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Abstract: The response spectra defined in seismic design codes include crisp classifications of seismic
parameters, which directly affect the spectra’s shape and greatly alter seismic design loads. The
optimum design phase seismic forces have an important role in the efficiency of the construction costs
and structural safety. Various parameters are used to calculate the seismic design forces, especially
presented in the codes with earthquake design spectra. This study presents a rule-based fuzzy
inference model with fuzzy sets to determine these parameters using fuzzy inference system (FIS)
modelling, which is the most appropriate approach among the different alternatives because both the
input and output variables have numerical and linguistic uncertainties in the earthquake problem.
Using the seismic zone factor of the region and shear wave velocity of the soil profile as inputs, the
model generates the seismic coefficients and peak ground acceleration values of the response spectra
specified in the Uniform Building Code (UBC, 1997). The response spectra in this code can be easily
generated with these seismic coefficients after their fuzzification. Response spectra of twenty-five
different sample cases with and without the FIS model are generated, which provide comparisons for
the model superiority assessment. Significant differences are observed between the crisp logic and
the FIS model-generated spectra. It is suggested that the FIS model can be modified and applied to
various parameters to generate response spectra in different seismic design codes.

Keywords: fuzzy model; response spectrum; seismic design; fuzzy sets; fuzzification

1. Introduction

In the seismic design and assessment of structures, response spectra in seismic design
codes and code-based provisions are generally used to apply seismic loads during structural
analysis [1,2]. Input parameter factors for generating the response spectra are commonly
based on soil profiles, seismic zones, seismic coefficients, and site classes, as if they do
not include uncertainty components. In the literature, codes overwhelmingly present
crisp logic parameter classifications, and thus the fuzzification for uncertainty components
remains a potential question for the abovementioned factors like structural safety and
construction costs [3-5]. The results of several cases, including crisp model values and
fuzzy inference system (FIS) products, should be evaluated to compare the change in the
response spectra shape for the seismic design loads.

Although there are other fuzzy logic-based methodologies such as hybrid fuzzy,
adaptive neuro-fuzzy inference system (ANFIS), fuzzy cognitive mapping (FCM), and fuzzy
decision tree (FDT), they are more efficient for clustering multiple data. For example, fuzzy
cognitive maps (FCM) and neuro-fuzzy inference systems (NFIS) are used for clustering
purposes [6]. In addition, for clustering purposes, K-nearest neighbors and especially fuzzy
c-means models play major roles [7]. On the other hand, ANFIS is used by different authors
in its hybrid and backpropagation mechanisms for various engineering and medicine
examples [8,9]. The fuzzy cognitive maps (FCMs) method is also an efficient decision-
making procedure in data management [10,11]. The fuzzy uncertainty digestion procedure
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for the earthquake spectrum data modelling of input and output variables is adopted in
this paper according to the Mamdani FIS [8].

Some earlier studies include fuzzy logic principles and solutions for verbal uncertain-
ties, complexities, complications, and vagueness [12-17]. Sen [18] thoroughly described the
details and framework of these principles.

In some studies, fuzzy logic principles are modelled with FIS to identify the seismic
effects and/or response spectra on earthquakes. For example, Mellal [19] presented a
method combining the fuzzy set theory and a nonlinear numerical model. Wadia-Fascetti
and Gunes [20] used statistical models to incorporate fuzzy logic for the response spectra
generation. Ansari and Noorzad [21] proposed a method to calculate fuzzy response
spectra of seismic activity in lowlands. Marano et al. [22] used the fuzzy random theory
and fuzzy probabilistic approach to define a ground motion model for a fuzzy-type classical
stochastic response spectrum evaluation. Sen [23] focused on FIS modelling in the seismic
hazard evaluation of existing buildings by quick visual methods. In the study, inputs and
outputs of the model are fuzzified considering expert views and fuzzy rules to connect
input variables to output. Furthermore, Sen [24] also presented another FIS model for
the earthquake hazard assessment in the upcoming years. On the other hand, Ozkul
et al. [25] presented a fuzzy degrading model used in dynamic analyses for the inelastic
displacement ratios of reinforced concrete structures. The fuzzy logic approach presented
in their work helped to designate the most appropriate classical method to find the inelastic
displacement ratios of degrading systems. Al-Fahdawi and Barroso [26] presented adaptive
neuro-fuzzy and simple adaptive control methods on three-dimensional coupled buildings
under bi-directional seismic excitations. Ghani et al. [27] explored the earthquake-induced
liquefaction behavior of fine-grained soils with artificial intelligence-based hybridized
modelling using the adaptive neuro-fuzzy inference system. Mehrabi et al. [28] used
intelligent fuzzy-based hybrid metaheuristic techniques to predict the seismic response of
fiber-reinforced concrete columns. Tombari and Stefanini [29] addressed a hybrid fuzzy-
stochastic one-dimensional site response analysis approach considering probability models
for the seismic input and fuzzy intervals for the soil uncertainties. Using fuzzy theory,
Guo et al. [30] assessed the seismic vulnerability of reinforced concrete structures by global
vulnerability curves. Liu et al. [31] investigated the earthquake damages in the 2015
Nepal earthquake and provided seismic measures for post-earthquake reconstruction of
damaged buildings. Compared to crisp logic methodologies, fuzzy logic-based methods
have the advantage of appreciating logical relationships between input and output variables.
Additionally, these approaches help reduce numerical and lexical uncertainties through
the training and testing stages, leading to more reliable verification and validation results.
Among the limitations of adaptive neuro-fuzzy inference systems is their partial black-box
behavior concerning the internal generation mechanism of the system.

Nahhas [32] conducted a study for generating code-compliant seismic response spectra
using a fuzzy model. He implemented fuzzy logic-based software to generate Uniform
Building Code (UBC, 1997) spectra [33]. There is no study in the literature on acquiring
these seismic parameters by fuzzy logic assessment for the response spectra.

The main purpose of this paper is to develop an efficient version of the classical FIS
model for input parameters of soil profiles, seismic zones, seismic coefficients, and site
classes. Many buildings around the globe are designed according to the UBC (1997), which
is still in use in various developing countries. In this paper, this design code’s seismic
spectra coefficients are modelled with the proposed FIS, making it possible to express
the vagueness of the seismic coefficients. It is hoped that the method presented in this
paper can be modified and applied to the other seismic codes’ response spectra generation
procedures for better accuracy and precision.

2. Code Overview

In many countries around the world, especially in developing nations, the Uniform
Building Code (UBC, 1997) or a seismic code based on UBC (1997) is often used for the
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seismic design of multi-story buildings. Numerous buildings have been constructed
worldwide utilizing the UBC (1997) provisions [33]. The following sub-section briefly
presents the seismic provisions of UBC (1997).

2.1. Design Response Spectra

The design response spectra (Figure 1) presented in UBC (1997) mainly depends on
two seismic coefficients, C, and Cy. A function of the C, coefficient defines the constant
acceleration region on the spectrum, and a function of C, defines the constant velocity
region. The control periods (T and Ts) forming the constant acceleration region limits are
also defined by functions of both C, and Cy coefficients. The soil profile types and seismic
zone factors are used in the determination of these seismic coefficients. Near-source factors
are also applied as multipliers in calculating these seismic coefficients, and these factors are
based on the nearest distance to known active faults, namely seismic sources.

25C, CONTROL PERIODS
T.=C,/25C,
T,=02T,

@)

[

SPECTRAL ACCELERATION (g’s)

T, T,
PERIOD (SECONDS)

Figure 1. Design response spectra in UBC (1997) [33].

2.2. Seismic Coefficients

The seismic coefficients presented in the code (C, and C,) are found according to
Tables 1 and 2 classifications. In seismic zone 4 regions, near-source factors (N, and Ny) are
applied to the C, and C, values as multipliers given in these tables. Near-source factors
depend on the closest distance to known seismic sources and the type of seismic source (see
Tables 3 and 4). The location and type of these sources can be established upon approved
geotechnical or national survey data, such as the hazard map prepared by the United States
Geological Survey [34]. The descriptions related to seismic source types are given in Table 5.
In this study, the FIS modelling does not consider the near-source effects, and N, and Ny
multipliers are assumed to be “1.0”.
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Table 1. Seismic coefficient, C, [33].
Soil Profile Seismic Zone Factor, Z
Type Z =0.075 Z=0.15 Z=02 Z=0.3 Z=04
Sa 0.06 0.12 0.16 0.24 0.32 N,
Sp 0.08 0.15 0.20 0.30 0.40 N,
Sc 0.09 0.18 0.24 0.33 0.40 N,
Sp 0.12 0.22 0.28 0.36 0.44 N,
Sg 0.19 0.30 0.34 0.36 0.36 N,
Sg Site-specific geotechnical investigation
Table 2. Seismic coefficient, Cy, [33].
Soil Profile Seismic Zone Factor, Z
Type Z =0.075 Z =0.15 Z=0.2 Z=03 Z=04
Sa 0.06 0.12 0.16 0.24 0.32 Ny
Sp 0.08 0.15 0.20 0.30 0.40 Ny
Sc 0.13 0.25 0.32 0.45 0.56 Ny
Sp 0.18 0.32 0.40 0.54 0.64 Ny
Sk 0.26 0.50 0.64 0.84 0.96 Ny
Sg Site-specific geotechnical investigation
Table 3. Near-source factor, N, [33].
L. Closest Distance to Known Seismic Source
Seismic Source Type
<2km 5 km >10 km
1.5 1.2 1.0
B 1.3 1.0 1.0
1.0 1.0 1.0
Table 4. Near-source factor, Ny [33].
Seismic Source Closest Distance to Known Seismic Source
Type <2km 5km 10 km >15 km
A 2.0 1.6 1.2 1.0
B 1.6 1.2 1.0 1.0
C 1.0 1.0 1.0 1.0

Table 5. Seismic source types [33].

Seismic Source Type

Seismic Source Description

A

Faults that are capable of producing large magnitude events and that
have a high rate of seismic activity

B

All faults other than Types A and C

Faults that are not capable of producing large magnitude earthquakes
and that have a relatively low rate of seismic activity
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2.3. Seismic Zones

UBC (1997) defines five different seismic zones as 1, 2A, 2B, 3, and 4, and a seismic zone
factor is attached to each zone. Figure 2 provides a seismic zone map of the United States
as the code. In this map, the strict boundaries of the zones appear according to the crisp
logic classification of zone factors. However, logically there should be a fuzzy transition
between the two neighboring zones. These properties directly affect the calculation of C,
and C, values and, accordingly, the formation of design spectra. The seismic zones and
corresponding zone factors are given in Table 6.

ﬂ
Muc
olumb

\ﬁ'

Seismic Zones

(Ground Acceleration)

|:| Zone 0 = 0.0g
. Zone 1 = 0.0758
I:I Zone 2A = 0.15g
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. Zone 4 = 0.40g

Source: 1997 Edition UBC

Figure 2. Seismic zone map of the United States [35].

Table 6. Seismic zone factor, Z [33].

ZONE 1 2A 2B 3 4
z 0.075 0.15 0.20 0.30 0.40

2.4. Soil Profiles

Six different soil profile types are defined in UBC (1997), and the classification is based
on the average shear wave velocity (Vs) of the top soil profile 30 m (100 feet) from the
surface. The soil profile types are classified as Sa, Sg, Sc, Sp, Sg, and Sg, with generic
linguistic descriptions such as “hard rock”, “rock”, “very dense soil and soft rock”, “stiff
soil”, and “soft soil”. Sg corresponds to soils that are susceptible to ground failure during
earthquakes. Thus, site-specific geotechnical investigations are necessary to specify and
categorize the seismic properties of Sg soil type. Even though the soil profile types are
mainly connected with average shear wave velocities, corresponding standard penetration
test (SPT) results and undrained shear strength values are also given in the same chart for
soil type designation. The soil profile types and corresponding shear wave velocity, SPT
test, and undrained shear strength values are given in Table 7.
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Table 7. Soil profile types [33].

Average Soil Properties for the Top 30 Meters of

Soil Profile Soil Profile
Soil Profile Type Name/Generic Shear Wave SPT Test. N Undrained
Description Velocity, Vg et Shear Strength
(Blows/Foot)
(m/s) (kPa)
Sa Hard Rock >1500 } B
Sp Rock 760 to 1500
Very Dense Soil
Sc and Soft Rock 360 to 760 >50 >100
Sp Stiff Soil Profile 180 to 360 15 to 50 50 to 100
Sk Soft Soil Profile <180 <15 <50
S Soil requiring site-specific evaluation

3. Fuzzy Inference System (FIS) Model

The fundamentals of the proposed FIS, as explained in the previous sections, are
adapted in this section for the form of FIS as proposed in this paper for inference and
interpretation of the design response spectra seismic coefficients. The approach in this
study considers expert view combinations of input variables” fuzzy sets in the form of
fuzzy rule base propositions in the antecedence parts. Each rule antecedent part relates
the fuzzy input sets to the seismic coefficient outputs as the consequent (estimation) part.
Throughout the study, the Mamdani FIS method is modelled by the MATLAB fuzzy logic
controller tool software due to its precision and practicality [15,16,36]. Herein, there are
two input parameters, and the model outputs are the seismic coefficients, C, or Cy. The
input variables are the seismic zone factor (Z) of the region and the shear wave velocity
of the soil (Vs). These variables are fuzzified according to a rule base, and after applying
the model’s generation mechanism, the results are defuzzified to obtain seismic coefficient
crisp estimations. Figure 3 shows the overall structure of the model for seismic coefficients
(Ca or Cy). The output MFs and rule bases are different, as will be explained in subsequent
sub-sections.

FUZZIFICATION FUZZY LOGIC
RULES
FUZZY LOGIC
MODEL —PI DEFUZZIFICATION I
OUTPUT
Caor Cy

Figure 3. The overall structure of the FIS model.

3.1. Membership Functions (MFs)

Triangular and trapezium MFs are considered for each input and output variable for
the fuzzification procedure. The fuzzy sets are used in the fuzzification of input variables
as MFs given by Nahhas [32]. The soil profile types are fuzzified by considering the shear
wave velocity values given in the code. The transition between peak shear wave velocity
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values is achieved by triangular-shaped fuzzy sets. The shear wave velocity (Vs) MFs are
given in Figure 4 as “Soft soil”, “Stiff soil”, “Soft rock”, “Rock”, and “Hard rock”.

Softlsoil

1.0

0.5

Stifffsoil

Soft rock Rock Hard rock

O | L ] | 1 |
0 500 1000 1500 2000 2500 3000 3500
Shear wave velocity, Vs (m/s)
Figure 4. Membership function of soil profiles [32].

Likewise, the seismic zone factor, Z, is fuzzified by considering the seismic zone factor
values given in the code. The transition between peak seismic zone factor values is also
achieved by triangular fuzzy sets. The seismic zones” MFs as “Zone 1”7, “Zone 2A”, “Zone
2B”, “Zone 3”, and “Zone 4” are shown in Figure 5.

Zone 1 Zone 2A  Zone 2B Zone 3 Zone 4
10— T i
0.5
0 T 1 | T 1 I J
0 0.050.075 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5

Seismic zone factor, Z

Figure 5. Membership function of seismic zones [32].

Output membership functions are attached according to the recommendations by
Ross [8] with the author’s and some more experienced colleague experts’ views. Each
seismic coefficient (C, or Cy) is categorized individually into five mutually inclusive classes
in terms of fuzzy sets as “Very Low”, “Low”, “Medium”, “High”, and “Very High”. The
MFs of these outputs are presented in Figures 6 and 7, respectively.

It is to be noted that in all the input and output fuzzifications (Figures 4-7), initial and
final sets are in the form of trapezium MFs, and in between, there are three triangular MFs.

3.2. Fuzzy Rule Base (FRB) and FIS

Since there are five MFs in each input variable, the number of rules in the fuzzy rule
base (FRB) equals 5 x 5 = 25 for the logical system combination of each MF in the two
input variables (see Figures 4 and 5). The general structure of each rule is in the form of the
following:

“IF soil profile MF AND seismic zone MF THEN C, or C; ME.”
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In the antecedent part of this statement, that is, between IF and THEN, all input
MF combinations are combined by AND logical conjunction. Each of the fuzzy rules is
combined by OR logical conjunction. In light of the above explanations, the proposed FIS
model FRBs are given in Table 8 based on expert views. Each rule implies a logically valid
relation between input and output fuzzy MFs.

V. Low

Medium High V. High

1.0

0

1 | | 1
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
Seismic coefficient, Ca
Figure 6. Membership function of seismic coefficient, C,.
V. Low Low Medium High V. High
| 1 1 ] 1 1 1 1
0 0.05 0.15 0.25 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0

Seismic coefficient, Cy
Figure 7. Membership function of seismic coefficient, Cy .

According to fuzzy set operations, “MIN” inference is represented with the “AND”
operator for logically combining input sets to obtain output results. The aggregation process
is achieved by the “MAX” operator corresponding to the “OR” operation to combine the
fuzzy output sets. When the output is achieved in terms of categories previously defined,
such as “Very Low”, “Medium”, or “Very High”, a crisp value of the seismic coefficient can
be obtained to form the response spectra. For this aim, the output is transformed into a
crisp value by defuzzification, in which the “CENTROID” method is used [8]. The crisp
output value is calculated by considering the centroid of the consequent output fuzzy set.
The surface graphs of the FIS controller’s three-dimensional appearances are presented in
Figure 8 for both seismic coefficients, C, and Cy.
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Table 8. Rule base of seismic coefficients, C5 and C,,.

R1: IF “Soil_Profile” is “Soft Soil” AND “Seismic_Zone” is “Zone 1” THEN “C,” and “Cy” is “Low”

R2: IF “Soil_Profile” is “Soft Soil” AND “Seismic_Zone” is “Zone 2A” THEN “C,” is “High”, “C,” is “Medium”

R3: IF “Soil_Profile” is “Soft Soil” AND “Seismic_Zone” is “Zone 2B” THEN “C,” and “C,” is “High”

R4: IF “Soil_Profile” is “Soft Soil” AND “Seismic_Zone” is “Zone 3” THEN “C,” and “Cy” is “V. High”

R5: IF “Soil_Profile” is “Soft Soil” AND “Seismic_Zone” is “Zone 4” THEN “C,” and “C,” is “V. High”

R6: IF “Soil_Profile” is “Stiff Soil” AND “Seismic_Zone” is “Zone 1” THEN “C,” and “Cy” is “V. Low”

R7: IF “Soil_Profile” is “Stiff Soil” AND “Seismic_Zone” is “Zone 2A” THEN “C,” is “Medium”, “Cy” is “Low”

R8: IF “Soil_Profile” is “Stiff Soil” AND “Seismic_Zone” is “Zone 2B” THEN “C,” is “High”, “C,” is “Low”

R9: IF “Soil_Profile” is “Stiff Soil” AND “Seismic_Zone” is “Zone 3” THEN “C,” is “V. High”, “Cy” is “Medium”
R10: IF “Soil_Profile” is “Stiff Soil” AND “Seismic_Zone” is “Zone 4” THEN “C,” is “V. High”, “C," is “High”
R11: IF “Soil_Profile” is “Soft Rock” AND “Seismic_Zone” is “Zone 1” THEN “C,” is “Low”, “Cy” is “V. Low”
R12: IF “Soil_Profile” is “Soft Rock” AND “Seismic_Zone” is “Zone 2A” THEN “C,” and “Cy"” is “Low”

R13: IF “Soil_Profile” is “Soft Rock” AND “Seismic_Zone” is “Zone 2B” THEN “C,” is “Medium”, “C,” is “Low”
R14: IF “Soil_Profile” is “Soft Rock” AND “Seismic_Zone” is “Zone 3” THEN “C,” is “High”, “C,” is “Medium”
R15: IF “Soil_Profile” is “Soft Rock” AND “Seismic_Zone” is “Zone 4” THEN “C,” is “V. High”, “Cy” is“Medium”
R16: IF “Soil_Profile” is “Rock” AND “Seismic_Zone” is “Zone 1” THEN “C,” and “C,” is “V. Low”
R17: IF “Soil_Profile” is “Rock” AND “Seismic_Zone” is “Zone 2A” THEN “C,” is “Low”, “Cy” is “V. Low”
R18: IF “Soil_Profile” is “Rock” AND “Seismic_Zone” is “Zone 2B” THEN “C,” is “Medium”, “Cy” is “V. Low”
R19: IF “Soil_Profile” is “Rock” AND “Seismic_Zone” is “Zone 3” THEN “C,” is “High”, “C,” is “Low”
R20: IF “Soil_Profile” is “Rock” AND “Seismic_Zone” is “Zone 4” THEN “C,” is “V. High”, “C,” is “Low”
R21: IF “Soil_Profile” is “Hard Rock” AND “Seismic_Zone” is “Zone 1” THEN “C,” and “Cy” is “V. Low”
R22: IF “Soil_Profile” is “Hard Rock” AND “Seismic_Zone” is “Zone 2A” THEN “C,” and “Cy” is “V. Low”
R23: IF “Soil_Profile” is “Hard Rock” AND “Seismic_Zone” is “Zone 2B” THEN “C,” is “Low”, “Cy” is “V. Low”
R24: IF “Soil_Profile” is “Hard Rock” AND “Seismic_Zone” is “Zone 3” THEN “C,” is “Medium”, “Cy” is “Low”
R25: IF “Soil_Profile” is “Hard Rock” AND “Seismic_Zone” is “Zone 4” THEN “C,” is “High”, “C,"” is “Low”
C.
05.
04
0.3
0.2
01
0.
05
— {gsu; 3600 .
07 i e s P oot ) g
(a) 5] gl sned! (mls\ (b) ) o 5o shea!

Figure 8. Surface graphs of the fuzzy logic controller: (a) C,, (b) Cy.

4. Applications

90f17

This paper proposed another version of the well-known fuzzy inference system (FIS)
approach application to seismic design code response spectra. For the application of the
suggested methodology, twenty-five case scenarios are generated to compare the difference
between the design response spectra by the crisp seismic coefficients given in the code
and the FIS model. The numerical values of shear wave velocity (Vs) and seismic zone
factor (Z) are calculated corresponding to C, and C, coefficients according to the Uniform
Building Form (UBC, 1997) provisions, which were previously described in Section 2. The
design response spectra are formed using these crisp values. The FIS model is applied
using the same Vg and Z values as inputs for each case, and fuzzy C, and C, (C,’ and
C,’) coefficients are found. Various soil profile types and seismic zone combinations are
considered for the calculations. Near-source factors (N, and Ny) are not fuzzified and are
taken as “1.0” because they depend on the closest known distance to seismic sources and
the type of seismic source, which are well-known numerical values. The results of these
example cases are given in Table 9, Figures 9 and 10, respectively. The variation of peak
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spectral acceleration (PSA) values is also compared based on shear wave velocities, soil
profile types, and seismic zones in Figures 11 and 12. PSA corresponds to the C, coefficient.

Table 9. Example case results.

: i P UBC (1997) Fuzzy Model :
Case No. I)Soflill ?011 Vg (m/s) SZEISIIIIC 7 : y / D}ff;rse:ce

rofile ype one Ca Cy Ca Cy n

1 Hard Sa 1550 1 0.075 0.06 0.06 0.0414 0.0946 —31%
Rock

2 Rock Sp 780 1 0.075 0.08 0.08 0.0415 0.0950 —48%

3 Soft Sc 380 1 0.075 0.09 0.13 0.0414 0.0948 —54%
Rock

4 Stiff Soil Sp 200 1 0.075 0.12 0.18 0.0790 0.1620 —34%

5 Soft Soil Sk 30 1 0.075 0.19 0.26 0.1170 0.2330 —38%

6 Hard Sa 2000 2A 0.15 0.12 0.12 0.0649 0.0893 —46%
Rock

7 Rock Sp 950 2A 0.15 0.15 0.15 0.1180 0.1500 —21%

8 Soft Sc 470 2A 0.15 0.18 0.25 0.1550 0.2320 —14%
Rock

9 Stiff Soil Sp 235 2A 0.15 0.22 0.32 0.2240 0.2790 2%

10 Soft Soil Sk 65 2A 0.15 0.30 0.50 0.3000 0.4170 0%

11 Hard Sa 2450 2B 0.20 0.16 0.16 0.1170 0.0832 —27%
Rock

12 Rock Sp 1115 2B 0.20 0.20 0.20 0.2000 0.0897 0%

13 Soft Sc 560 2B 0.20 0.24 0.32 0.2000 0.2330 —17%
Rock

14 Stiff Soil Sp 270 2B 0.20 0.28 0.40 0.3000 0.2330 7%

15 Soft Soil Sg 100 2B 0.20 0.34 0.64 0.3000 0.5680 —12%

16 Hard Sa 2900 3 0.30 0.24 0.24 0.2000 0.2330 —17%
Rock

17 Rock Sg 1280 3 0.30 0.30 0.30 0.2830 0.2330 —6%

18 Soft Sc 650 3 0.30 0.33 0.45 0.3000 0.3780 —9%
Rock

19 Stiff Soil Sp 305 3 0.30 0.36 0.54 0.4080 0.4170 13%

20 Soft Soil Sk 135 3 0.30 0.36 0.84 0.4190 0.7390 16%

21 Hard Sa 3350 4 0.40 0.32 0.32 0.3000 0.2330 —6%
Rock

22 Rock Sp 1450 4 0.40 0.40 0.40 0.3880 0.2320 —3%

23 Soft Sc 740 4 0.40 0.40 0.56 0.4170 0.3510 4%
Rock

24 Stiff Soil Sp 340 4 0.40 0.44 0.64 0.4190 0.5580 —5%

25 Soft Soil SE 170 4 0.40 0.36 0.96 0.4140 0.7400 15%
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Figure 9. Application on example cases; case 1~15.




Buildings 2023, 13, 1895

12 of 17

12 1.2 12
CASE-16 CASE-17 CASE-18
V,=2900 m/s (S, Hard Rock) V,=1280 m/s (Sg: Rock) V=650 m/s (S¢: Soft Rock)
1 Zone Factor=0.30 (Zone 3) 14 Zone Factor=0.30 (Zone 3) 1 Zone Factor=0.30 (Zone 3)
C,=0.24 C;70.24 €,=0.30 C,=0.30 C,=0.33 C/=0.45
C,'=0.2000(C,'=0.2330 C.'=0.2830 C,'=0.2330 C,'=0.3000 C,/=0.3780
084 —— UBC|(1997) 0.8 —— UBG (1997) 034 —— UBG (1997)
_ —— Fuzzy Model _ —— Fuzzy Model _ —— Fuzzy Model
2os 2 0.6 2 0.6
F o
0.4 0.4 0.4
0.2 0.2 0.2
0 : | ‘ | : 0 : ; : ; 0 : : ;
0 1 2 3 4 5 6 0 1 2 3 4 5 0 2 3 4 5 6
T(s) T(s) T(s)
12 1.2 12
CASE-19 CASE-20 CASE-21
V=305 m/s (Sy: Stiff Soil) V=135 m/s (S¢: Soft Soil) V,=3350 mfs (S, Hard Rock)
1 Zone Factor=0.30 (Zone 3) 14 Zone Factor=0.30 (Zone 3) 14 Zone Factor=0.40 (Zone 4)
C,=0.36 C=0.54 C,=0.36 C,=0.84 C,=0.32 C,70.32
08 C,'=0.4080 C,=0.4170 o8 C,'=0.4190 C,'=0.7390 0s C,'=0.3000 (C,'=0.2330
7 —— UBG (1997) =1 —— UBG (1997) 7 —— UBC|(1897)
—~— —— Fuzzy Model —_ —— Fuzzy Model —_ —— Fuzzy Model
206 2064 206
wi 2
0.4 0.4] 0.4
0.2 0.2 0.2
c T | T | T 0 T | T | T c T | T
0 1 2 3 4 5 6 0 1 2 3 4 5 0 2 3 4 5 6
T(s) T (s) T(s)
12 1.2 12
CASE-22 CASE-23 CASE-24
V.=1450 m/s (Sg: Rock) V.=740 m/s (S¢: Soft Rock) V=340 m/s (Sp: Stiff Soil)
14 Zone Factor=0.40 (Zone 4) 1 Zone Factor=0.40 (Zone 4) 1 Zone Factor=0.40 (Zone 4)
C,=0.40C =040 C,=0.40 C=0.56 C,=0.44 C|=0.64
0s C.'=0.3880 C,/=0.2320 08 C,=0.4170 C,=0.3510 0s C,=0.4180 C,'=0.5580
=7 —— UBG (1997) 7 —— UBC (1997) 7 —— UBG (1997)
—_ —— Fuzzy Model — —— Fuzzy Model — —— Fuzzy Model
= 2 0.6 0.6
v o
0.4 0.4
0.2 0.2
0 T | T | T 0 T | T
0 1 2 3 4 5 0 2 3 4 5 6
T (s) T (s) T(s)
1.2
CASE-25

Figure 10. Application on example cases; case 16~25.
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Figure 12. The change in the peak spectral acceleration values in different soil profiles.

When the FIS model seismic coefficients were used to form response spectra, the
magnitude of spectral accelerations and the spectra’s shape changed in most cases. In some
cases, the response spectra formed using crisp values in UBC (1997) have more conservative
spectral acceleration values than those formed by the fuzzy inference model. The difference
minimizes in the higher period values. The spectra functions obtained with FIS are lower
in relatively weak ground motions (lower seismic zones). On the other hand, there is a
tendency for the plateau region (constant acceleration region) and lower arm (constant
velocity and displacement regions) of the spectrum curve to be longer, especially on “stiff
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soils”, which shows that some structures designed according to UBC (1997), especially in
“Vg =1550 m/s” soils and “Zone 1”7, may be exposed to higher ground accelerations.

As the seismic zone type increases, it is seen that the FIS model-based spectra be-
come closer to the UBC (1997) spectra, and the spectral accelerations exceed those of the
UBC (1997) spectra, especially in “soft soils” that are quite compatible with seismic wave
propagation in “soft soils”, considering the highly nonlinear behavior of “soft soils” and
the fact that seismic waves are more prone to amplification in these soils [37-41]. When
the shorter period regions of spectra before the first control period (Tp) are compared, the
spectral acceleration values of FIS model-based spectra are higher than those of the UBC
(1997) spectra in higher seismic zones. This outcome highlights a critical issue that should
be emphasized, especially for the structural safety of relatively rigid reinforced concrete
structures with low periods, such as industrial and nuclear facility structures. When the
peak spectral acceleration (PSA) values are compared for each case, the differences between
the crisp method and FIS model values have variations, including a case practically with
no difference. In the lower seismic zones (Zone-1 and 2A), the PSA values of UBC (1997)
are lower than FIS model-based PSA values. The difference increases with increasing shear
wave velocity, especially in Zone-2A. In the other seismic zones (Zone 2B, 3, and 4), the
FIS model PSA values exceed the UBC (1997) ones, especially at lower shear wave velocity
zones. After approximately the Vg = 1000 m/s threshold, the UBC (1997)-based PSA values
become larger than the fuzzy model’s values. When the PSA results in the same soil type
are compared, it is seen that the PSA values obtained from UBC (1997) are above the FIS
model, particularly in rock soils (“hard rock”, “rock”, and “soft rock”). In the softer soil
types, such as “stiff soil” and “soft soil”, the FIS PSA values exceed the UBC (1997) ones in
some seismic zones, mostly in higher seismic activity zones.

5. Conclusions

The fuzzy logic inference system (FIS) model is a mathematical approach that allows
the representation of partial uncertainties based on verbal fuzzy sets that are numerically
scaled based on available data. It has been applied in various fields to address problems that
involve uncertain or imprecise data. In this research, the crisp classification of seismic codes’
parameters in the formation of response spectra is studied. FIS model response spectra are
developed to present a methodology for considering the imperfections in the soil profile
type and seismic zone selection. This model, as proposed in this paper, is demonstrated on
the seismic parameters of the response spectrum given the Uniform Building Code (UBC,
1997) provisions. The results are presented with twenty-five samples, including various
input data such as different soil profile types, shear wave velocities, and seismic zones. The
fuzzy and crisp output seismic parameters are found, and the code-compliant traditional
and fuzzy response spectra are formed. Significant differences were found in the spectra’s
shape and peak spectral acceleration values.

In some specific seismic zones and soil profiles, the resulting FIS model response
spectra were more conservative than traditional response spectra. This indicates that there
might be an under-design of the current building code, and the crisp design acceleration
values of the code may not be sufficient in terms of structural safety when uncertainties in
these locations are considered. In some other regions, FIS model response spectra provided
similar or lower values than traditional response spectra, showing that the structural
designs may have been overdesigned according to the code’s traditional response spectrum.
The fuzzy version of the response spectrum in corresponding regions will surely provide a
more economical design. Consequently, the utilization of the fuzzy response spectrum has
the potential to offer seismic design solutions that are either safer or more cost-effective in
different scenarios based on the soil profile and seismic zone.

In conclusion, using a fuzzy logic-based FIS model in forming response spectra can
provide a more comprehensive and realistic representation of the uncertainties involved in
the problem, which can lead to more robust and reliable designs. A similar methodology
can be applied to the seismic parameters of other design codes. However, more research is
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needed to comprehensively understand the capabilities and limitations of this approach.
Among the future proposal research, it is recommended that similar studies should be
carried out with other building codes, and inter-comparison of future studies with the
existing ones may guide further research directions. Developing fuzzy-based spectra of
various seismic design codes considering the fuzzification of various seismic parameters,
such as site coefficients that may have high uncertainties, is a potential future research
direction. This kind of future work can improve the calculation of seismic design loads in
line with the codes” approach.
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