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Abstract: The use of reduced seismic forces obtained from elastic response spectra analysis is a common practice for
structural design purposes. This procedure is used: (a) To take advantage of the nonlinear behavior of the structural ele-
ments that conform the entire structure, and (b) To reduce the initial cost of the construction, allowing certain degree of
damage if a severe earthquake occurs, but trying to avoid collapse with good structural design and construction detailing.
In this paper, structural analyses were performed using several seismic reduction coefficients and the considered struc-
tures were designed for low seismic design regions according to the Mexico construction codes for both, serviceability
limit states and ultimate limit states. Results show that the final design is strongly dependent on allowed interstory drift,
associated to lateral displacements. Results also showed that, reducing significantly the seismic forces is not directly asso-
ciated with a reduction in the initial cost of the structure, i.e., the final design for different seismic behavior factor may

have similar seismic vulnerability.
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1. INTRODUCTION

Designing a structure to avoid damage during its lifetime
could be a very difficult (or/and costly) goal. If the structure
is built on a region with considerable degree of seismic haz-
ard, this goal can be almost impossible to achieve due to the
associated high construction cost. On the other hand, if struc-
tural elements for such structure are designed to elastically
withstand lower seismic demands, the initial construction
cost may be lower as well. However, since the lateral resis-
tance is reduced, some structural elements may have nonlin-
ear behavior during an earthquake, and this nonlinear behav-
ior is usually associated with certain degree of damage.

In the current seismic design practice, nonlinear behavior
is not necessarily associated with the collapse of the struc-
ture. The nonlinear behavior can be used to improve the
structural response by (a) concentrating the damage in a few
locations (b) dissipating the seismic energy, (c) reducing the
initial cost of the structure, (d) avoiding partial or total col-
lapse, and (e) taking advantage of the overstrength of materi-
als among other features [1-4]. To have a good structural
behavior several issues need to be considered, like an ade-
quate structural concept, an appropriate detailing of the ele-
ments to allow nonlinear behavior and sufficient knowledge
of materials among other issues related to the design and
construction process [3, 4].
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If a severe earthquake occurs, the materials used to build
structural elements may exhibit linear force-displacement
relationships at the initial stages of the event. However, at
the intense phase of the seismic event the materials may
show nonlinear behavior, undergoing lateral displacements
and interstory drifts several times beyond the yield point or
the linear strength. Under the hypothesis that a structure is
able to dissipate the energy associated to an equivalent
elasto-plastic system with a ductility u (see Fig. (1) and eq.
1), the structure can be designed with a reduced capacity u
times less than the corresponding structure with elastic be-
havior [1, 3].

Force
~

5 —SA
Ay Au Displacement
Fig. (1). SDOF system with elasto-plastic relationship.

Therefore, the required capacity (or strength / ) for a
single degree of freedom (SDOF) system with elasto-plastic
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relationship, is u times less than the corresponding elastic
SDOF system. This assumption enables an inelastic system
with lower capacity to withstand an earthquake, since the
additional energy that is introduced to the system is dissi-
pated by hysteresis loops.

If an elasto-plastic SDOF system is able to develop a
ductility u defined by eq. (1) when an earthquake occurs, the
system can be designed to have a lateral load strength ob-
tained from the reduction of spectral acceleration computed
for a linear SDOF system with the same natural frequency
and damping, but divided by u. This assumption is reasona-
bly valid for systems with natural period significantly greater
than the natural period of the soil, while the assumption is
not so adequate for SDOF systems with natural period simi-
lar to the soil, where the reduction decreases significantly.

A
= 1
u=< (1
y
where:
A, = Ultimate displacement
A = Yield or strength displacement
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Fig. (2). Elastic spectrum and inelastic design spectrum.

For multi-degree of freedom (MDOF) systems the ductil-
ity is not exactly the same expressed in eq. (1), but it repre-
sents the capacity of the structure to dissipate seismic en-
ergy, the overstrength of structural elements and the redun-
dancy of the MDOF system, and all this is included in the
so-called seismic behavior factor (or reduction factor). Ac-
cording to Mexico construction requirements [5-7] a linear
variation from 1 to u of the reduction factor must be adopted.
Thus, several inelastic design spectra can be obtained con-
sidering the expected ductility of the structure to be de-
signed. The above mentioned procedure is depicted in Fig.
(2), (modified from [7]).

Reducing seismic forces to allow nonlinear behavior in
the designed structural elements is inherently related to an
acceptable damage level, because seismic energy dissipation
is necessary, so that the structural elements are able to de-
velop hysteresis loops, and this is only possible if certain
level of damage and degradation of the elements occur. Re-
ducing the seismic forces using certain seismic behavior fac-
tor u (defined like Q or R in several design codes [6-10])

The Open Civil Engineering Journal, 2015, Volume 9 275

implies a reduction in the expected strength of the element,
and therefore less material must be needed, reducing the ini-
tial cost of the structure. However, in addition to check the
strength, insterstory drifts and lateral displacements must be
checked to ensure that the structure does not exhibit exces-
sive damage, and that the contents and nonstructural ele-
ments are not affected significantly. The designer should be
aware that a nonlinear elasto-plastic behavior is assumed,
therefore if the displacements are obtained from a linear pro-
cedure, they should be amplified accordingly by the expected
seismic behavior factor u.

The use of the seismic behavior factor to reduce the
seismic forces for design is a common worldwide practice.
This reduction affects the final design and, therefore it is
expected that the initial cost of the structure is reduced re-
spect to a linear elastic behavior. For regions associated to
high spectral ordinates, a significant reduction of the initial
cost is expected; in contrast, in regions where seismic de-
mands are not so high, the reduction in the seismic forces
may not have a significant impact on the initial cost of the
structure.

2. OBJETIVE

The main objective of this study is to assess the impact of
the use of several values of the seismic behavior factor u on
the design of typical structures located on a low seismic ac-
tivity region in central Mexico (Guanajuato State). To
achieve this, the structures are analyzed and designed with
no force reduction (i.e. u = 1), and also using other values of
u according to local construction code requirements. The
design spectra are defined according the Manual de Diseiio
de Obras Civiles - Diseiio por Sismo [7] since this handbook
has the most complete estimation of the seismic demands in
Mexico, and is widely used to estimate the seismic forces for
almost any kind of structure. Additionally, seismic vulner-
ability of these kind of structures respect to code require-
ments can be evaluated depending on the final designs.

3. METHODOLOGY
3.1. Analysis Model

The basic structure model is showed in Fig. (3). The
model corresponds to a 33.5 m high building (11 levels), 24
m long and 18 m wide for residential use. The structure con-
sists of perpendicular frames of 6 m spans 3.5 m high in the
first level and 3.0 m at higher levels. The floor systems are
considered composite sections of steel sheets at the bottom
and reinforced concrete on the top. Diaphragms are consid-
ered rigid for the analysis.

3.2. Analysis and Design Considerations

The structural elements are W-shape steel ASTM-A992
for beams and columns designed according to [11]. Live
loads are defined according to [12] for residential use, and
dead loads are estimated in 5.106 kPa for intermediate levels
and 5.743 kPa for roof level. The seismic loads are estimated
according to [7], considering the structures as located on
seismic zone B and a soil type I, i.e., a stiff soil is consid-
ered. Seismic behavior factors of 1, 2 and 3 are used for de-
sign purposes obtaining the design spectra showed in Fig. (4).
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Fig. (3). Basic model for analysis and design.
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Fig. (4). Design spectra used for design.
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Fig. (5). Beam distribution. Fig. (6). Plan view of column distribution.
Figs. (5-7) show the arrangement of the structural ele- Load combinations used for design are those defined ac-
ments and its orientation. For Figs. (5§ and 6) the equal line cording to [12]. Load combinations used to review strength
type and color means that the structural element has the same requirements of the structural elements correspond to egs.

shape. An elevation view of the columns is showed in Fig. (7). (2) to (4).
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Fig. (7). Elevation view of column distribution.
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Load combinations used to review serviceability limit
states, related to interstory drift and lateral displacement are
defined by egs. (5) to (7).

DL+LL (5)
DL+LL =S, (6)
DL+LL =S, (7
where:

DL = Dead load
LL, = Instant live load

LL = Maximum live load

S

X

Seismic loads in X axis direction

S

¥y

Seismic loads in Y axis direction

According to [12], live loads are defined for three cases.
The maximum live load LL , must be used to check gravi-

tational conditions. The instantaneous live load LL, must be

used when an intense but short time load is acting in the
structure, like seismic or wind load. LL, is expected to be

less than LL__ because the probability that an intense earth-

quake (or wind) occurs when the maximum live load is pre-

sented is very low. Finally an average live load LL  , must

d
be used when a long term condition is checked; this kind of
live load is not used in the presented study.

For combinations that include earthquake forces it is im-
portant to note that 100% of the demand associated to Fig.
(4) in the direction of analysis, and 30% of the same demand
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in the perpendicular direction is considered, as specified in
[6] to take into account the bidirectional earthquake effects.

The analyses are performed using the modal spectral
method, and considering the accidental eccentricity by mov-

ing the mass center (MC) a distance e = =0.1b transversal to

the direction of the analysis. Fig. (8) shows two positions of
the MC for the analyses in x direction, in relation to the posi-
tion of torsional center (7C). Fig. (9) displays the additional
positions for the MC for the analyses in the y direction.

All floor levels are considered rigid diaphragms. The
translational properties are considered only for lateral loads
(X and Y directions); and the rotational properties perpen-
dicular to the XY plane, are considered uniformly distributed
when the MC coincides with the 7C position. For the other
four positions of the MC the rotational properties are calcu-
lated according the mass distribution showed in Fig. (10). If
it is not possible to locate the MC at the desired position as
shown in Fig. (10), then an alternate distribution is used as
shown in Fig. (11). All mass centers are moved in the same
directions in all floors at the same time.

In addition to checking the strength of structural ele-
ments, interstory drift for all floor levels must be assessed.
Since this aspect of the design process is not directly related
with stability and strength of the structure, and could be
more related to functionality and comfort conditions, from
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Fig. (10). Mass distribution to calculate torsional properties for
each floor.
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Fig. (11). Alternate mass distribution to calculate torsional proper-
ties.

now on, this part will be referred as service conditions. Ac-
cording to [6] the maximum interstory drift must be less than
0.006 times the story height, when structural and nonstruc-
tural elements are connected. If the structure has adequate
gaps between structural and nonstructural elements, i.e.,
nonstructural elements are disconnected from the structure,
interstory drift must be less than 0.012 times the story height.
Lateral inelastic displacements are estimated multiplying by
u the displacements obtained from the linear-elastic analysis.
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4. RESULTS

Fig. (12) shows the total amount of steel if only the
strength requirements are considered in all the W-shapes
elements. As expected, as the seismic forces are reduced, the
required strength of structural elements are reduced too, de-
creasing the required amount of material and therefore the
initial cost of the structure.

Results shown in Fig. (12) would be good news for the
owner of the structure, because it meant that the structure
could be constructed with less money. However, sometimes
the designer is not aware that this reduction in the initial cost
could be not as good as expected, because if a strong earth-
quake occurs, the ductility demands, and therefore the level
of damage in the structure, will be greater for the models
designed with less lateral seismic force.

Fig. (13) shows the required amount of material when the
strength and service conditions are considered, and the non-
structural elements are not connected to the structure, i.e.,
this is the final design used to build the structure. Note that
for service conditions, Fig. (13) (and also Fig. 14) shows in
red the additional required steel in relation to that required
for strength conditions only (in blue). As can be noted, when
u =2 is considered, there is only a reduction in the amount
of material about 26% respect to linear elastic case (u = 1).
Moreover for u = 3 there is no reduction in the amount of
material respect to the previous case (u = 2). It is important
to note that the Mexican building code [6] permits reduction
in the seismic forces up to 4 (i.e.: u = 4); however, ade-
quately detailed connections and construction requirements
should be met to reduce the seismic forces by four times
with respect to the linear-elastic case.

If nonstructural elements (walls, windows, doors, glasses,
etc.) are connected to the structure, the required amount of
material is shown in Fig. (14). It can be observed from the
figure that the required material is incremented with respect
to strength conditions even for the linear elastic case. The
reduction of seismic forces for 4 =2 and u = 3 has no effect
in the final design. Details of the design of the structures as
well the sections for all considered cases are available in [13].

900 -

800

700 -

600

S00p 872

T

[ Strength

Required Steel (ton)

466

399

Fig. (12). Required steel for strength only.
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Fig. (13). Required steel for strength and service - Nonstructural elements disconnected.
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Fig. (14). Required steel for strength and service - Nonstructural elements connected.

CONCLUSION

Final designs according to Mexican regulations for build-
ing structures in low seismic demand regions are presented.
The results show the amount of material required for the
construction of the structures like an indirect but propor-
tional measure of the cost of the structure since, at least in
Mexico, the cost of steel construction is proportional to the
weight of the structure.

The obtained results suggest that when a structure is de-
signed with seismic force reduction in a low seismicity re-
gion, this procedure is only effective in decreasing the
amount of needed material if the nonstructural elements are
disconnected from the structure. For the study case a reduc-
tion of 26% for u = 2 with respect to linear elastic case is

reached. Further reduction of seismic forces has no effect on
the final design, and can complicate the construction due to
detailing and construction requirements as indicated in the
current construction code. Considering that the cost of the
structure may be about 30% of the total cost of the building,
the above mentioned reduction in cost represents only about
8% saving in construction costs.

In areas with no history of strong earthquakes, it is com-
mon not to have appropriate detailing to decouple nonstruc-
tural components from the main structure. For this reason,
the most representative results of realistic conditions are
those shown in Fig. (14) in this study, where it is clear that
no matter the level of seismic force reduction, it has no im-
pact in the final design. Since the final design is the same no
matter what value of seismic behavior factor is used, the
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seismic vulnerability of the structures are identical which is
not consistent with the different seismic dissipation energy
associated to a value of different seismic behavior factor.

It is noted that designs are carried out using building
codes developed for regions with high seismic demands.
Therefore, more extensive studies are needed to propose
expression to take into account several parameters to design
structures in different areas with different levels of seismic
demand. For regions that are not seismic, the results suggest
that reducing the seismic forces using the seismic behavior
factor has no significant effect in the final design, at least in
the current form of the Mexican regulations [6, 7].
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