 0 0 0 0 

201 0 0 0 0 0 0 

202 0 0 0 0 0 0 

203 0 0 0 0 0 0 

204 0 0 0 0 0 0 

205 0 0 0 0 0 0 

206 0 0 0 0 0 0 

207 0 0 0 0 0 0 

211 0 0 0 0 0 0 

212 0 0 0 0 0 0 

213 0 0 0 0 0 0 

217 0 0 0 0 0 0 

218 0 0 0 0 0 0 

219 0 0 0 0 0 0 

223 0 0 0 0 0 0 

224 0 0 0 0 0 0 

225 0 0 0 0 0 0 

226 0 0 0 0 0 0 

227 0 0 0 0 0 0 

228 0 0 0 0 0 0 

229 0 0 0 0 0 0 
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230 0 0 0 0 0 0 

231 0 0 0 0 0 0 

232 0 0 0 0 0 0 

233 0 0 0 0 0 0 

234 0 0 0 0 0 0 

235 0 0 0 0 0 0 

236 0 0 0 0 0 0 

237 0 0 0 0 0 0 

239 7707.41434 0 0 5.6534E-16 0 0 

240 8119.09453 0 0 2.1662E-15 0 0 

241 0 0 0 5.2748E-17 0 0 

242 0 0 0 0 0 0 

243 0 0 0 7.1224E-17 0 0 

244 8259.77142 0 0 2.4634E-15 0 0 

245 7567.07104 0 0 3.9912E-16 0 0 

246 8052.37453 0 0 2.3402E-15 0 0 

247 0 268.676992 0 1.582E-15 0 1210.12928 

248 0 214.011072 0 1.0611E-15 0 963.915876 

249 0 177.635328 0 7.1586E-16 0 800.071814 

250 7523.79645 0 0 1.93E-15 0 0 

251 6172.17824 0 0 1.2837E-15 0 0 

252 6374.41546 0 0 1.9572E-15 0 0 

253 0 147.731424 0 1.4611E-15 0 665.384345 

254 0 75.785024 0 1.2215E-15 0 341.332169 

255 0 2.42416 0 2.0566E-15 0 10.908513 

256 0 7.8463E-13 0 9.605E-16 0 4.5344E-12 

257 0 1.4518E-12 0 1.7956E-15 0 4.6557E-12 

258 0 2.1777E-12 0 1.6329E-16 0 6.9362E-12 

259 0 0 0 0 0 0 

260 0 0 0 8.2908E-17 0 0 

261 0 0 0 0 0 0 

262 0 0 0 0 0 0 

263 0 0 0 1.8928E-16 0 0 

264 0 0 0 0 0 0 

265 0 0 0 0 0 0 

266 0 0 0 1.9922E-17 0 0 

267 0 0 0 0 0 0 

268 7809.10006 0 0 1.7402E-15 0 0 

269 7306.67622 0 0 2.1741E-15 0 0 

270 3903.5737 0 0 1.9673E-15 0 0 

271 0 5.3332E-14 1.1133E-14 4.7358E-15 5.6986E-14 2.4007E-13 

272 0 4.9195E-14 4.6215E-14 4.5279E-15 2.1131E-13 2.216E-13 

273 0 2.941E-14 4.617E-14 7.4207E-17 2.112E-13 1.3245E-13 

274 3909.28938 0 0 1.6622E-15 0 0 

275 8411.66618 0 0 2.9889E-15 0 0 

276 8411.66618 0 0 2.5436E-15 0 0 
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277 0 0 0 0 0 0 

278 0 0 0 0 0 0 

279 0 0 0 0 0 0 

280 6428.21402 0 0 1.295E-15 0 0 

282 6428.21402 0 0 1.1876E-15 0 0 

283 0 0 0 0 0 0 

284 0 0 0 0 0 0 

285 0 0 0 0 0 0 

286 3581.56074 0 0 1.3436E-15 0 0 

287 3581.56074 0 0 1.9086E-15 0 0 

288 3.6603E-11 0 0 6.3314E-15 0 0 

289 0 0 0 0 0 0 

290 0 0 0 0 0 0 

291 0 0 0 0 0 0 

292 3.6594E-11 0 0 7.4693E-15 0 0 

293 1.2979E-11 0 0 5.1381E-15 0 0 

294 1.2841E-11 0 0 2.9561E-15 0 0 

295 0 0 0 0 0 0 

296 0 0 0 0 0 0 

297 0 0 0 0 0 0 

298 2.3165E-11 0 0 2.2103E-15 0 0 

299 2.3236E-11 0 0 1.617E-15 0 0 

300 2.0714E-11 0 0 4.1234E-15 0 0 

301 0 0 0 0 0 0 

302 0 0 0 0 0 0 

303 0 0 0 0 0 0 

304 2.0665E-11 0 0 4.016E-15 0 0 

305 1.2672E-11 0 0 4.5889E-15 0 0 

306 1.2659E-11 0 0 4.529E-15 0 0 

307 0 0 0 0 0 0 

308 0 0 0 0 0 0 

309 0 0 0 0 0 0 

312 4.2487E-11 0 0 1.9074E-15 0 0 

313 0 0 0 0 0 0 

314 0 0 0 0 0 0 

315 0 0 0 0 0 0 

316 4.2274E-11 0 0 2.8939E-15 0 0 

317 0 8.0642E-14 8.9894E-14 4.5968E-15 5.7958E-13 3.6328E-13 

318 6.9166E-11 0 0 4.52E-15 0 0 

319 0 0 0 3.5708E-17 0 0 

320 0 0 0 1.7673E-17 0 0 

321 0 0 0 0 0 0 

322 0 0 0 0 0 0 

323 0 0 0 1.7707E-17 0 0 

324 0 0 0 0 0 0 

325 0 2.313E-14 1.1129E-14 2.6996E-15 5.0884E-14 1.0418E-13 
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326 0 5.3465E-14 4.8972E-15 2.2272E-15 7.2422E-14 2.4085E-13 

327 0 4.8661E-14 4.5147E-14 5.5472E-15 2.0645E-13 2.1915E-13 

328 0 2.2516E-13 2.7867E-15 3.0725E-15 1.2746E-14 1.0142E-12 

329 6.8855E-11 0 0 3.6533E-15 0 0 

330 0 1.2343E-13 9.7945E-15 4.8014E-15 6.0432E-13 5.5605E-13 

331 0 0 0 0 0 0 

332 0 0 0 2.677E-17 0 0 

333 0 0 0 0 0 0 

334 0 0 0 0 0 0 

335 0 0 0 7.7382E-18 0 0 

336 0 0 0 0 0 0 

337 0 0 0 0 0 0 

338 0 0 0 0 0 0 

339 0 0 0 0 0 0 

340 0 0 0 0 0 0 

341 0 0 0 0 0 0 

342 0 0 0 0 0 0 

343 0 0 0 0 0 0 

344 0 0 0 0 0 0 

345 0 0 0 0 0 0 

346 0 0 0 0 0 0 

347 0 0 0 0 0 0 

348 0 0 0 0 0 0 

349 0 0 0 0 0 0 

350 0 0 0 0 0 0 

351 0 0 0 0 0 0 

352 0 0 0 0 0 0 

353 0 0 0 0 0 0 

354 0 0 0 0 0 0 

355 0 0 0 8.0162E-19 0 0 

356 0 0 0 0 0 0 

357 0 0 0 4.694E-18 0 0 

358 0 0 0 0 0 0 

359 0 0 0 1.8679E-17 0 0 

360 0 0 0 0 0 0 

361 0 6.8588E-14 1.1129E-14 1.0523E-15 5.0884E-14 3.0897E-13 

362 0 4.4026E-14 4.8972E-15 2.7888E-15 7.2422E-14 1.9834E-13 

363 0 7.5216E-14 4.5147E-14 2.8533E-15 2.0645E-13 3.388E-13 

364 0 7.8151E-14 2.4482E-15 5.7348E-15 1.1195E-14 3.5204E-13 

365 0 1.8624E-13 4.8972E-15 4.5799E-15 2.2385E-14 8.3887E-13 

366 0 1.3709E-13 9.7945E-15 3.5132E-15 6.2941E-14 6.1749E-13 

367 0 0 0 0 0 0 

368 0 0 0 3.5866E-17 0 0 

369 0 0 0 0 0 0 

370 0 0 0 0 0 0 

371 0 0 0 1.8385E-17 0 0 
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372 0 0 0 0 0 0 

373 4.5325E-11 0 0 3.3086E-15 0 0 

374 4.5281E-11 0 0 5.6828E-15 0 0 

376 1.9545E-11 0 0 5.6251E-15 0 0 

377 1.9438E-11 0 0 4.9019E-15 0 0 
Table 9.1 

 

Stresses in Linear Analysis for 45º direction 

Member Max|P| Max|V2| Max|V3| Max|T| Max|M2| Max|M3| 

Text kN kN kN kN-m kN-m kN-m 

1 0 4.0628E-14 2.4913E-14 0 6.8614E-14 1.0201E-13 

2 0 0 0 0.044974 0 0 

3 0 0 0 0.052093 0 0 

7 7004.02541 0.00309848 1.225E-14 0.014125 4.0827E-14 0.0139125 

8 3073.46125 0 0 0.019097 0 0 

9 1.6115E-12 0 0 0.022148 0 0 

13 7004.02541 0.00309848 1.225E-14 0.014125 4.0827E-14 0.0139125 

14 3073.46125 0 0 0.019097 0 0 

15 2.4446E-12 0 0 0.022148 0 0 

19 0 3.1808E-14 2.4913E-14 0 6.8614E-14 2.2861E-13 

20 0 0 0 0.044974 0 0 

21 0 0 0 0.052093 0 0 

25 0 4.0628E-14 3.1318E-14 0 9.092E-14 1.0201E-13 

26 0 0 0 0.044974 0 0 

27 0 0 0 0.052093 0 0 

31 0 2.0158E-14 3.7043E-15 0 1.7221E-14 4.8115E-14 

32 0 0 0 0.013899 0 0 

33 0 0 0 0.016159 0 0 

37 0 1.1365E-14 3.7043E-15 0 1.7221E-14 4.0224E-14 

38 0 0 0 0.013899 0 0 

39 0 0 0 0.016159 0 0 

40 2421.7047 0 0 0.25312 0 0 

41 2421.7047 0 0 0.25312 0 0 

42 4385.61235 0 0 0.301258 0 0 

43 0 3.1808E-14 3.1318E-14 0 9.092E-14 2.2861E-13 

44 0 0 0 0.044974 0 0 

45 0 0 0 0.052093 0 0 

46 4385.61235 0 0 0.301258 0 0 

47 5719.7944 0 0 0.303292 0 0 

48 5719.7944 0 0 0.303292 0 0 

49 9291.31155 3.4481E-14 0.02587846 0.118311 0.118311 1.6906E-13 

50 4750.30387 0 0 0.167466 0 0 

51 130.446496 0 0 0.194021 0 0 

54 4159.08016 0 0 0.434937 0 0 

55 0 2.0158E-14 5.2842E-15 0 1.8509E-14 4.8115E-14 
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56 0 0 0 0.013899 0 0 

57 0 0 0 0.016159 0 0 

58 4163.02554 0 0 0.295495 0 0 

59 5524.68733 0 0 0.28024 0 0 

60 5704.71568 0 0 0.26442 0 0 

61 0 1.1365E-14 5.2842E-15 0 1.8509E-14 4.0224E-14 

62 0 0 0 0.013899 0 0 

63 0 0 0 0.016159 0 0 

64 6429.09027 0 0 0.051302 0 0 

65 6792.83882 0 0 0.167353 0 0 

66 6891.31754 0 0 0.167353 0 0 

67 9035.7695 4.9595E-14 0.02587846 0.118311 0.118311 1.8331E-13 

68 4381.89382 0 0 0.167466 0 0 

69 120.7632 0 0 0.194021 0 0 

70 6330.61155 0 0 0.051302 0 0 

71 6544.09331 0 0 0.295495 0 0 

72 6254.86656 0 0 0.434937 0 0 

73 6515.43485 3.4481E-14 8.2377E-14 0.072546 2.5854E-13 1.6906E-13 

74 7445.12467 0 0 0.167466 0 0 

75 9437.15258 0 0 0.194021 0 0 

76 5198.65782 0 0 0.026781 0 0 

77 1871.54048 0 0 0.026329 0 0 

78 4.2621E-12 0 0 0.022148 0 0 

79 20886.6248 0.01063962 3.707E-14 0.048703 1.1888E-13 0.0479703 

80 15964.9796 0 0 0.077744 0 0 

81 11628.6555 0 0 0.090061 0 0 

82 6396.92234 0 0 0.020001 0 0 

83 2337.1927 0 0 0.019662 0 0 

84 0 0 0 0.016498 0 0 

85 20886.6248 0.01063962 3.707E-14 0.048703 1.1888E-13 0.0479703 

86 15964.9796 0 0 0.077744 0 0 

87 11628.6555 0 0 0.090061 0 0 

88 6396.92234 0 0 0.020001 0 0 

89 2337.1927 0 0 0.019662 0 0 

90 0 0 0 0.016498 0 0 

91 6031.70595 4.9595E-14 8.2377E-14 0.072546 2.5854E-13 1.8331E-13 

92 6892.36726 0 0 0.167466 0 0 

93 8736.50362 0 0 0.194021 0 0 

94 4811.11248 0 0 0.026781 0 0 

95 1712.40438 0 0 0.026329 0 0 

96 4.5636E-12 0 0 0.022148 0 0 

97 15931.9976 3.4481E-14 0.02587846 0.118311 0.118311 1.6906E-13 

98 12328.6061 0 0 0.167466 0 0 

99 9564.04512 0 0 0.194021 0 0 

100 5198.65782 0 0 0.026781 0 0 

101 1871.54048 0 0 0.026329 0 0 
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102 0 0 0 0.022148 0 0 

103 0 1.1507E-14 9.4031E-15 0 5.0353E-14 3.6885E-14 

104 0 0 0 0.025651 0 0 

105 0 0 0 0.029719 0 0 

106 0 0 0 0.014577 0 0 

107 0 0 0 0.014238 0 0 

108 0 0 0 0.011978 0 0 

109 0 1.9794E-14 9.4031E-15 0 5.0353E-14 6.9396E-14 

110 0 0 0 0.025651 0 0 

111 0 0 0 0.029719 0 0 

112 0 0 0 0.014577 0 0 

113 0 0 0 0.014238 0 0 

114 0 0 0 0.011978 0 0 

115 14293.8882 4.9595E-14 0.02587846 0.118311 0.118311 1.8331E-13 

116 10873.7676 0 0 0.167466 0 0 

117 8853.97085 0 0 0.194021 0 0 

118 4811.11248 0 0 0.026781 0 0 

119 1712.40438 0 0 0.026329 0 0 

120 0 0 0 0.022148 0 0 

121 0 4.0628E-14 3.0629E-14 0 1.2995E-13 1.0201E-13 

122 0 0 0 0.044974 0 0 

123 0 0 0 0.052093 0 0 

124 0 0 0 0.020001 0 0 

125 0 0 0 0.019662 0 0 

126 0 0 0 0.016498 0 0 

127 22646.4938 0.00675206 3.0629E-14 0.030849 1.2995E-13 0.0303849 

128 16512.6262 0 0 0.044974 0 0 

129 11068.7501 0 0 0.052093 0 0 

130 5990.23725 0 0 0.020001 0 0 

131 2122.72794 0 0 0.019662 0 0 

132 2.2E-12 0 0 0.016498 0 0 

133 22646.4938 0.00675206 3.0629E-14 0.030849 1.2995E-13 0.0303849 

134 16512.6262 0 0 0.044974 0 0 

135 11068.7501 0 0 0.052093 0 0 

136 5990.23725 0 0 0.020001 0 0 

137 2122.72794 0 0 0.019662 0 0 

138 4.3137E-12 0 0 0.016498 0 0 

139 0 3.1808E-14 3.0629E-14 0 1.2995E-13 2.2861E-13 

140 0 0 0 0.044974 0 0 

141 0 0 0 0.052093 0 0 

142 0 0 0 0.020001 0 0 

143 0 0 0 0.019662 0 0 

144 0 0 0 0.016498 0 0 

145 0 0 0 0 0 0 

146 0 0 0 5.7992E-17 0 0 

147 0 0 0 0 0 0 
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148 6861.9296 0 0 0.26442 0 0 

149 6456.8369 0 0 0.28024 0 0 

150 3001.99523 0 0 0.153567 0 0 

151 0 0 0 0 0 0 

152 0 0 0 2.6227E-16 0 0 

153 0 0 0 2.1685E-16 0 0 

154 3001.99523 0 0 0.153567 0 0 

157 0 220.82096 1.2601E-15 0.269053 1.5074E-14 994.596055 

158 0 169.95808 3.8217E-14 0.220011 1.7481E-13 765.50771 

159 0 130.446496 1.7503E-14 0.098649 8.0038E-14 587.547024 

160 5487.42198 0 0 0.182721 0 0 

161 5487.42198 0 0 0.182721 0 0 

162 7182.10554 0 0 0.159443 0 0 

163 0 132.688288 2.0358E-14 0.269053 9.3089E-14 597.625461 

164 0 69.3888 7.7751E-14 0.220011 3.555E-13 312.521051 

165 0 1.7792 8.5179E-15 0.225435 4.8782E-13 8.0108175 

166 0 3.1803E-13 1.3157E-14 0.213005 7.1687E-14 2.3362E-12 

167 0 5.2664E-13 1.4834E-13 0.178992 6.7845E-13 2.8548E-12 

168 0 5.858E-13 3.0113E-13 2.4555E-16 1.3763E-12 2.6389E-12 

169 0 0 0 1.6532E-16 0 0 

170 0 0 0 0 0 0 

171 0 0 0 0 0 0 

172 0 0 0 0 0 0 

173 0 0 0 0 0 0 

174 0 0 0 0 0 0 

175 0 0 0 0 0 0 

176 0 0 0 0 0 0 

177 0 0 0 0 0 0 

178 7182.10554 0 0 0.159443 0 0 

179 7698.80301 0 0 0.286681 0 0 

180 7698.80301 0 0 0.286681 0 0 

181 0 0 0 0 0 0 

182 0 0 0 0 0 0 

183 0 0 0 0 0 0 

186 9173.47514 0 0 0.247357 0 0 

187 0 0 0 0 0 0 

188 0 0 0 0 0 0 

189 0 0 0 0 0 0 

190 9173.47514 0 0 0.247357 0 0 

191 10361.6516 0 0 0.043618 0 0 

192 10361.6516 0 0 0.043618 0 0 

193 0 0 0 0 0 0 

194 0 0 0 0 0 0 

195 0 0 0 0 0 0 

196 0 0 0 0 0 0 

197 0 0 0 0 0 0 
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198 0 0 0 0 0 0 

199 0 0 0 0 0 0 

200 0 0 0 0 0 0 

201 0 0 0 0 0 0 

202 0 0 0 0 0 0 

203 0 0 0 0 0 0 

204 0 0 0 0 0 0 

205 0 0 0 0 0 0 

206 0 0 0 0 0 0 

207 0 0 0 0 0 0 

211 0 0 0 0 0 0 

212 0 0 0 0 0 0 

213 0 0 0 0 0 0 

217 0 0 0 0 0 0 

218 0 0 0 0 0 0 

219 0 0 0 0 0 0 

223 0 0 0 0 0 0 

224 0 0 0 0 0 0 

225 0 0 0 0 0 0 

226 0 0 0 0 0 0 

227 0 0 0 0 0 0 

228 0 0 0 0 0 0 

229 0 0 0 0 0 0 

230 0 0 0 0 0 0 

231 0 0 0 0 0 0 

232 0 0 0 0 0 0 

233 0 0 0 0 0 0 

234 0 0 0 0 0 0 

235 0 0 0 0 0 0 

236 0 0 0 0 0 0 

237 0 0 0 0 0 0 

239 6275.36739 0 0 0.051302 0 0 

240 6637.05651 0 0 0.167353 0 0 

241 0 0 0 2.4713E-16 0 0 

242 0 0 0 0 0 0 

243 0 0 0 4.4951E-16 0 0 

244 6734.18749 0 0 0.167353 0 0 

245 6178.23642 0 0 0.051302 0 0 

246 6807.00125 0 0 0.26442 0 0 

247 0 198.376352 1.2601E-15 0.269053 1.5074E-14 893.487128 

248 0 149.839776 3.8217E-14 0.220011 1.7481E-13 674.890033 

249 0 120.7632 1.7503E-14 0.098649 8.0038E-14 543.925326 

250 6389.5431 0 0 0.28024 0 0 

251 5461.81485 0 0 0.28024 0 0 

252 5641.91882 0 0 0.26442 0 0 

253 0 128.605024 2.0358E-14 0.269053 9.3089E-14 579.235028 
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254 0 63.65088 7.7751E-14 0.220011 3.555E-13 286.682978 

255 0 1.64576 8.5179E-15 0.225435 4.8782E-13 7.4161416 

256 0 5.9915E-13 1.3157E-14 0.213005 7.1687E-14 3.2967E-12 

257 0 1.0431E-12 1.4834E-13 0.178992 6.7845E-13 3.3601E-12 

258 0 1.5043E-12 3.0113E-13 9.7225E-16 1.3763E-12 4.9684E-12 

259 0 0 0 0 0 0 

260 0 0 0 1.669E-16 0 0 

261 0 0 0 0 0 0 

262 0 0 0 0 0 0 

263 0 0 0 3.7979E-16 0 0 

264 0 0 0 0 0 0 

265 0 0 0 0 0 0 

266 0 0 0 2.0374E-17 0 0 

267 0 0 0 0 0 0 

268 7139.24461 0 0 0.295495 0 0 

269 6775.75405 0 0 0.434937 0 0 

270 4245.54038 0 0 0.434937 0 0 

271 0 2.0981E-13 9.79E-15 0.227582 4.468E-14 9.4494E-13 

272 0 1.4007E-13 3.429E-14 0.263742 1.4215E-13 6.3096E-13 

273 0 1.7031E-13 3.618E-14 5.6715E-16 1.5458E-13 7.6708E-13 

274 4249.6192 0 0 0.295495 0 0 

275 6176.10138 0 0 0.303292 0 0 

276 6176.10138 0 0 0.303292 0 0 

277 0 0 0 0 0 0 

278 0 0 0 0 0 0 

279 0 0 0 0 0 0 

280 4705.25453 0 0 0.301258 0 0 

282 4705.25453 0 0 0.301258 0 0 

283 0 0 0 0 0 0 

284 0 0 0 0 0 0 

285 0 0 0 0 0 0 

286 2646.76016 0 0 0.25312 0 0 

287 2646.76016 0 0 0.25312 0 0 

288 7273.63203 0 0 0.020001 0 0 

289 0 0 0 0 0 0 

290 0 0 0 0 0 0 

291 0 0 0 0 0 0 

292 7273.63203 0 0 0.020001 0 0 

293 5718.58899 0 0 0.321824 0 0 

294 5718.58899 0 0 0.321824 0 0 

295 0 0 0 0 0 0 

296 0 0 0 0 0 0 

297 0 0 0 0 0 0 

298 4346.53222 0 0 0.373013 0 0 

299 4346.53222 0 0 0.373013 0 0 

300 8802.17834 0 0 0.068817 0 0 



Nonlinear seismic analysis of industrial steel structures with irregularities 

  Annex 

110 

 

301 0 0 0 0 0 0 

302 0 0 0 0 0 0 

303 0 0 0 0 0 0 

304 8802.17834 0 0 0.068817 0 0 

305 7825.37974 0 0 0.247357 0 0 

306 7825.37974 0 0 0.247357 0 0 

307 0 0 0 0 0 0 

308 0 0 0 0 0 0 

309 0 0 0 0 0 0 

312 3305.28656 0 0 0.158652 0 0 

313 0 0 0 0 0 0 

314 0 0 0 0 0 0 

315 0 0 0 0 0 0 

316 3305.28656 0 0 0.158652 0 0 

317 0 3.8044E-13 7.01E-14 0.112209 4.3539E-13 1.5738E-12 

318 5741.32717 0 0 0.188823 0 0 

319 0 0 0 2.6205E-17 0 0 

320 0 0 0 1.4984E-17 0 0 

321 0 0 0 0 0 0 

322 0 0 0 0 0 0 

323 0 0 0 1.6216E-17 0 0 

324 0 0 0 0 0 0 

325 0 3.8662E-13 9.0739E-15 0.174924 4.1482E-14 1.7418E-12 

326 0 3.1247E-13 5.5644E-15 0.202722 7.2354E-14 1.4079E-12 

327 0 2.9966E-13 3.787E-14 0.112774 1.7323E-13 1.3501E-12 

328 0 6.2361E-13 1.6146E-14 0.133566 4.9697E-14 3.8877E-12 

329 5741.32717 0 0 0.188823 0 0 

330 0 3.1309E-13 3.1372E-14 4.0183E-15 4.65E-13 2.551E-12 

331 0 0 0 0 0 0 

332 0 0 0 2.6623E-17 0 0 

333 0 0 0 0 0 0 

334 0 0 0 0 0 0 

335 0 0 0 5.7235E-18 0 0 

336 0 0 0 0 0 0 

337 0 0 0 0 0 0 

338 0 0 0 0 0 0 

339 0 0 0 0 0 0 

340 0 0 0 0 0 0 

341 0 0 0 0 0 0 

342 0 0 0 0 0 0 

343 0 0 0 0 0 0 

344 0 0 0 0 0 0 

345 0 0 0 0 0 0 

346 0 0 0 0 0 0 

347 0 0 0 0 0 0 

348 0 0 0 0 0 0 
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349 0 0 0 0 0 0 

350 0 0 0 0 0 0 

351 0 0 0 0 0 0 

352 0 0 0 0 0 0 

353 0 0 0 0 0 0 

354 0 0 0 0 0 0 

355 0 0 0 9.1474E-18 0 0 

356 0 0 0 0 0 0 

357 0 0 0 1.5131E-17 0 0 

358 0 0 0 0 0 0 

359 0 0 0 1.5176E-17 0 0 

360 0 0 0 0 0 0 

361 0 3.3636E-13 9.0739E-15 0.174924 4.1482E-14 1.1375E-12 

362 0 3.187E-13 5.5644E-15 0.202722 7.2354E-14 1.4948E-12 

363 0 2.9579E-13 3.787E-14 0.112774 1.7323E-13 1.3323E-12 

364 0 6.454E-13 1.6894E-14 0.129272 7.3405E-14 2.9072E-12 

365 0 2.9646E-13 1.8655E-14 0.108593 8.527E-14 1.7908E-12 

366 0 3.3858E-13 2.2818E-14 2.6047E-15 1.0439E-13 1.98E-12 

367 0 0 0 0 0 0 

368 0 0 0 4.0883E-17 0 0 

369 0 0 0 0 0 0 

370 0 0 0 0 0 0 

371 0 0 0 1.7696E-17 0 0 

372 0 0 0 0 0 0 

373 7446.59251 0 0 0.159443 0 0 

374 7446.59251 0 0 0.159443 0 0 

376 6335.7223 0 0 0.286681 0 0 

377 6335.7223 0 0 0.286681 0 0 
Table 9.2 

 

Stresses in Linear Analysis for 90º direction 

Member Max|P| Max|V2| Max|V3| Max|T| Max|M2| Max|M3| 

Text kN kN kN kN-m kN-m kN-m 

1 0 3.5406E-14 3.4299E-14 0 9.0581E-14 1.1931E-13 

2 0 0 0 0.063619 0 0 

3 0 0 0 0.073676 0 0 

7 9905.18893 0.00438172 1.7552E-14 0.020001 5.7743E-14 0.0197001 

8 4346.53222 0 0 0.027007 0 0 

9 1.9335E-12 0 0 0.031301 0 0 

13 9905.18893 0.00438172 1.7552E-14 0.020001 5.7743E-14 0.0197001 

14 4346.53222 0 0 0.027007 0 0 

15 3.4779E-12 0 0 0.031301 0 0 

19 0 1.3282E-14 3.4299E-14 0 9.0581E-14 7.535E-14 

20 0 0 0 0.063619 0 0 

21 0 0 0 0.073676 0 0 
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25 0 3.5406E-14 4.3893E-14 0 1.2577E-13 1.1931E-13 

26 0 0 0 0.063619 0 0 

27 0 0 0 0.073676 0 0 

31 0 7.4326E-15 4.9996E-15 0 2.1899E-14 2.3084E-14 

32 0 0 0 0.019662 0 0 

33 0 0 0 0.022826 0 0 

37 0 2.4188E-15 4.9996E-15 0 2.1899E-14 7.3836E-15 

38 0 0 0 0.019662 0 0 

39 0 0 0 0.022826 0 0 

40 914.579968 0 0 0.357984 0 0 

41 914.579968 0 0 0.357984 0 0 

42 1654.02438 0 0 0.426123 0 0 

43 0 1.3282E-14 4.3893E-14 0 1.2577E-13 7.535E-14 

44 0 0 0 0.063619 0 0 

45 0 0 0 0.073676 0 0 

46 1654.02438 0 0 0.426123 0 0 

47 2195.63066 0 0 0.428948 0 0 

48 2195.63066 0 0 0.428948 0 0 

49 4767.98022 3.6118E-14 0.03659814 0.167353 0.167353 1.5315E-13 

50 2530.52947 0 0 0.236735 0 0 

51 45.938944 0 0 0.274364 0 0 

54 3235.43072 0 0 0.615059 0 0 

55 0 7.4326E-15 7.0012E-15 0 2.3764E-14 2.3084E-14 

56 0 0 0 0.019662 0 0 

57 0 0 0 0.022826 0 0 

58 3236.16019 0 0 0.417874 0 0 

59 2950.26499 0 0 0.396291 0 0 

60 3051.75501 0 0 0.37403 0 0 

61 0 2.4188E-15 7.0012E-15 0 2.3764E-14 7.3836E-15 

62 0 0 0 0.019662 0 0 

63 0 0 0 0.022826 0 0 

64 2637.83302 0 0 0.072546 0 0 

65 2828.01616 0 0 0.236735 0 0 

66 2848.65043 0 0 0.236735 0 0 

67 4767.98022 2.5491E-14 0.03659814 0.167353 0.167353 7.9424E-14 

68 2530.52947 0 0 0.236735 0 0 

69 45.938944 0 0 0.274364 0 0 

70 2617.19875 0 0 0.072546 0 0 

71 3682.19674 0 0 0.417874 0 0 

72 3623.51427 0 0 0.615059 0 0 

73 2294.56307 3.6118E-14 1.1245E-13 0.102604 3.4476E-13 1.5315E-13 

74 2621.97146 0 0 0.236735 0 0 

75 3323.51002 0 0 0.274364 0 0 

76 1816.27853 0 0 0.037968 0 0 

77 646.708064 0 0 0.03729 0 0 

78 2.1137E-12 0 0 0.031301 0 0 
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79 29538.1494 0.01504758 5.3332E-14 0.068817 1.6814E-13 0.0677817 

80 22577.8879 0 0 0.109949 0 0 

81 16445.4036 0 0 0.127351 0 0 

82 9046.61373 0 0 0.02825 0 0 

83 3305.28656 0 0 0.027798 0 0 

84 0 0 0 0.023278 0 0 

85 29538.1494 0.01504758 5.3332E-14 0.068817 1.6814E-13 0.0677817 

86 22577.8879 0 0 0.109949 0 0 

87 16445.4036 0 0 0.127351 0 0 

88 9046.61373 0 0 0.02825 0 0 

89 3305.28656 0 0 0.027798 0 0 

90 0 0 0 0.023278 0 0 

91 2294.56307 2.5491E-14 1.1245E-13 0.102604 3.4476E-13 7.9424E-14 

92 2621.97146 0 0 0.236735 0 0 

93 3323.51002 0 0 0.274364 0 0 

94 1816.27853 0 0 0.037968 0 0 

95 646.708064 0 0 0.03729 0 0 

96 2.6025E-12 0 0 0.031301 0 0 

97 6098.71952 3.6118E-14 0.03659814 0.167353 0.167353 1.5315E-13 

98 4142.81827 0 0 0.236735 0 0 

99 3368.19907 0 0 0.274364 0 0 

100 1816.27853 0 0 0.037968 0 0 

101 646.708064 0 0 0.03729 0 0 

102 0 0 0 0.031301 0 0 

103 0 3.247E-15 1.4287E-14 0 7.1213E-14 1.546E-14 

104 0 0 0 0.036273 0 0 

105 0 0 0 0.042036 0 0 

106 0 0 0 0.020566 0 0 

107 0 0 0 0.020227 0 0 

108 0 0 0 0.01695 0 0 

109 0 3.6847E-15 1.4287E-14 0 7.1213E-14 1.2087E-14 

110 0 0 0 0.036273 0 0 

111 0 0 0 0.042036 0 0 

112 0 0 0 0.020566 0 0 

113 0 0 0 0.020227 0 0 

114 0 0 0 0.01695 0 0 

115 6098.71952 2.5491E-14 0.03659814 0.167353 0.167353 7.9424E-14 

116 4142.81827 0 0 0.236735 0 0 

117 3368.19907 0 0 0.274364 0 0 

118 1816.27853 0 0 0.037968 0 0 

119 646.708064 0 0 0.03729 0 0 

120 0 0 0 0.031301 0 0 

121 0 3.5406E-14 3.9476E-14 0 1.8374E-13 1.1931E-13 

122 0 0 0 0.063619 0 0 

123 0 0 0 0.073676 0 0 

124 0 0 0 0.02825 0 0 



Nonlinear seismic analysis of industrial steel structures with irregularities 

  Annex 

114 

 

125 0 0 0 0.027798 0 0 

126 0 0 0 0.023278 0 0 

127 32026.9789 0.00954541 3.9476E-14 0.043618 1.8374E-13 0.0429618 

128 23352.3781 0 0 0.063619 0 0 

129 15653.5751 0 0 0.073676 0 0 

130 8471.47398 0 0 0.02825 0 0 

131 3001.99523 0 0 0.027798 0 0 

132 7.1613E-13 0 0 0.023278 0 0 

133 32026.9789 0.00954541 3.9476E-14 0.043618 1.8374E-13 0.0429618 

134 23352.3781 0 0 0.063619 0 0 

135 15653.5751 0 0 0.073676 0 0 

136 8471.47398 0 0 0.02825 0 0 

137 3001.99523 0 0 0.027798 0 0 

138 1.1498E-12 0 0 0.023278 0 0 

139 0 1.3282E-14 3.9476E-14 0 1.8374E-13 7.535E-14 

140 0 0 0 0.063619 0 0 

141 0 0 0 0.073676 0 0 

142 0 0 0 0.02825 0 0 

143 0 0 0 0.027798 0 0 

144 0 0 0 0.023278 0 0 

145 0 0 0 0 0 0 

146 0 0 0 5.1291E-17 0 0 

147 0 0 0 0 0 0 

148 3281.14726 0 0 0.37403 0 0 

149 3132.3839 0 0 0.396291 0 0 

150 4245.46032 0 0 0.217073 0 0 

151 0 0 0 0 0 0 

152 0 0 0 3.6239E-16 0 0 

153 0 0 0 1.6622E-16 0 0 

154 4245.46032 0 0 0.217073 0 0 

157 0 84.943456 1.7819E-15 0.380471 2.1323E-14 382.591635 

158 0 57.20128 5.4043E-14 0.311202 2.4713E-13 257.645031 

159 0 45.938944 2.4753E-14 0.139442 1.1323E-13 206.918275 

160 7760.38557 0 0 0.258431 0 0 

161 7760.38557 0 0 0.258431 0 0 

162 10157.0258 0 0 0.225435 0 0 

163 0 67.240416 2.8787E-14 0.380471 1.3165E-13 302.852309 

164 0 35.926496 1.0995E-13 0.311202 5.0274E-13 161.808051 

165 0 0.627168 1.2045E-14 0.318886 6.8987E-13 2.8212324 

166 0 4.1473E-13 1.8606E-14 0.301258 1.0138E-13 1.8109E-12 

167 0 2.3855E-13 2.0981E-13 0.25312 9.5937E-13 6.8238E-13 

168 0 2.4806E-13 4.2585E-13 2.747E-17 1.9459E-12 1.3512E-12 

169 0 0 0 2.7504E-16 0 0 

170 0 0 0 0 0 0 

171 0 0 0 0 0 0 

172 0 0 0 0 0 0 
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173 0 0 0 0 0 0 

174 0 0 0 0 0 0 

175 0 0 0 0 0 0 

176 0 0 0 0 0 0 

177 0 0 0 0 0 0 

178 10157.0258 0 0 0.225435 0 0 

179 10887.7477 0 0 0.405331 0 0 

180 10887.7477 0 0 0.405331 0 0 

181 0 0 0 0 0 0 

182 0 0 0 0 0 0 

183 0 0 0 0 0 0 

186 12973.2503 0 0 0.349735 0 0 

187 0 0 0 0 0 0 

188 0 0 0 0 0 0 

189 0 0 0 0 0 0 

190 12973.2503 0 0 0.349735 0 0 

191 14653.5846 0 0 0.061698 0 0 

192 14653.5846 0 0 0.061698 0 0 

193 0 0 0 0 0 0 

194 0 0 0 0 0 0 

195 0 0 0 0 0 0 

196 0 0 0 0 0 0 

197 0 0 0 0 0 0 

198 0 0 0 0 0 0 

199 0 0 0 0 0 0 

200 0 0 0 0 0 0 

201 0 0 0 0 0 0 

202 0 0 0 0 0 0 

203 0 0 0 0 0 0 

204 0 0 0 0 0 0 

205 0 0 0 0 0 0 

206 0 0 0 0 0 0 

207 0 0 0 0 0 0 

211 0 0 0 0 0 0 

212 0 0 0 0 0 0 

213 0 0 0 0 0 0 

217 0 0 0 0 0 0 

218 0 0 0 0 0 0 

219 0 0 0 0 0 0 

223 0 0 0 0 0 0 

224 0 0 0 0 0 0 

225 0 0 0 0 0 0 

226 0 0 0 0 0 0 

227 0 0 0 0 0 0 

228 0 0 0 0 0 0 

229 0 0 0 0 0 0 
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230 0 0 0 0 0 0 

231 0 0 0 0 0 0 

232 0 0 0 0 0 0 

233 0 0 0 0 0 0 

234 0 0 0 0 0 0 

235 0 0 0 0 0 0 

236 0 0 0 0 0 0 

237 0 0 0 0 0 0 

239 2637.83302 0 0 0.072546 0 0 

240 2828.01616 0 0 0.236735 0 0 

241 0 0 0 3.538E-16 0 0 

242 0 0 0 0 0 0 

243 0 0 0 6.5427E-16 0 0 

244 2848.65043 0 0 0.236735 0 0 

245 2617.19875 0 0 0.072546 0 0 

246 3281.14726 0 0 0.37403 0 0 

247 0 84.943456 1.7819E-15 0.380471 2.1323E-14 382.591635 

248 0 57.20128 5.4043E-14 0.311202 2.4713E-13 257.645031 

249 0 45.938944 2.4753E-14 0.139442 1.1323E-13 206.918275 

250 3132.3839 0 0 0.396291 0 0 

251 2950.26499 0 0 0.396291 0 0 

252 3051.75501 0 0 0.37403 0 0 

253 0 67.240416 2.8787E-14 0.380471 1.3165E-13 302.852309 

254 0 35.926496 1.0995E-13 0.311202 5.0274E-13 161.808051 

255 0 0.627168 1.2045E-14 0.318886 6.8987E-13 2.8212324 

256 0 1.9691E-13 1.8606E-14 0.301258 1.0138E-13 6.0692E-13 

257 0 1.2552E-13 2.0981E-13 0.25312 9.5937E-13 1.0296E-12 

258 0 4.3017E-13 4.2585E-13 1.4927E-15 1.9459E-12 1.9745E-12 

259 0 0 0 0 0 0 

260 0 0 0 1.8464E-16 0 0 

261 0 0 0 0 0 0 

262 0 0 0 0 0 0 

263 0 0 0 3.8138E-16 0 0 

264 0 0 0 0 0 0 

265 0 0 0 0 0 0 

266 0 0 0 1.7221E-17 0 0 

267 0 0 0 0 0 0 

268 3682.19674 0 0 0.417874 0 0 

269 3623.51427 0 0 0.615059 0 0 

270 3235.43072 0 0 0.615059 0 0 

271 0 3.1083E-13 5.5378E-15 0.321824 1.486E-14 1.4002E-12 

272 0 2.0559E-13 1.1894E-14 0.373013 5.441E-14 9.259E-13 

273 0 2.2267E-13 2.1728E-14 7.6716E-16 7.2512E-14 1.0029E-12 

274 3236.16019 0 0 0.417874 0 0 

275 2195.63066 0 0 0.428948 0 0 

276 2195.63066 0 0 0.428948 0 0 
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277 0 0 0 0 0 0 

278 0 0 0 0 0 0 

279 0 0 0 0 0 0 

280 1654.02438 0 0 0.426123 0 0 

282 1654.02438 0 0 0.426123 0 0 

283 0 0 0 0 0 0 

284 0 0 0 0 0 0 

285 0 0 0 0 0 0 

286 914.579968 0 0 0.357984 0 0 

287 914.579968 0 0 0.357984 0 0 

288 10286.467 0 0 0.028363 0 0 

289 0 0 0 0 0 0 

290 0 0 0 0 0 0 

291 0 0 0 0 0 0 

292 10286.467 0 0 0.028363 0 0 

293 8087.30467 0 0 0.455164 0 0 

294 8087.30467 0 0 0.455164 0 0 

295 0 0 0 0 0 0 

296 0 0 0 0 0 0 

297 0 0 0 0 0 0 

298 6146.9225 0 0 0.527484 0 0 

299 6146.9225 0 0 0.527484 0 0 

300 12448.1595 0 0 0.097293 0 0 

301 0 0 0 0 0 0 

302 0 0 0 0 0 0 

303 0 0 0 0 0 0 

304 12448.1595 0 0 0.097293 0 0 

305 11066.7574 0 0 0.349735 0 0 

306 11066.7574 0 0 0.349735 0 0 

307 0 0 0 0 0 0 

308 0 0 0 0 0 0 

309 0 0 0 0 0 0 

312 4674.38096 0 0 0.224305 0 0 

313 0 0 0 0 0 0 

314 0 0 0 0 0 0 

315 0 0 0 0 0 0 

316 4674.38096 0 0 0.224305 0 0 

317 0 4.9907E-13 3.1888E-14 0.158652 1.4577E-13 2.226E-12 

318 8119.46371 0 0 0.267019 0 0 

319 0 0 0 6.8455E-18 0 0 

320 0 0 0 7.6829E-18 0 0 

321 0 0 0 0 0 0 

322 0 0 0 0 0 0 

323 0 0 0 1.391E-17 0 0 

324 0 0 0 0 0 0 

325 0 5.4221E-13 3.8449E-15 0.247357 2.3854E-14 2.4419E-12 



Nonlinear seismic analysis of industrial steel structures with irregularities 

  Annex 

118 

 

326 0 4.3057E-13 7.5883E-15 0.286681 4.7121E-14 1.9388E-12 

327 0 4.2981E-13 1.5354E-14 0.159443 1.147E-13 1.9355E-12 

328 0 8.8782E-13 2.248E-14 0.188823 7.0286E-14 5.4971E-12 

329 8119.46371 0 0 0.267019 0 0 

330 0 4.7149E-13 4.1633E-14 1.365E-15 1.5944E-13 3.6072E-12 

331 0 0 0 0 0 0 

332 0 0 0 1.5086E-17 0 0 

333 0 0 0 0 0 0 

334 0 0 0 0 0 0 

335 0 0 0 6.884E-18 0 0 

336 0 0 0 0 0 0 

337 0 0 0 0 0 0 

338 0 0 0 0 0 0 

339 0 0 0 0 0 0 

340 0 0 0 0 0 0 

341 0 0 0 0 0 0 

342 0 0 0 0 0 0 

343 0 0 0 0 0 0 

344 0 0 0 0 0 0 

345 0 0 0 0 0 0 

346 0 0 0 0 0 0 

347 0 0 0 0 0 0 

348 0 0 0 0 0 0 

349 0 0 0 0 0 0 

350 0 0 0 0 0 0 

351 0 0 0 0 0 0 

352 0 0 0 0 0 0 

353 0 0 0 0 0 0 

354 0 0 0 0 0 0 

355 0 0 0 1.2622E-17 0 0 

356 0 0 0 0 0 0 

357 0 0 0 1.7809E-17 0 0 

358 0 0 0 0 0 0 

359 0 0 0 4.0217E-18 0 0 

360 0 0 0 0 0 0 

361 0 4.263E-13 3.8449E-15 0.247357 2.3854E-14 1.4079E-12 

362 0 4.537E-13 7.5883E-15 0.286681 4.7121E-14 2.1281E-12 

363 0 4.2501E-13 1.5354E-14 0.159443 1.147E-13 1.9144E-12 

364 0 8.6202E-13 2.3557E-14 0.182721 1.0422E-13 3.8821E-12 

365 0 4.2389E-13 2.6835E-14 0.153567 1.2272E-13 2.6144E-12 

366 0 4.7104E-13 3.2244E-14 6.7472E-16 1.3741E-13 2.7647E-12 

367 0 0 0 0 0 0 

368 0 0 0 2.8013E-17 0 0 

369 0 0 0 0 0 0 

370 0 0 0 0 0 0 

371 0 0 0 1.3549E-17 0 0 
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372 0 0 0 0 0 0 

373 10531.0759 0 0 0.225435 0 0 

374 10531.0759 0 0 0.225435 0 0 

376 8960.06454 0 0 0.405331 0 0 

377 8960.06454 0 0 0.405331 0 0 
Table 9.3 
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