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they are determined by crisp logic-based numerical classifications of seismic
parameters, which primarily affect the shape and values of the spectrum. Crisp logic

Keywords response spectra generation may have limitations in the accurate determination of
Seismic design relevant parameters. In this paper, a fuzzy inference system (FIS) rule-based model
Fuzzy sets is proposed to address this issue. The proposed model uses spectral acceleration
Fuzzification coefficients and shear wave velocity as inputs to generate the site coefficients of the
Fuzzy model response spectra according to the Tiirkiye Building Earthquake Code (TBEC 2018).

The FIS model spectra generation is compared with the crisp logic model for thirty-
five examples, and the model performance is evaluated. The study demonstrates
significant differences between the two models in terms of the response spectra’
shape and acceleration spectrum intensity values, but the FIS model provides
comparatively better accuracy in response spectra generation. The proposed model
can be modified and applied to various parameters for generating response spectra
in different seismic design codes with the exposition of fuzzy logic rules that show
the concerned problem’s internal working mechanism.

Response spectrum

1. Introduction

Seismic design codes and provisions are utilized to withstand seismic loads during structural analysis [2-3].
Response spectra production for seismic design depends on several input parameters, including soil profiles,
seismic zones, seismic coefficients, and site classes. These parameters significantly impact seismic design
loads and play a crucial role in determining the appropriate structural system member type designs,
dimensions, and materials. Accurate adaptation of parameters for response spectra generation is essential to
minimize construction costs with structural safety insurance. Seismic design codes provide crisp logical
parameter classifications, but the impact of fuzzification can be significant due to uncertainties in the design
and computation stages. Fuzzification provides membership degrees (MDs) to account for uncertainties
under the supervision of expert views for structural safety enhancement and construction cost optimization.
Such an approach can alter the shape of the response spectrum and provide a plausible variation range in
seismic load computations [4-6]. In practical earthquake engineering scenarios, the fuzzification of seismic
coefficients has the potential to significantly alter the shape of the response spectrum and provide a range of
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plausible variations in final seismic load calculations. It is essential to compare different scenarios' results to
include both crisp model values and fuzzy inference system (FIS) outputs. Thus, it is possible to assess the
impact of fuzzification on the response spectrum shape and the corresponding seismic design loads. Such a
comparison assists in determining the optimal method for better design performance improvement that helps
to ensure seismic safety and cost-effectiveness in structural design. Since seismic forces consist of
uncertainty types of vagueness, incompleteness, imprecision, bluntness and alike, fuzzy logic offers a more
rational approach for predicting and minimizing the existing uncertainties in calculations. Hence, fuzzy logic
can enhance the precision of seismic design and ensure adequate protection against seismic hazards.

Various studies have recently utilized fuzzy logic methods to integrate seismic effects by means of FIS
modelling principles and how one can handle complexities, complications, uncertainties, and vagueness in
lexical (verbal) statements [7-13]. Mellal [14] developed an approach for soil columns by merging fuzzy set
theory and a nonlinear numerical model to obtain seismic response spectra. This FIS approach employed in
the research enabled the quick determination of response spectra using fuzzy arithmetic on specific input
parameters. Wadia-Fascetti and Giines [15] incorporated statistical models to integrate fuzzy logic and
quantify uncertainties in the structural response caused by ground motions. Ansari and Noorzad [16]
suggested a fuzzy mathematics-based method to account for uncertainties in specific dynamic analysis
parameters such as input excitation, stiffness, mass and damping in the response spectra of seismic activity
in lowlands. Marano et al. [17] combined a probabilistic approach with fuzzy theory to define a ground
motion model that generates a fuzzy classical stochastic response spectrum evaluation in linear systems.

Sen [18] proposed a rapid visual FIS computation model to categorize existing buildings for seismic
hazard evaluation. Furthermore, Sen [19] presented another fuzzy classification method for identifying
individual building hazard categories with different membership functions (MFs). On the other hand, Heidari
and Khorasani [20] employed the Adaptive Neural Network Fuzzy Inference System (ANFIS) to produce
synthetic earthquake accelerograms that comply with specific response spectra. The effectiveness of the
proposed method is demonstrated through a set of illustrative recorded accelerograms. Ozkul et al. [21]
presented a fuzzy degrading model that predicted the inelastic displacement ratios of reinforced concrete
structures in dynamic analyses. This helps to specify the most suitable method for finding the degrading
system displacement ratios. Bektas and Kegyes-Brassai [22] proposed a rapid visual screening method with
fuzzy logic for existing buildings in earthquake-prone zones based on 40 unreinforced masonry buildings
data after the Albania Earthquake in 2019. Their fuzzy logic-based methods aim to identify building safety
levels through computer algorithms such as artificial neural networks (ANNSs), machine learning (ML), and
fuzzy logic. Nahhas [23] and Mangir [24] developed different fuzzy models for seismic response spectra
generation that complies with building codes. Besides these works, no open literature is currently available
on acquiring seismic parameters for response spectra formation using fuzzy logic.

Various fuzzy logic-based methodologies are available for clustering multiple data, including hybrid
fuzzy, adaptive neuro-fuzzy inference system (ANFIS), fuzzy cognitive mapping (FCM), and fuzzy decision
tree (FDT), but their efficiency varies. Fuzzy cognitive maps (FCMs) and neuro-fuzzy inference systems
(NFIS) are commonly utilized for clustering purposes [25]. FCMs also prove effective as decision-making
tools in data management [26, 27]. In the context of three-dimensional coupled buildings under bi-directional
seismic excitations, Al-Fahdawi and Barroso [28] introduced adaptive neuro-fuzzy and simple adaptive
control methods. Ghani et al. [29] examined the earthquake-induced liquefaction behaviour of fine-grained
soils using an artificial intelligence-based hybridized model that employs the adaptive neuro-fuzzy inference
system. For predicting the seismic response of fibre-reinforced concrete columns, Mehrabi et al. [30] applied
intelligent fuzzy-based hybrid metaheuristic techniques. Tombari and Stefanini [31] proposed a hybrid
fuzzy-stochastic approach for one-dimensional site response analysis, incorporating probability models for
seismic input and fuzzy intervals for soil uncertainties. Guo et al. [32] conducted an assessment of the seismic
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vulnerability of reinforced concrete structures using global vulnerability curves and fuzzy theory. Fuzzy
logic-based methods offer the advantage of capturing logical relationships between input and output
variables, surpassing crisp logic methodologies. Moreover, these approaches help alleviate numerical and
lexical uncertainties during the training and testing stages, resulting in more reliable verification and
validation results. Nonetheless, one limitation of adaptive neuro-fuzzy inference systems pertains to their
partially black-box behaviour concerning the internal generation mechanism of the system.

The main aim of this research is to develop a Fuzzy Inference System (FIS) model for certain input
parameters to aid in the design of building-type structures in Tiirkiye according to the provisions of the
current seismic design code (Tiirkiye Building Earthquake Code, TBEC 2018) [1]. Since TBEC 2018's rules
are based on crisp logical deterministic principles, they lack uncertainties in the forms of imprecision and
vagueness. The soil and seismic parameters of the response spectrum in TBEC 2018's standard regulation
are fuzzified, and a FIS modelling approach is used to express the inherent uncertainties. Engineers and
experts commonly rely on classical crisp classifications and mathematical equations as proposed in seismic
design codes to adopt a response spectrum for seismic load computations in structural analysis and
assessment procedures. The model proposed in this paper enhances to produce response spectra for various
seismic codes leading to better accuracy and precision.

2. Turkiye Building Earthquake Code (2018) provisions

In most countries, multi-story building seismic design procedures depend on standard provisions included in
the earthquake codes. Building inventory in Tiirkiye has a significant number of design and plan alternatives
in the provisions of TBEC 2018 [1].

2.1. Earthquake ground motion levels
Four different earthquake ground motion levels are defined within the scope of TBEC 2018 [1] as DD-1,
DD-2, DD-3 and DD-4. The DD-1 level earthquake is a seismic event that occurs very infrequently, with
spectral magnitudes surpassed only once in the 50-year period corresponding to a 2% possibility of risk,
resulting in a return period of 2475 years. This particular ground motion is also known as the maximum
credible earthquake (MCE) that is taken into consideration. The DD-2 level earthquake represents an
uncommon seismic event where spectral magnitudes surpass 50% within ten years, resulting in a recurrence
interval of 475 years. This specific ground motion is recognized as the standard design earthquake. The DD-
3 level earthquake is a common seismic event, with a 50% probability of spectral magnitude exceedance in
50 years, resulting in a return period of 72 years. Finally, the DD-4 level earthquake corresponds to the
smallest ground motion, where spectral magnitudes are 68% likely to exceed 50 years (50% probability to
exceed 30 years), and the corresponding return period is 43 years. After a DD-4 event, all buildings should
continue their service without damage.

In general, in many design and assessment procedures, DD-2 level earthquake is considered for the
calculation of the seismic load pattern on the buildings. Thus, the spectral values related to the DD-2
earthquake are used in this study.

2.2. Response spectra

The response spectra in TBEC 2018 [1] are provided with the methodology of horizontal elastic design
spectral accelerations, Sae (T') calculation, in gravitational acceleration (g) units, which are the ordinates of
the horizontal elastic design acceleration spectrum for any earthquake ground motion level. These values are
based on the natural vibration periods, T, in seconds (sec). The spectrum graph in Fig. 1 is obtained by the
following set of equations. Sps and Sp1 indicate the design spectral acceleration coefficients at the short and
1.0 sec periods, respectively. Taand T correspond to corner periods, and Tt is the transition of long-period.
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S, (T) = (o.4 + 0.6%) Sps O<T<T) )
Sae(T) = Sps (Ta =T <Tp) (2
Sae(T) = 22 (I, <T<T) ®

Sge(T) = % (T, <T) 4)
T, = 0.2% Tg = % T, = 6 sec 5)

2.2.1. Design spectral acceleration coefficients, Spsand Sp1

Two design spectral acceleration coefficients, namely, Sps and Sp1, are defined in the code for the generation
of the response spectrum at the short and 1.0 sec periods, respectively. They are the products of the map
spectral acceleration coefficients (Ssand S1,) with site coefficients (Fs and F1) as follows:

Sps = S Fs (6)

Sp1 =51 F (7

2.2.2. Map spectral acceleration coefficients, Ssand S:

The map spectral acceleration coefficients, Ssand S1, corresponding to the geometric mean of earthquake
effects in two perpendicular horizontal directions, are defined as dimensionless coefficients in the code at
the short and 1.0 sec periods, respectively. They are found by dividing the map spectral accelerations by the
gravitational acceleration for a 5% damping ratio based on the reference ground condition [(Vs)s0= 760 m/s]
for an earthquake ground motion level. (Vs)so is the average shear wave velocity of the soil beneath the
foundation at the topmost 30 m layer. Ss and S1 can be obtained from the earthquake hazard map of Tiirkiye.
The related values are shown in Fig. 2 on this map for the DD-2 earthquake. This map is prepared by AFAD
[33] based on the locations of the active fault lines, and colours on the map change according to the
consideration of high-risk (purple) to low-risk (white) potential.

S,.(T)

T, T, 1.0 T, T

A

Fig. 1. The response spectrum, according to TBEC 2018 [1]
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Fig. 2. Ssand S1 values for DD-2 earthquake in the Earthquake hazard map of Tiirkiye [33]

2.2.3. Site coefficients, Fsand F1

The site coefficients are Fs and F1 in TBEC 2018 [1] at the short and 1.0 sec periods, respectively. They are
calculated using the values in Tables 1 and 2 by linear interpolation according to local soil classification and
map spectral acceleration coefficients. Site-specific geotechnical investigations are necessary to specify the
site coefficients of the "ZF" soil type.

2.3. Local soil classification

TBEC 2018 [1] provides a classification system for soil profiles based on the average shear wave velocity,
(Vs)30, of the soil profile beneath the foundation at the topmost 30 m layer. This classification system includes
six local soil classes, namely, ZA, ZB, ZC, ZD, ZE, and ZF, that are characterized by generic linguistic
descriptions in Table 3. It is important to note that the ZF soil type is susceptible to ground failure during
earthquakes, and thus, site-specific geotechnical investigations are necessary to identify its seismic
properties. Although the local soil classes are primarily associated with the average shear wave velocities,
corresponding average standard penetration test (SPT) results, (Nso)30, and average undrained shear strength
values, (cy)s0, are also given in the same chart for soil class designation. Table 3 summarizes the local soil
classes and their corresponding shear wave velocities, SPT test results, and undrained shear strength values
in TBEC 2018 [1].
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Table 1. Site coefficient at short period, Fs [1]

Local Soil Class

Site coefficient at the short period, Fs

S§5s<0.25 S§5s<0.25 S§5s<0.25 S§5<0.25 S§5<0.25 Ss<0.25

ZA 0.8 0.8 0.8 0.8 0.8 0.8
ZB 0.9 0.9 0.9 0.9 0.9 0.9
ZC 1.3 1.3 1.3 13 13 1.3
ZD 1.6 1.6 1.6 1.6 1.6 1.6
ZE 24 24 24 24 2.4 24
ZF Site-specific geotechnical investigations should be made.

Table 2. Site coefficient at short period, Fs [1]

Local Soil Class

Site coefficient at the 1.0 sec period, F1

51<0.25 $1<0.25 $1<0.25 51<0.25 51<0.25 51<0.25

ZA 0.8 0.8 0.8 0.8 0.8 0.8
ZB 0.8 0.8 0.8 0.8 0.8 0.8
ZC 15 1.5 15 15 15 14
ZD 24 2.2 2.0 1.9 18 1.7
ZE 4.2 3.3 2.8 24 2.2 2.0
ZF Site-specific geotechnical investigations should be made.

Table 3. Local soil classes [1]

Average value for the soil layer at the top 30 m

Local Soil Class Soil Type (Neo)ao
(Vs)3o (m/s) (blow/30 cm) (Cu)3o (kPa)
ZA Solid, hard rocks. > 1500 - -
/B Less weathered, moderately stiff rocks. 760 - 1500 - -
ZC Very tight layers of sand, gravel and hard 360 - 760 >50 > 250
clay or weathered weak rocks with many
cracks.
ZD Medium-firm layers of sand, gravel or 180 - 360 15-50 70 - 250
very stiff clay layers.
ZE Profiles containing loose sand, gravel, or <180 <15 <70
soft-solid clay layers or a total of more
than 3 m thick, soft clay layer (cu < 25
kPa) meeting Pl >20 and w > 40%
conditions.
ZF Soils that require site-specific investigation and evaluation:

1) Soils with the potential risk of failure and collapse under the influence of earthquakes
(liquefiable soils, highly sensitive clays, collapsible weak cemented soils, etc.),

2) Clays with a total thickness of more than 3 m of peat and/or high organic content,
3) High plasticity clays (Pl > 50) with a total thickness of more than 8 m,
4) Very thick (>35 m) soft or medium solid clays.
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3. Fuzzy inferencing (FIS) model

The Mamdani method [10-11] approach is used as the Fuzzy Inference System (FIS) that helps to determine
site coefficients (Fs and F1) of the response spectra as the model outputs. The model comprises two similar
mechanisms; one for computing the short-period site coefficient, Fs, and the other for the site coefficient at
1.0 sec period, F1. Both mechanisms contain two input variables: the average shear wave velocity of the
topmost 30 m soil layer (VS)30 and map spectral acceleration coefficients, Ss and S1, which differ depending
on the short or 1.0 sec period values. SS is used as the second input for the estimation mechanism of FS, and
S1is used for F1. The input and output variables are presented in fuzzy set forms, and a fuzzy logic rule base
is established between the inputs and outputs for both mechanisms following the fuzzification of input
variables. The output results are defuzzified to obtain crisp values for the site coefficients. The FIS model
generates site coefficients by taking into account expert views concerning input variables' fuzzy sets to output
fuzzy sets through a set of fuzzy rules. The fuzzy rule base establishes a connection between the fuzzy input
sets and site coefficients for each rule considering the map spectral acceleration coefficient and soil class.
These coefficients are then utilized to compute design spectral acceleration coefficients and generate fuzzy
spectra.

The FIS model is implemented in MATLAB software [34] using the fuzzy logic controller tool to achieve
high accuracy and practicality. The estimation mechanisms of the proposed FIS model for both site
coefficients, Fs or F1, are illustrated in Fig. 3, which shows that some input and output MFs and rule bases
are different for each site coefficient. Besides, the proposed FIS model is adaptable and can be used in other
seismic design codes beyond TBEC 2018 [1]. This leads to more precise and accurate variables for seismic
response spectrum estimation and generation.

3.1. Membership functions (MFs)

In the fuzzification procedures, trapezium and triangular MFs are considered for each input and output
variable. As the common input variable for both FIS mechanisms, the soil classes are fuzzified based on the
average shear wave velocity of the top 30 m soil layer (Vs)so. Local soil classes and corresponding (Vs)so
values in m/s units are described in detail under the local classification sub-section of Section 2. The fuzzy
sets in the fuzzification of this input variable are like the MFs given by Nahhas [23]. The transition between
peak shear wave velocity values is specified by triangular fuzzy sets. The shear wave velocity MFs connected
to soil classes are shown in Fig. 4 as "ZE", "ZD", "ZC", "ZB", and "ZA". Since the "ZF" soil type requires a
site-specific geotechnical survey, this soil type is not included within the scope of this study. The map
spectral acceleration coefficients, Ss and S1, are fuzzified by considering the related table given in the code,
as described in Section 2. Fig. 5 shows the MFs for Ss and S1 input variables.

e N

INPUTS:
A ave it FUZZY LOGIC
30 o1l layer RULES
Vs)ao | FUZZIFICATION >

\

N

FUZZY LOGIC
MODEL

)

Fig. 3. The estimation mechanisms of the FIS model
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In accordance with the code provisions in Section 2, the site coefficients, FS and F1, are classified into
five inclusive fuzzy sets, namely, "Very Low", "Low", "Medium", "High", and "Very High". The MFs for
these outputs are given in Fig. 6. The fuzzification process of input and output variables, shown in Fig. 4-6,
involves trapezoidal MFs for the initial and final sets, along with various triangular MFs in between.

3.2. FIS and rule base

Expert opinions based on code provisions are helpful in generating a rule base establishment for a logical
connection between input and output variables. The input variables have five to six MFs resulting in 30
combinations for the logical system of each MF in the fuzzy rule base (FRB), which are given in Fig. 4-5.
Each rule in the FRB has a consistently consecutive standard structure as follows (see Tables 4 and 5 for
more detail).
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Fig.4. Membership functions of average shear wave velocity at the topmost 30 m soil layer, (V5)3q
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Fig. 5. Membership functions of the map spectral acceleration coefficients, (a) Ss and (b) S1
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Fig. 5. Membership functions of the site coefficients, (a) F's and (b) F1

"IF soil class MF AND map spectral acceleration coefficient MF THEN site coefficient MF"

The rule base for the FIS model combines the input MFs using "AND"ing logical conjunction between
the variables in each IF and THEN proposition. However, subsequent fuzzy rules are combined by "OR"ing
logical conjunction. The FRBs for the proposed FIS model are shown in Tables 4 and 5. Each rule in the
table represents a valid logical connection between input and output fuzzy MFs. In the proposed FIS model,
the "MIN" inference corresponding to "AND"ing operator is used to combine input fuzzy sets and obtain the
output result in each fuzzy rule.

On the other hand, the "MAX" operator corresponding "OR"ing fuzzy logical operation is used to
aggregate the subsequent rules. Once the output is obtained in the form of a non-normal fuzzy set, a crisp
value of the site coefficient is derived after the defuzzification of this fuzzy set for the design spectral
acceleration coefficient calculation and the response spectrum generation. Defuzzification is achieved using
the "Centroid" method [35]. The FIS rule base surface graphs in three dimensions for both site coefficients,
Fsand F1, are shown in Fig. 7.

Table 4. Rule base of the site coefficient for the short period, Fs

R1: IF "Soil_Class" is "ZE" AND "SS" is "<0.25" THEN "FS" is "Very High"
R2: IF "Soil_Class" is "ZD" AND "SS" is "<0.25" THEN "FS" is "Medium"
R3: IF "Soil_Class" is "ZC" AND "SS" is "<0.25" THEN "FS" is "Low"

R4: IF "Soil_Class" is "ZB" AND "SS" is "<0.25" THEN "FS" is "Very Low"
R5 IF "Soil_Class" is "ZA" AND "SS" is "<0.25" THEN "FS" is "Very Low"
R6 IF "Soil_Class" is "ZE" AND "SS" is "0.50" THEN "FS" is "High"

R7 IF "Soil_Class" is "ZD" AND "SS " is "0.50" THEN "FS" is "Medium"
R8: IF "Soil_Class" is "ZC" AND "SS" is "0.50" THEN "FS" is "Low"

R9: IF "Soil_Class" is "ZB" AND "SS" is "0.50" THEN "FS" is "Very Low"

R10: IF "Soil_Class" is "ZA" AND "SS" is "0.50" THEN "FS" is "Very Low"
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Table 4. Continued

R11:
R12:
R13:
R14:
R15:
R16:
R17:
R18:
R19:
R20:
R21:
R22:
R23:
R24:
R25:
R26:
R27:
R28:
R29:
R30:

IF "Soil_Class" is "ZE" AND "SS" is "0.75" THEN "FS" is "Low"

IF "Soil_Class" is "ZD" AND "SS" is "0.75" THEN "FS" is "Low"

IF "Soil_Class" is "ZC" AND "SS" is "0.75" THEN "FS" is "Low"

IF "Soil_Class" is "ZB" AND "SS" is "0.75" THEN "FS" is "Very Low"
IF "Soil_Class" is "ZA" AND "SS" is "0.75" THEN "FS" is "Very Low"
IF "Soil_Class" is "ZE" AND "SS" is "1.00" THEN "FS" is "Low"

IF "Soil_Class" is "ZD" AND "SS" is "1.00" THEN "FS" is "Low"

IF "Soil_Class" is "ZC" AND "SS" is "1.00" THEN "FS" is "Low"

IF "Soil_Class" is "ZB" AND "SS" is "1.00" THEN "FS" is "Very Low"
IF "Soil_Class" is "ZA" AND "SS" is "1.00" THEN "FS" is "Very Low"
IF "Soil_Class" is "ZE" AND "SS" is "1.25" THEN "FS" is "Very Low"
IF "Soil_Class" is "ZD" AND "SS" is "1.25" THEN "FS" is "Low"

IF "Soil_Class" is "ZC" AND "SS" is "1.25" THEN "FS" is "Low"

IF "Soil_Class" is "ZB" AND "SS" is "1.25" THEN "FS" is "Very Low"
IF "Soil_Class" is "ZA" AND "SS" is "1.25" THEN "FS" is "Very Low"
IF "Soil_Class" is "ZE" AND "SS" is ">1.50" THEN "FS" is "Very Low"
IF "Soil_Class" is "ZD" AND "SS" is ">1.50" THEN "FS" is "Low"

IF "Soil_Class" is "ZC" AND "SS" is ">1.50" THEN "FS" is "Low"

IF "Soil_Class" is "ZB" AND "SS" is ">1.50" THEN "FS" is "Very Low"
IF "Soil_Class" is "ZA" AND "SS" is ">1.50" THEN "FS" is "Very Low"

Table 5. Rule base of the site coefficient for the 1.0 sec period, F1

R1:
R2:
R3:
R4:
R5
R6
R7
R8:
R9:

R10:
R11:

R12

R13:
R14:
R15:

IF "Soil_Class" is "ZE" AND "S1" is "<0.10" THEN "F1" is "Very High"
IF "Soil_Class" is "ZD" AND "S1" is "<0. 10" THEN "F1" is "Medium"
IF "Soil_Class" is "ZC" AND "S1" is "<0. 10" THEN "F1" is "Low"

IF "Soil_Class" is "ZB" AND "S1" is "<0. 10" THEN "F1" is "Very Low"
IF "Soil_Class" is "ZA" AND "S1" is "<0. 10" THEN "F1" is "Very Low"
IF "Soil_Class" is "ZE" AND "S1" is "0.20" THEN "F1" is "High"

IF "Soil_Class" is "ZD" AND "S1 " is "0.20" THEN "F1" is "Medium"

IF "Soil_Class" is "ZC" AND "S1" is "0.20" THEN "F1" is "Low"

IF "Soil_Class" is "ZB" AND "S1" is "0.20" THEN "F1" is "Very Low"
IF "Soil_Class" is "ZA" AND "S1" is "0.20" THEN "F1" is "Very Low"
IF "Soil_Class" is "ZE" AND "S1" is "0.30" THEN "F1" is "Medium"

IF "Soil_Class" is "ZD" AND "S1" is "0.30" THEN "F1" is "Medium"

IF "Soil_Class" is "ZC" AND "S1" is "0.30" THEN "F1" is "Low"

IF "Soil_Class" is "ZB" AND "S1" is "0.30" THEN "F1" is "Very Low"
IF "Soil_Class" is "ZA" AND "S1" is "0.30" THEN "F1" is "Very Low"
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Table 5. Continued

R16: IF "Soil_Class" is "ZE" AND "S1" is "0.40" THEN "F1" is "Medium"
R17: IF "Soil_Class" is "ZD" AND "S1" is "0.40" THEN "F1" is "Low"

R18: IF "Soil_Class" is "ZC" AND "S1" is "0.40" THEN "F1" is "Low"

R19: IF "Soil_Class" is "ZB" AND "S1" is "0.40" THEN "F1" is "Very Low"
R20: IF "Soil_Class" is "ZA" AND "S1" is "0.40" THEN "F1" is "Very Low"
R21: IF "Soil_Class" is "ZE" AND "S1" is "0.50" THEN "F1" is "Medium"
R22: IF "Soil_Class" is "ZD" AND "S1" is "0.50" THEN "F1" is "Low"

R23: IF "Soil_Class" is "ZC" AND "S1" is "0.50" THEN "F1" is "Low"

R24: IF "Soil_Class" is "ZB" AND "S1" is "0.50" THEN "F1" is "Very Low"
R25: IF "Soil_Class" is "ZA" AND "S1" is "0.50" THEN "F1" is "Very Low"
R26: IF "Soil_Class" is "ZE" AND "S1" is ">0.60" THEN "F1" is "Medium"
R27: IF "Soil_Class" is "ZD" AND "S1" is ">0.60" THEN "F1" is "Low"

R28: IF "Soil_Class" is "ZC" AND "S1" is ">0.60" THEN "F1" is "Low"

R29: IF "Soil_Class" is "ZB" AND "S1" is ">0.60" THEN "F1" is "Very Low"
R30: IF "Soil_Class" is "ZA" AND "S1" is ">0.60" THEN "F1" is "Very Low"

s, e
S0 200

/sj 200

) " (b)
Fig. 7. 3D surface graphs of the rule base for (a) Fs and (b) F1

a0 o

4. Application

Thirty-five case scenarios are formed to evaluate the difference between response spectra generation by the
crisp logic site coefficients in the code and the site coefficients obtained from the FIS model. The input data,
including shear wave velocities (Vs)so and map spectral acceleration coefficients, Ss and S1, are determined
for each case. Based on the TBEC 2018 [1] provisions in Section 2, the corresponding crisp site coefficients,
Fs and F1, are calculated. Subsequently, according to the fuzzy model as described in Section 3, the fuzzy
site coefficients, Fs' and F1', are also computed. After the crisp and fuzzy logic design spectral acceleration
coefficients (Ssp, Sp1, Ssp’, Sp1’) determination, the corresponding response spectra for each are generated by
these values. In the calculations, various combinations are considered concerning soil profile types and map
spectral acceleration values. The results are provided in Table 6, while Fig. 8~12 illustrate the results in
graphical forms. Furthermore, the variation of peak ground acceleration (PGA) values of each case is
compared and depicted in Fig. 13 with respect to shear wave velocities.
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Table 6. Example case results
Case Soil *(Vs)30 s, s TBEC-2018 Fuzzy Model Difference (%)

No  Class (m/s) Fs F1 PGA (9) Fs' Fi{ PGA’(g) PGA —>PGA’
1 ZE 90 0.150 0.061 2.400 4.200 0.144 2.700 4.380 0.162 12.50%
2 ZE 105 0.400  0.141 1.980 3.831 0.317 2.350 3.850 0.376 18.61%
3 ZE 120 0.650  0.173 1.460 3.543 0.380 1.550 3.460 0.403 6.05%
4 ZE 135 0.850  0.218 1.220 3.210 0.415 1.200 3.100 0.408 -1.69%
5 ZE 150 1.100  0.291 1.020 2.845 0.449 0.804 2.610 0.354 -21.16%
6 ZE 165 1.350  0.318 0.860 2.728 0.464 0.697 2.290 0.376 -18.97%
7 ZE 180 1.600  0.461 0.800 2.278 0.512 0.743 2.080 0.476 -7.03%
8 ZD 180 0.150  0.061 1.600 2.400 0.096 2.290 3.460 0.137 42.71%
9 ZD 210 0.400  0.141 1.480 2.318 0.237 2.140 3.240 0.342 44.30%
10 ZD 240 0.650 0.173 1.280 2.254 0.333 1.460 2.950 0.380 14.11%
11 ZD 270 0.850  0.218 1.160 2.164 0.394 1.200 2.500 0.408 3.55%
12 ZD 300 1.100 0.291 1.060 2.018 0.466 1.200 2.380 0.528 13.30%
13 ZD 330 1.350 0.318 1.000 1.982 0.540 1.200 2.290 0.648 20.00%
14 ZD 360 1.600  0.461 1.000 1.839 0.640 1.200 1.650 0.768 20.00%
15 ZC 360 0.150  0.061 1.300 1.500 0.078 1.460 2.210 0.088 12.82%
16 ZC 427 0.400  0.141 1.300 1.500 0.208 1.390 2.050 0.222 6.73%
17 ZC 493 0.650  0.173 1.240 1.500 0.322 1.320 1.880 0.343 6.529%
18 ZC 560 0.850  0.218 1.200 1.500 0.408 1.200 1.650 0.408 0.00%
19 ZC 627 1.100  0.291 1.200 1.500 0.528 1.020 1.510 0.449 -14.96%
20 ZC 693 1.350 0.318 1.200 1.500 0.648 0.906 1.390 0.489 -24.54%
21 ZC 760 1.600 0.461 1.200 1.500 0.768 0.837 1.270 0.536 -30.21%
22 ZB 760 0.150 0.061 0.900 0.800 0.054 0.705 1.280 0.050 -7.41%
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Table 6. Continued

23
24
25
26
27
28
29
30
31
32
33
34
35

ZB
ZB
ZB
ZB
ZB
ZB
ZA
ZA
ZA
ZA
ZA
ZA
ZA

883
1007
1130
1253
1377
1500
1500
1750
2000
2250
2500
2750
3000

0.400
0.650
0.850
1.100
1.350
1.600
0.150
0.400
0.650
0.850
1.100
1.350
1.600

0.141
0.173
0.218
0.291
0.318
0.461
0.061
0.141
0.173
0.218
0.291
0.318
0.461

0.900
0.900
0.900
0.900
0.900
0.900
0.800
0.800
0.800
0.800
0.800
0.800
0.800

0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800

0.144
0.234
0.306
0.396
0.486
0.576
0.048
0.128
0.208
0.272
0.352
0.432
0.512

0.629
0.534
0.534
0.534
0.528
0.837
0.528
0.539
0.534
0.534
0.534
0.534
0.499

1.070
0.873
0.653
0.642
0.660
0.691
0.680
0.701
0.669
0.653
0.638
0.653
0.691

0.113
0.164
0.182
0.235
0.288
0.338
0.032
0.086
0.139
0.182
0.235
0.288
0.319

-21.53%
-29.91%
-40.52%
-40.66%
-40.74%
-41.32%
-33.33%
-32.81%
-33.17%
-33.09%
-33.24%
-33.33%
-37.70%

* Input values used in the FIS model
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2 2
CASE-1 CASE-2
(V5)3,=80 m/s  (Soil Class: ZE) (V5)3=105 m/s (Soil Class: ZE)
$,=0.150 $,=0.061 §4,=0.400 $,=0.141
1.5— F4=2.400 F'=2.700 1.5 Fo=1.980 F.'=2.350
F,=4.200 F,'=4.380 F,=3.831 F,'=3.850
= PGA (g)=0.144 PGA'(g)=0.162 o~ PGA (g)=0.317 PGA' (g)=0.376
= —— TBEC (2018) = —— TBEC (2018)
t__;l ! = = = Fuzzy Model tﬁﬁ, ! ] = = = Fuzzy Model
w w2 1
I
I
0.5— 0.5—
0 T | | 0 T \
0 | 2 3 0 2 3 4
T (s) T(s)
2 2
CASE-3 CASE-4
(Vs)3o=120 m/s (Soil Class: ZE) (Vs)5,=135 mis  (Soil Class: ZE)
8,=0.650 $,20.173 S,=0.850 $,20.218
1.5— Fy=1.460 F'=1.550 1.5— Fo=1.220 Fe'=1.200
F,=3.543 F,'=3.460 F,=3.210 F,'=3.100
_ PGA (g)=0.380 PGA' (g)=0.403 — PGA (g)=0.415 PGA (g)=0.408
;59 TBEC (2018) % TBEC (2018)
t‘é 1 = = = Fuzzy Model tﬂé 19 = = = Fuzzy Model
[75] w2
0.5— 0.5
0 \ T | 0 \ \
0 1 2 3 0 2 3 4
T(s) T(s)
2 2
CASE-5 CASE-6
(Vs)=150 m/s  (Soil Class: ZE) (Vg)2=165 mis (Soil Class: ZE)
8,=1.100 §,=0.291 5,=1.350 S$,=0.318
1.5 F¢=1.020 F'=0.804 1.54 F=0.860 F4'=0.697
F,=2.845 F,'=2.610 F,=2.728 F,'=2.290
= PGA (g)=0.449 PGA' (g)=0.354 = PGA (g)=0.464 PGA' (g)=0.376
= —_— =
= 4 TBEC (2018) = 4 TBEC (2018)
< - - - Fuzzy Model = = = = Fuzzy Model
w v -
0.5+ 0.5
0 \ | | 0 \ \
0 | 2 3 0 2 3 4
T (s) T (s)
2 2
CASE-7 CASE-8
(Vs)sy=180 m/s  (Soil Class: ZE) (Vo)y=180 m/s (Soil Class: ZD)
$,=1.600 $,20.461 §,=0.150 $,20.061
15— F,=0.800 F'=0.743 15— F,=1.600 F'=2.290
F,=2.278 F,'=2.080 F,=2.400 F,'=3.460
T PGA (9)=0.512 PGA' (9)=0.476 = PGA (9)=0.096 PGA'(g)=0.137
= —— TBEC (2018) = —— TBEC (2018)
= 14 = 1
— - = — Fuzzy Model — - = = Fuzzy Model
%) %)
0.5— 0.5—
) e
0 \ T | 0 \ \
0 1 2 3 0 2 3 4
T (s) T(s)

Fig. 8. TBEC 2018 [1] vs fuzzy response spectra; case 1~8
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2
CASE-9 CASE-10
(Vg)3,=210 m/s (Soil Class: ZD) (Vg)3,=240 m/s (Soil Class: ZD)
S.=0.400 S,=0.141 $,=0.650 $,=0.173
1.5+ F.=1.480 Fs'=2.140 Fg=1.280 F¢'=1.460
F,=2.318 F,'=3.240 F,=2.254 F,'=2.950
= PGA (g)=0.237 PGA’(g)=0.342 - PGA (9)=0.333 PGA' (g9)=0.380
= . TBEC (2018) = TBEC (2018)
t; - = = Fuzzy Model [:;, - — — Fuzzy Model
o7 - o

0 2 3 2
T (s) T(s)
2
CASE-11 CASE-12
(V,),,=270 m/s (Soil Class: ZD) (V)5=300 m/s (Soil Class: ZD)
5.=0.850 5,20.218 8,=1.100 S,20.291
1.5 Fe=1.160 F.'=1.200 F,=1.060 F '=1.200
F,=2.164 F,'=2.500 F=2.018 F,'=2.380

PGA (¢)=0.394 PGA' (9)=0.408
TBEC (2018)
- = = Fuzzy Mocdel

PGA (g)=0.466 PGA'(g)=0.528
TBEC (2018)
Fuzzy Model

S.{T) (g)
1
5.T)(g)

0.5+

2 3 4
T (s) T(s)
2
CASE-13 ' CASE-14
(Vs):,=330 m/s (Soil Class: ZD) . (Ve),=360 m/s (Soil Class: ZD)
r 5,=1.350 §,=0.318 1 S,=1.600 $,=0.461
15— F.=1.000 Fo'=1.200 ! Fs=1.000 Fg'=1.200
! F,=1.982 F,'=2.290 . F,=1.839 F,'=1.650
= PGA (g)=0.540 PGA'(g)=0.648 = PGA (g)=0.640 PGA'(g)=0.768
= —— TBEC (2018) = —— TBEC (2018)
ti ! Fuzzy Model b“.; Fuzzy Model
) %
0.5 0.5—
0 \ | | 0 | \ \
0 | 2 3 4 0 1 2 3 4
T(s) T(s)
2 2
CASE-15 CASE-16
(Vg)5,=360 m/s (Soil Class: ZC) (Vg)3,=427 m/s (Soll Class: ZC)
S,=0.150 S$,=0.081 S$,=0.400 S$,=0.141
1.5 F¢=1.300 Fg'=1.460 1.5— F¢=1.300 Fs'=1.390
F,=1.500 F,'=2.210 F,=1.500 F,'=2.050
= PGA (g)=0.078 PGA'(g)=0.088 = PGA (g)=0.208 PGA'(g)=0.222
= —— TBEC (2018) = —— TBEC (2018)
= 14 = 14
— - = = Fuzzy Model — - = = Fuzzy Model
w v
0.5
0 \ | |
0 1 2 3 4 0 1 2 3 4
T (s) T(s)

Fig. 9. TBEC 2018 [1] vs fuzzy response spectra; case 9~16
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2 2
CASE-17 CASE-18
(Ve)5,=493 m/s  (Soil Class: ZC) (Vg):p=560 mfs  (Soil Class: ZC)
S5,=0.650 $,=0.173 S.=0.850 S$,=0.218
1.5 Fs=1.240 F¢'=1.320 1.5 Fs=1.200 Fg'=1.200
F,=1.500 F,'=1.880 F,=1.500 F,'=1.650
= PGA (g)=0.322 PGA'(g)=0.343 — PGA (g)=0.408 PGA' (g)=0.408
= TBEC (2018) = —— TBEC (2018)
t; 7 = = = Fuzzy Model [:;J b - = = Fuzzy Model
o o
T (s) T (s)
2 2
CASE-19 CASE-20
(Vg)30=627 m/s (Soll Class: ZC) (Vs)3=693 m/s (Soil Class: ZC)
S¢=1.100 $,=0.291 §¢=1.350 $,=0.318
1.5+ F¢=1.200 F¢'=1.020 1.5— F¢=1.200 F¢'=0.906
F,=1.500 F,'=1.510 F,=1.500 F,'=1.390
o PGA (g)=0.528 PGA'(g)=0.449 5 - PGA (g)=0.648 PGA'(g)=0.489
= TBEC (2018) = " —— TBEC (2018)
= 1 [
— - = = Fuzzy Model — - = = Fuzzy Model
73] w2l
0.5— 0.5—
0 T T T 0 T T \
0 1 2 3 4 0 1 2 3 4
T (s) T(s)
2 2
CASE-21 CASE-22
(Vs)o=760 m/s (Soil Class: ZC) (Vg)o=760 m/s (Soil Class: ZB)
S,=1.600 S,=0.461 S.=0.150 S,=0.061
1.5 Fs=1.200 F'=0.837 1.5 F<=0.900 F¢'=0.837
- - F,=1.500 F,'=1.270 F,=0.800 F,'=1.280
= : “ PGA (g)=0.768 PGA'(g)=0.536 = PGA (g)=0.054 PGA' (g)=0.050
g [ v —— TBEC (2018) = —— TBEC (2018)
= 1 \ = 14
— \ - = = Fuzzy Model ~ = = = Fuzzy Model
[75] vl
0.5 0.5
0 | | | 0 [ | \
0 | 2 3 4 0 1 2 3 4
T (s) T(s)
2 2
CASE-23 CASE-24
(Vs)3,=883 m/s (Soil Class: ZB) (Vs)5,=1007 m/s (Soil Class: ZB)
S,=0.400 $,=0.141 S,=0.650 S,=0.173
1.5— F=0.900 F'=0.705 1.5— F<=0.900 F4'=0.629
F,=0.800 F,'=1.070 F,=0.800 F,'=0.873
I~ PGA (g)=0.144 PGA'(g)=0.113 o~ PGA (g)=0.234 PGA'(g)=0.164
= —— TBEC (2018) = TBEC (2018)
= 1 [
— - — = Fuzzy Model — = = = |Fuzzy Model
wn %]
0.5— 0.5—
I
4 - N g -
0 T T T 0 T T \
0 1 2 3 4 0 1 2 3 4
T (s) T(s)

Fig. 10. TBEC 2018 [1] vs fuzzy response spectra; case 17~24
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2 2
CASE-25 CASE-26
(Ve)y=1130 m/s (Soil Class: ZB) (Ve),,=1253 m/s (Soil Class: ZB)
5,=0.850 $,=0.218 §,=1.100 $,=0.291
1.5— F,=0.900 F.'=0534 1.5 F,=0.900 F.'=0 534
F,=0.800 F,'=0.653 F,=0.800 F,'=0.642

.M (2)
1

PGA (g)=0.306 PGA'(g)=0.182
TBEC (2018)
- = = Fuzzy Model

8N

PGA (g)=0.396 PGA' (g)=0.235
TBEC (2018)

- = = Fuzzy Model

3
T (s)
2
CASE-27 CASE-28
(Vg)ag=1377 m/s (Soil Class: ZB) (Vs)3=1500 m/s (Soil Class: ZB)
S.=1.350 $,=0.318 S,=1.600 S,=0.461
1.5+ F<=0.900 F4'=0.534 1.5 F¢=0.900 F4'=0.528
F,=0.800 F,'=0.660 F,=0.800 F,'=0.691
@ PGA (g)=0.486 PGA'(g)=0.288 = PGA (g)=0.576 PGA' (g)=0.338
= TBEC (2018 = TBEC (2018
= (2018) = (2018)
— - - = Fuzzy Model ~— - = = Fuzzy Mocdel|
o7 o .
l’ !
05— 05—
0 0 T T
0 0 2 3
T(s)
2 2
CASE-29 CASE-30
(Vg)3=1500 m/s (Soil Class: ZA) (Vs)3o=1750 m/s (Soil Class: ZA)
54=0.150 $,=0.061 S5,=0.400 S5,=0.141
1.5 F¢=0.800 F¢'=0.528 1.5— F¢=0.800 F¢'=0.539
F,=0.800 F,'=0.680 F,=0.800 F,'20.701
= PGA (g)=0.048 PGA'(g)=0.032 = PGA (g)=0.128 PGA' (g)=0.086
= TBEC (2018) = TBEC (2018)
t; ! = = = Fuzzy Model :, ! - = = Fuzzy Model
o7 ot
0.5 0.5—
’
= =
0 [ T 0 |
0 | 2 3 0 2 3
T(s) T(s)
2 2
CASE-31 CASE-32
(Vs);,=2000 m/s (Soil Class: ZA) (Vs)3,=2250 m/s (Soil Class: ZA)
5:=0.650 $,=0.173 5,=0.850 5,50.218
1.5+ F¢=0.800 F¢'=0.534 1.5— F¢=0.800 F¢'=0.534
F,=0.800 F,'=0.669 F,=0.800 F,'50.653
& PGA (g)=0.208 PGA'(g)=0.139 - PGA (g)=0.272 PGA' (g)=0.182
= TBEC (2018 = TBEC (2018
= (2018) = (2018)
— = = = Fuzzy Model — = = = Fuzzy Model
17y v
0 \ | | T
0 1 2 3 0 2 3
T (s) T(s)

Fig. 11. TBEC 2018 [1] vs fuzzy response spectra; case 25~32
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S.(T) (2)

2 2
CASE-33 CASE-34
(V5):,=2500 m/s (Soil Class: ZA) (Vs)s=2750 mis (Soil Class: ZA)
S.=1.100 5,=0.291 5,=1.350 5,=0.318

1.5— F¢=0.800 Fs'=0.534 1.5— Fs=0.800 Fs'=0.534

F,=0.800 F,'=0.638 F,=0.800 F,'=0.653
PGA (g)=0.352 PGA'(g)=0.235 & PGA (g)=0.432 PGA' (g)=0.288
—— TBEC (2018) = —— TBEC (2018)

! - = = Fuzzy Model [:E’ ! -- Fuzzy Model

)

0.5

CASE-35
(V),=3000 m/fs (Soil Class: ZA)
$,=1.600 $,=0.461
F4=0.800 F¢'=0.499
F,=0.800 F,'=0.691
PGA (g)=0.512 PGA' (g)=0.319

—— TBEC (2018)

- = = Fuzzy Model

Fig. 12. TBEC 2018 [1] vs fuzzy response spectra; case 33~35
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Fig. 13. The variation of peak ground acceleration values with respect to (V5)3,
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According to Oguz [36], the acceleration spectrum intensity provides an indication of the potential
damage caused by strong ground motions. The extent of damage in a specific region is represented by the
area under the response spectrum within a given period range. Travasarou et al. [37] established a strong
relationship between the displacement demand from an earthquake and the acceleration spectrum intensities.
In order to compare the damage potential, these intensities are calculated for all example cases, and the results
are given in Table 7. Fig. 14 displays the areas (spectrum intensities) under various regions on an example
acceleration spectrum graph. The peak ground acceleration (PGA) represents the first acceleration value at
the 0 sec period. Ar denotes the total area of the spectrum, known as the acceleration spectrum intensity. 4;,
A,, and A5 represent the areas of the increasing acceleration, constant acceleration, and constant velocity
regions, respectively.

5. Discussion

Response spectrum generation by the FIS model reveals that spectra intensity and shape can be affected
according to the basic information availability. There are differences between the code response spectrum
and the FIS response spectrum. The maximum acceleration value of the spectrum that shows the spectral
acceleration value at the constant acceleration region of the spectrum, namely the peak spectral acceleration
(PSA), equals Sps and is directly proportional to the peak ground acceleration (PGA), corresponding to
0.4 Sps. Therefore, comparisons related to PGA values are also valid for the PSA values. PGA values are
used in comparisons.

The FIS-based spectrum for the ZE soil class tends to provide lower spectral acceleration values with
increasing map spectral acceleration coefficients (Fig. 8, from Case 1 to Case 7). For Case 5, PGA is
decreased by 21% in the FIS-based spectrum. Also, Al and A2 regions tend to become narrower, giving a
much lower spectral intensity, especially for the medium map spectral acceleration coefficients as in Fig. 8
for Cases 5 and 6. The maximum difference between the total spectrum intensity is 7% for the lower map
spectral acceleration coefficients, providing higher intensity values for the FIS-based spectra. However, the
maximum difference is -17% for the higher map spectral acceleration coefficients, meaning that the FIS-
based spectra result in lower spectral acceleration values.

In the cases of the ZD soil class, the FIS-based spectra provided higher spectral accelerations in almost
all cases for the whole period range except Case 14. The highest difference in PGA is obtained in Case 9
with a 44% value. Including Case 14, all ZD cases provided higher spectral accelerations for the Al and A2
regions. The difference between the crisp and FIS-based spectrum intensities appears to be up to 44%. The
total spectrum intensity difference is much higher in the lower map spectral acceleration coefficient cases
and eventually drops around zero at the highest map spectral acceleration coefficient case.

S.(T) (9)

constant acceleration

A, = acceleration spectrum intensity
=A +A +A,

constant velocity

PGA

—>
Ta Ts T(s)
Fig. 14. Calculation procedures of the acceleration spectrum intensity
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Table 7. Comparisons for the acceleration spectrum intensities
Acceleration Spectrum Intensity (g.s.)
Case Differences (%0)
No TBEC-2018 [1] Fuzzy Model
A1 Az As At Ar' A2 As' AT Ar—A Ac—AY Az—As Ar—AT

1 0.0350 0.2052 0.4429 0.6831 0.0366 0.2146 0.4814 0.7327 5% 5% 9% 7%
2 0.0784 0.4277 0.9572  1.4633 0.0802 0.4324 1.0483 1.5608 2% 1% 10% %
3 0.0866 0.4934 1.1138  1.6938 0.0950 0.4635 1.1456 1.7041 10% -6% 3% 1%
4 0.0929 0.5599 1.2503  1.9031 0.0921 0.5405 1.2177 1.8503 -1% -3% -3% -3%
5 0.1186 0.6620 1.3970 2.1776 0.1048 0.6102 1.1675 1.8824 -12% -8% -16% -14%
6 0.1221 0.6966 14522  2.2709 0.0975 0.5833 1.1998 1.8806 -20% -16% -17% -17%
7 0.1418 0.8447 16642  2.6508 0.1327 0.7727 1.5314 2.4367 -6% -9% -8% -8%
8 0.0200 0.1176 0.2753  0.4129 0.0286 0.1683 0.3969 0.5938 43% 43% 44% 44%
9 0.0455 0.2605 0.6485  0.9545 0.0667 0.3595 0.9233 1.3496 47% 38% 42% 41%
10 0.0515 0.3160 0.8350 1.2026 0.0737 0.4081 1.0220 1.5038 43% 29% 22% 25%
11 0.0702 0.3747 1.0003  1.4451 0.0794 0.4284 1.1015 1.6094 13% 14% 10% 11%
12 0.0814 0.4664 12211 1.7688 0.0905 0.5542 1.4130 2.0577 11% 19% 16% 16%
13 0.0837 0.5128 1.3496  1.9462 0.1021 0.5832 1.5910 2.2763 22% 14% 18% 17%
14 0.1250 0.6720 1.7135 2.5106 0.1079 0.6143 1.7515 24737 -14% -9% 2% -1%
15 0.0121 0.0741 0.1959  0.2821 0.0182 0.1095 0.2513 0.3790 51% 48% 28% 34%
16 0.0289 0.1716 0.4818 0.6823 0.0383 0.2335 0.5897 0.8615 32% 36% 22% 26%
17 0.0329 0.2094 0.6554  0.8977 0.0490 0.2574 0.7656 1.0720 49% 23% 17% 19%
18 0.0417 0.2650 0.8259  1.1326 0.0498 0.2856 0.8763 1.2117 20% 8% 6% 7%
19 0.0661 0.3432 1.0891  1.4983 0.0633 0.3478 1.0229 1.4341 -4% 1% -6% -4%
20 0.0685 0.3726 12517  1.6927 0.0591 0.3546 1.0644 1.4781 -14% -5% -15% -13%
21 0.0929 0.5566 16651  2.3147 0.0853 0.4687 1.2923 1.8463 -8% -16% -22% -20%
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Table 7. Continued

22 0.0065 0.0391 0.1175 0.1632 0.0104 0.0628 0.1456 0.2187 59% 60% 24% 34%
23 0.0148 0.0900 0.2885  0.3933 0.0220 0.1212 0.3021 0.4453 48% 35% 5% 13%
24 0.0209 0.1111 0.3894  0.5214 0.0196 0.1226 0.3595 0.5017 -6% 10% -8% -4%
25 0.0277 0.1377 0.4981  0.6634 0.0187 0.1134 0.3641 0.4962 -32% -18% -27% -25%
26 0.0354 0.1880 0.6550  0.8784 0.0241 0.1526 0.4719 0.6486 -32% -19% -28% -26%
27 0.0334 0.2064 0.7498  0.9895 0.0306 0.1658 0.5508 0.7472 -8% -20% -27% -24%
28 0.0930 0.2591 1.0081  1.3602 0.0484 0.2534 0.7498 1.0516 -48% -2% -26% -23%
29 0.0067 0.0396 0.1112  0.1574 0.0054 0.0333 0.0846 0.1233 -19% -16% -24% -22%
30 0.0156 0.0896 0.2748  0.3800 0.0135 0.0798 0.2138 0.3070 -14% -11% -22% -19%
31 0.0177 0.1143 0.3731  0.5051 0.0173 0.0902 0.2887 0.3963 -2% -21% -23% -22%
32 0.0235 0.1427 0.4767  0.6430 0.0187 0.1134 0.3641 0.4962 -21% -21% -24% -23%
33 0.0301 0.1847 0.6363  0.8510 0.0241 0.1526 0.4689 0.6457 -20% -17% -26% -24%
34 0.0386 0.2051 0.7158  0.9595 0.0307 0.1658 0.5449 0.7414 -20% -19% -24% -23%

35 0.0546 0.2944 0.9678  1.3167 0.0448 0.2555 0.7335 1.0337 -18% -13% -24% -21%
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In the cases of ZC soil class, a strong correlation exists between the code and FIS-based spectra for the
lower map spectral acceleration coefficients. As the map spectral acceleration coefficients increase, code-
based spectra result in significantly higher values for the constant acceleration region. In Case 21, the FIS-
based spectrum provided a 30% lower PGA. A decrease in total spectrum intensities with the increase in the
map spectral acceleration coefficients is evident for ZC soil class. The variation in the total spectrum intensity
is 34% for lower map spectral acceleration coefficient cases, but this difference drops down to -20% for the
higher map spectral acceleration coefficient cases. It is important to note that the FIS-based spectra provide
up to 51% higher spectrum intensity values in the A; and A; regions.

In stiffer soils, although spectral acceleration results are quite compatible at the long period range of the
spectra, the code-based spectra result in higher spectral accelerations than the FIS-based ones in the A; and
A regions. This outcome can be seen for the ZB class in Fig. 10 (from Case 22 to Case 24) and 11 (from
Case 25 to Case 28), which is clearly visible in the higher map spectral acceleration coefficient cases. In
Case 28, the PGA of FIS-based spectra is 41% lower than the crisp one. The FIS-based spectra provide higher
spectrum intensity values in A1 (59%) and A; regions (60%). However, the FIS-based spectra result in lower
intensity values with increasing map spectral acceleration coefficients. When the total spectrum intensity
values are compared, the FIS-based spectra provide lower values of up to 26%.

Higher spectral accelerations are also apparent for stiff soils in the ZA soil class cases. The code-based
spectra provide higher spectral accelerations in all ZA cases, especially for the A, and A, regions. In Case
35, the FIS-based spectrum provided a 37% lower PGA than the crisp one. In line with this outcome,
spectrum intensities are also found to be lower for the FIS-based spectra in all spectrum regions. The FIS-
based spectra result in up to 24% lower total spectrum intensity values than the code-based ones.

6. Conclusion

The fuzzy logic inference system (FIS) model is a valuable tool for addressing linguistic uncertainties by
utilizing fuzzy sets. It has been widely applied in various fields to handle uncertainties such as imprecision,
vagueness, and incompleteness in data. In contrast to the deterministic classification of seismic codes, the
proposed FIS model for response spectra methodology considers the imperfections associated with soil class
selection and the map spectral acceleration values. In this paper, the site coefficients from the current seismic
design code of Tiirkiye [1] provisions are employed for thirty-five different example cases with varying soil
classes, shear wave velocities, and map spectral acceleration values. A comparison between the fuzzy and
crisp logic output seismic parameters revealed significant differences in the response spectra’ shape and the
acceleration spectrum intensity values.

In some cases with various soil classes, the response spectra by the FIS model tend to result in higher
spectral acceleration values than traditional response spectra. The implication of this observation is that the
design acceleration values specified by the code may not provide enough structural safety, taking into
account the uncertainties present at those locations. Conversely, in some other cases, the FIS model response
spectra yield comparable or lower values than the traditional ones, suggesting that the traditional response
spectra might lead to higher design requirements for structures complying with the building code. As a result,
incorporating the fuzzy version of the response spectrum has the potential to provide a design solution that
could be safer or more cost-effective in different scenarios, considering the uncertain nature of the soil profile
and vagueness of the map spectral accelerations and site coefficients.

The differences between the total spectrum intensities were found to vary from 1% up to 44%, and the
differences between the PGA values were found to be 09%~44% in various cases. A regular change pattern
is hard to conduct based on the differences in PGA and spectrum intensity values. However, code-based
spectra strongly tend to provide higher PGA values and intensities with increasing soil stiffness. The FIS-
based spectra provided significant differences in soft soils, especially for short periods. Fuzzy-based spectra
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yielded higher map spectral acceleration values from 0.15 to 0.65 range in Ss and from 0.06 to 0.17 range in
S1 for the ZE soil class. Similarly, the fuzzy-based spectra provided higher values in almost all map spectral
accelerations for the ZD soil class. Therefore, when there is a suspicion of soft soil presence or uncertain
seismic parameters, using the fuzzy-based spectrum might be an alternative for comparing with the code-
based spectrum to provide more structural safety. Although the highest differences are obtained from short
and medium-period regions, it is possible to say that the long-period spectral accelerations are also affected
strongly in some cases. Thus, the FIS model could be an alternative tool to produce a fuzzy spectrum to
check the design approach of code-based spectrum considering the uncertainties in the soil profile, structural
safety, and cost-effectiveness.

The utilization of a FIS model aids in the generation of response spectra that better capture the inherent
uncertainties in the problem, resulting in designs that are more resilient and dependable. Moreover, this
approach can also be applied to investigate the seismic parameters of alternative design codes. However,
further extensive research is required to gain a complete understanding of the potential and constraints
associated with the FIS model.
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