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A B S T R A C T

The extensive time and computational effort are primary challenges in nonlinear dynamic analysis of tunnel-form
concrete systems. These challenges lead engineers to resort to simpler, pushover-based analyses, inherently based
on estimating the seismic performance point of the system. Technical literature review indicates that no study
has yet rigorously evaluated the accuracy of existing methods for estimating the performance point of tunnel-
form systems. To eliminate potential ambiguities, in this study, the seismic performance point of the system
under design basis earthquake (with a 475-year return period) has been calculated using three different methods
(i.e., displacement coefficient, capacity spectrum, and displacement amplification factor), and compared with the
results of accurate nonlinear time-history analysis. In the range of 5-, 7-, and 10-story models studied, the results
indicate the inefficiency and insufficiency of the mentioned methods. Investigations reveal that while the ca-
pacity spectrum method provides better results, but its process is lengthy, and the displacement coefficient
method significantly overestimates the performance point (with more than 80 % error). It was also evident that
the displacement amplification factor underestimates the performance point and contradicts the direction of
confidence. Based on observations, the use of all three methods for the tunnel-form system requires modifica-
tions. The calculated values of effective damping ratio for the tunnel-form system explicitly indicate type A
behavior according to the ATC-40 classification. By presenting this parameter in a multi-level format, the
shortcomings of both capacity spectrum and displacement coefficient methods are easily addressed. Referring to
the results, the calculated value of the displacement amplification factor in the system exceeds the recommended
value by the seismic design code, and by adjusting it, satisfactory responses can be obtained in the method based
on the displacement amplification factor. Finally, introducing the “probable performance interval” parameter,
recommending its use instead of the “performance point” parameter in assessments by pushover analysis is
suggested. This parameter is applicable with all three mentioned methods and has been introduced in this study
as a desirable factor in compensating for inherent uncertainties related to future earthquakes.

1. Introduction

Based on analytical studies, it is anticipated that cast-in-place tunnel-
form systems exhibit desirable seismic performance [1,2]. Field in-
vestigations conducted after the Turkey earthquakes in 1999 and 2023
have somewhat validated this prediction [3,4]. Observations indicate
relatively satisfactory seismic reliability of concrete buildings with
tunnel-form systems (see Fig. 1).

So far, no specific seismic code has been formulated for tunnel-form
systems. Despite clear performance differences, in the existing pre-
scriptive regulations, tunnel-form system is still categorized under the

category “Bearing wall” system [5].
In this integrated structural system, seismic performance is three-

dimensional, stemming from the interaction of intersecting walls with
each other and with slabs [3]. Considering both analytical and experi-
mental studies, the failure mode in the system can be brittle [6,7].

Investigations have shown that the empirical relationships proposed
by the seismic codes will provide inaccurate estimation of the funda-
mental period of vibration of the system [8–10]. To overcome this
challenge, specific relationships have also been proposed for
tunnel-form system [3,11].

The specific construction technique and the necessity of formwork
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removal from the peripheral faces of the structure leads to high struc-
tural walls density in the central parts of the plan. Consequently, in
many tunnel-form buildings, torsional stiffness is lower relative to
lateral stiffness, and so their dominant behavior is of torsionally-flexible
type [12]. However, studies have shown that accidental torsions
resulting from asymmetric distributions of mass, stiffness and strength in
the plan will not affect the seismic reliability of the system under design
basis earthquake (return period of 475 years) [13]. In some studies, it is
concluded that the requirements for the regularity of the system in the
plan and height is excessively conservative [14,15]. Some studies have
also shown that under design basis earthquake, a response modification
factor of 4 will be appropriate for the system [16,17].

Investigations have also shown that the pulse directivity and flexi-
bility of the base can be two factors contributing to the formation of
unexpected failure modes in the system [18,19].

In the light of the interaction between intersecting walls and slab,
modeling all elements using specific meshing is essential. Moreover,
considering the significant role of coupling beams in increasing the
lateral stiffness and strength of the system, excluding these elements
from the model is impossible [20]. All these factors lead to an increase in
the number of nodes in the computational model and, consequently, an

increase in the computational cost and time.
The unique features of the system (significant seismic strength, cost

reduction, high construction speed and safety for workers) have made it
a popular option for mass construction in densely populated and
seismic-prone areas. Since this industrialized technique is mostly used
for high-rise buildings with spacious floor plans (see Fig. 1 again),
nonlinear time-history analysis of such buildings is usually associated
with a high computational volume and is very time-consuming [21].

This challenge encourages designers and engineers to take advantage
of simpler pushover analysis, where the lateral load pattern and the
target displacement (or performance point) are two essential principles.

In technical documents for estimating the target displacement of
buildings under a specific earthquake, in addition to the displacement
amplification factor method (Cd) [22,23], two other methods, namely
displacement coefficient method [24] and capacity spectrum method
[25,26], have also been proposed. Based on the existing literature re-
view, so far, no study has investigated the accuracy of these methods in
estimating the performance point of tunnel-form concrete system, and so
the efficiency and sufficiency of these methods in this context remain
unclear. Furthermore, the value of the effective damping ratio in the
system (βe) and its role in increasing the prediction accuracy of the
methods are still unclear. Based on the provided explanations, the main
research questions are as follows:

1. What is the effective damping ratio in the tunnel-form system?
2. How accurate is the displacement coefficient method in estimating

the target displacement (or performance point) of tunnel-form
buildings? What is the main weakness of this method and how can
it be addressed?

3. How accurate is the capacity spectrum method in estimating the
performance point (or target displacement) of tunnel-form build-
ings? What is the weakness of this method and what is the solution to
overcome it?

4. To what extent is the method based on using the displacement
amplification factor in linear analyses and the code-based approach
in assessing the seismic performance of conventional structural sys-
tems reliable for the tunnel-form system?

5. What is the appropriate approach for mitigating inherent un-
certainties related to future earthquakes in the process of estimating
the performance point?

This study aims to address such questions and is organized into seven
separate sections. The methodology is presented in Section 2, where the

Fig. 1. Examples of cast-in-place tunnel-form buildings after experiencing
strong earthquakes and aftershocks: Turkey, 2023.

Fig. 2. Interpretation of the performance point in a hypothetical model (a) Pushover analysis (b) Nonlinear time-history analysis.

V. Mohsenian and L. Di-Sarno Soil Dynamics and Earthquake Engineering 187 (2024) 108989 

2 



methods for determining the performance point in structures are
explained, along with a detailed description of the current study’s pro-
cedure. In Section 3, the developed numerical models are introduced,

followed by an explanation of the nonlinear modeling process and the
determination of resistance and deformation parameters of structural
elements. Section 4 pertains to structural analysis, where the adopted
assumptions are described, and the models are analyzed using time-
history and pushover methods.

In Section 5, the adequacy of existing methods for estimating the
performance point of tunnel-form buildings under design basis earth-
quakes is examined. In this section, the weaknesses of each method are
identified, and solutions are proposed to address them. Section 6 in-
troduces a new concept called the “probable performance interval”. The
advantages of using this concept are discussed, and it is suggested as a
suitable substitute for the “performance point” parameter. Finally, in
Section 7, the main results of the study are presented.

2. Methodology

In nonlinear static analysis (or pushover method), the earthquake
lateral load is applied to the structure statically and incrementally ac-
cording to a specific lateral load pattern (Fig. 2(a)). The primary output
of this analysis is the capacity curve of the structure, which is defined as

Fig. 3. Smoothing the capacity curve of the model and introduction of the main
parameters (schematic).

Table 1
Numerical values for site class factor (a) [20].

Site class A (1500 ≤Vs) B (760 ≤Vs < 1500) C (360 ≤Vs < 760)

a 130 130 90

Vs: Average shear wave velocity (m/s).

Table 2
Values of effective mass factor (Cm) for concrete shear wall systems [20].

No. of stories Types of lateral system

Shear wall Pier-spandrel Other

1–2 1.0 1.0 1.0
3 or more 0.8 0.8 1.0

Fig. 4. Introduction of ADRS System (a) Comparison of the structural capacity spectrum with the elastic design spectrum (b) Comparison of the structural capacity
spectrum with the reduced demand spectrum.

Fig. 5. Linear time-history analysis of a hypothetical model and determination
of the target displacement using the displacement amplification factor method.
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Fig. 6. Determining the target displacement in a hypothetical model with different scenarios (a) Nonlinear time-history analysis (b) Capacity spectrum method (c)
Displacement coefficient method (d) Displacement amplification factor method.

Fig. 7. Studied tunnel-form buildings (a) Typical floor plan (b) Cross-section view “a-a” in a hypothetical n-story model.
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the relation between base shear and the lateral displacement of the
control point (usually center of mass at the roof level). On this curve,
each displacement on the horizontal axis corresponds to an earthquake
of a specific intensity. As shown in Fig. 2(a), for an earthquake with the
peak ground acceleration of PGA0 which corresponds to the displace-
ment of Δ0 , it is expected that, when the structure is analyzed under the
mentioned earthquake, the maximum displacement of the control point
will be close to Δ0 (see Fig. 2(b)). In other words, if the selected lateral
load distribution pattern is appropriate and close to reality, by pushing
the structure up to Δ0 , it is expected that the deformations and internal
forces of the members will be close to the state when the structure is
subjected to an earthquake with the mentioned intensity (PGA0) under
nonlinear time-history analysis.

It can be observed that in the process of assessing the seismic per-
formance of structures under a desired hazard level using pushover
analysis, the performance point corresponding to that hazard level is a

crucial parameter. In fact, during pushover analysis, it is necessary to
determine and evaluate the deformations and internal forces of the
members at the target displacement [24]. According to existing stan-
dards, the performance point (or target displacement) can be estimated
using three methods: The Displacement Coefficient Method, the capacity
Spectrum Method, and the Displacement Amplification Factor Method.

In the following subsections, each method will be introduced, and
the procedure of the current study will be explained.

Table 3
Values of dead and live loads for stories and roof (kN/m2).

Loads Storey level

Stories 1 to n-1 Storey n (Roof)

QD 6.4 6.4
QL 2.0 1.5

Fig. 8. Reinforcement details of structural elements (a) Slabs (b) Walls (c) Coupling beams.

Fig. 9. Generalized Force-Deformation relation concrete elements or compo-
nents [24].
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2.1. Displacement coefficient method

In this approximate method, the target displacement of the structure
(Δt) is obtained from Equation (1) [24]. The prerequisite for using this
equation is to smooth the capacity curve of the structure and replace it
with a simpler bilinear curve (see Fig. 3). According to Equation (1), in
this method, the target displacement of the structure is obtained by
modifying the displacement of the elastic single-degree-of-freedom
system.

As seen in Fig. 3, the process of smoothing the capacity curve

includes determining three key points. Point A is considered the target
and corresponds to the maximum shear capacity in the system (VA =

VMax). Point B corresponds to the effective yield base shear of the
structure (VB = Vy). This point is selected so that its corresponding shear
force is always less than the maximum shear capacity of the system
(Vy < VMax). Additionally, with the condition that the intersection of the
initial slope of the developed bilinear curve with the capacity curve
(Point C) corresponds to 60 % of the effective yield base shear of the
structure (VC = 0.6Vy). Moreover, up to the displacement corresponding
to the target point (ΔA) should ensure that the area under the original
and bilinear curves is equal [24].

Δt =C0.C1.C2.Sa
(
Te
2π

)2

.g (1)

Te=Ti
̅̅̅̅̅̅̅̅̅̅̅̅
Ki/Ke

√
(2)

In Equation (1), the parameter Te is the effective fundamental period
of the building in the direction under consideration (in seconds) and is
calculated from Equation (2). In Equation (2), Ti is the elastic funda-
mental period (in seconds) in the direction under consideration calcu-
lated by elastic dynamic analysis. In the latter equation, parameters Ki

Fig. 10. Mode shapes in the principal direction (y) up to 90 % mass participation (a) 5-story building (b) 7-story building (c) 10-story building.

Table 4
Mode properties including time period (T) and effective mass factor (M) in the
principal direction of plan (y) up to 90 % mass participation.

Mode no. 5-Storey building 7-Storey building 10-Storey building

T(sec) M(%) T(sec) M(%) T(sec) M(%)

2 0.139 79.60 0.240 77.52 0.445 75.41
6 0.036 14.18 0.061 14.32 0.095 14.47
8 0.023 4.38 0.032 4.52 0.049 4.73

Table 5
Main components of the selected original earthquakes for generating artificial records.

Records Earthquake & Year Station Ra(km) Component Mw PGA(g)

R1 Cape Mendocino (US), 1992 Eureka – Myrtle & West 41.97 90 7.1 0.18
R2 Cape Mendocino (US), 1992 Loleta Fire Station 25.91 270 7.1 0.26
R3 Cape Mendocino (US), 1992 Fortuna – Fortuna Blvd 19.95 0 7.1 0.12
R4 Chi-Chi (Taiwan), 1999 TCU042 26.31 E 7.6 0.25
R5 Chi-Chi (Taiwan), 1999 TCU070 19.00 E 7.6 0.25
R6 Chi-Chi (Taiwan), 1999 TCU106 15.00 E 7.6 0.16
R7 Darfield (New Zealand), 2010 Heathcote Valley Primary School 24.50 E 7.0 0.63
R8 Iwate (Japan), 2008 Yuzawa Town 25.56 NS 6.9 0.24
R9 Iwate (Japan), 2008 Tamati Ono 28.90 NS 6.9 0.28
R10 Kern County (US), 1952 Taft Lincoln School 38.42 111 7.4 0.18
R11 Kocaeli (Turkey), 1999 Iznik 30.73 90 7.5 0.13
R12 Landers (US), 1992 Barstow 34.86 90 7.4 0.14
R13 Montenegro(Yugoslavia), 1979 Herceg Novi - O.S.D. Paviviv 23.59 90 7.1 0.26
R14 Northridge (US), 1994 Hollywood – Willoughby Ave 23.07 180 6.7 0.24
R15 Northridge (US), 1994 Big Tujunga, Angeles Nat F 19.74 352 6.7 0.25

R: Closest distance to fault rupture.
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and Ke are the elastic lateral stiffness and effective lateral stiffness in the
direction under consideration, respectively (see Fig. 3 again).

In Equation (1), the parameters g and Sa represent the acceleration of
gravity and the response spectrum acceleration of the single-degree-of-
freedom system at the effective fundamental period and damping ratio
of 5 % (Sa(Te&5%)(g)), respectively. It is noteworthy that in this study,
the value of g is taken as 9.81 m/s. The other parameters of Equation (1)
are introduced as follows:

• C0: modification factor to relate spectral displacement of an equiv-
alent single-degree-of-freedom system to the roof displacement of
the building multi-degree-of-freedom system. Depending on the
number of stories, type of structural system and lateral load distri-
bution pattern, simplified approximate methods for determining this
parameter have been provided [20].

• C1: modification factor to relate expected maximum inelastic dis-
placements to displacements calculated for linear elastic response.

Fig. 11. Comparison of spectral acceleration curves obtained from artificial records with the design spectrum.

Fig. 12. Probabilistic distribution of maximum roof drift response (target drift) at design basis and maximum considered earthquakes (a) 5-story building (b) 7-story
building and (c) 10-story building.
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Depending on the effective period of structure (Te), this parameter is
calculated from Equation (3). In Equation (3), a is site class factor
which is selected based on the soil type and shear wave velocity at
the site (Vs), as given in Table 1.

C1 =1+
μStrength − 1

aTe2
for 0.2sec < Te < 1sec (3)

• C2: modification factor to represent the effect of pinched hysteresis
shape, cyclic stiffness degradation, and strength deterioration on the
maximum displacement response. Depending on the effective period
of the system (Te), this factor can also be calculated from Equation
(4).

C2 =1+
1
800

(μStrength − 1
Te

)2

for Te<0.7sec (4)

In Equations (3) and (4), the parameter μStrength represents the
strength ratio and is calculated in accordance with Equation (5).

μStrength=
Sa

(
Vy

/
W
)Cm (5)

In Equation (5), the parameter Sa is the response spectrum acceler-
ation corresponding to the effective period of the system (Te). Cm is the
effective mass factor in the fundamental mode, and W is the effective
seismic weight of the building. To calculate Cm , eigenvalue analysis

results can be used. However, for simplification, depending on type of
structural system and number of stories, numerical values for this
parameter are also provided (see Table 2).

Based on the provided explanations and with the help of the
described equations, the target displacement (or performance point) of a
building with a specific structural system can now be calculated under
the desired hazard level.

2.2. Capacity spectrum method

In this method, the performance point is calculated from the inter-
section of the reduced capacity and demand spectrum [25]. Similar to
the displacement coefficient method, the first step in this method is to
extract the capacity curve of the structure under a realistic lateral load
pattern. In the next step, it is necessary to calculate the elastic demand
spectrum for the site. Finally, the elastic demand spectrum and the ca-
pacity curve are simultaneously plotted on a coordinate system known
as ADRS (Acceleration-Displacement Response Spectra).

In the first attempt, an arbitrary performance point is selected on the
capacity curve (du). As a good approximation this point can be the elastic
displacement of the structure (the displacement corresponding to the
intersection of the tangent slope of the capacity curve at the origin with
the elastic demand spectrum).

By considering (du) as the target displacement, the capacity spectrum
is smoothed. Here, the capacity curve will also be replaced with a

Fig. 13. Probable range of target displacement at design basis and maximum considered earthquakes (a) 5-story building (b) 7-story building and (c) 10-
story building.
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simplified bilinear curve. The bilinear curve is adjusted such that, firstly,
the initial slope is the same as the tangent line to the original curve at the
origin, and secondly, the area under the real and bilinear curves up to
the performance point (du) is approximately equal (see Fig. 4) [26].

Now, the elastic design spectrum must be reduced by a factor
dependent on the effective damping ratio (βe). In this step, nonlinear
behavior, stiffness degradation, strength deterioration, and conse-
quently, energy dissipation are included in the calculations up to the
displacement corresponding to the performance point (du). The spec-
trum reduction factor (SR) is calculated in accordance with Equation (6)
[26].

SR(βe) =
5.6 − Ln(βe)

4
(6)

In Equation (6), the parameter βe represents the effective damping
ratio in the structure, which is calculated based on Equation (7). In
Equation (7), the parameter β0 represents the inelastic damping and is
calculated from Equation (8). Note that the constant value of 5 in
Equation (7) is the inherent elastic viscous damping in the structure
[27].

βe(%)= kβ0 + 5 (7)

β0(%)=
63.7

(
aydu − audy

)

audu
(8)

The parameter k is the damping amplification factor and is a function
of the quality of the structural system and the duration of strong
earthquake motions. For type A buildings, which are high-quality
buildings designed according to seismic codes (complete hysteresis
loops without pinching) as classified by ATC-40 [25], this factor is
calculated based on the value of β0 from Equation (9) or (10). As shown
in Fig. 4(a), all parameters used in Equations (8) and (9) (i.e., du, dy, au,
and ay) are clearly defined and can be easily extracted during the bili-
nearization of the structural capacity spectrum.

k=1.13 −
0.51

(
aydu − audy

)

audu
for β0 >16.25% (9)

k=1 for β0 ≤ 16.25% (10)

Now, by applying the spectrum reduction factor (SR) to the elastic
demand spectrum, the reduced demand spectrum is calculated and
compared with the structural capacity spectrum (see Fig. 4(b)). The
intersection point of the reduced demand spectrum and the capacity
curve is determined as the new performance point (d0). If the difference
between the new performance point and the initial value is less than 5 %
(0.95du ≤ d0 ≤ 1.05du), the initial value (du) can be considered the final
performance point. Otherwise, it is clear that the new point (d0) will be
used as the new trial, and the calculations will be repeated based on the
new point (d0) according to Equations (8) and (9). It should be noted

Fig. 14. Determination of effective damping ratio in tunnel-form buildings subjected to artificial ground motion R2 as the design basis earthquake (a) 5-story
building (b) 7-story building and (c) 10-story building.
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that the 5 % error margin is entirely suggested and can vary depending
on the required accuracy.

Based on the described scenario and using the available Equations,
this method can also be used to calculate the target displacement of a
building with a specific structural system under a desired hazard level.

2.3. Method based on displacement amplification factor

This method, well-known among engineers, is carried out using
equivalent static analysis or linear time-history analysis. However, the
process involves the nonlinear demand spectrum of the site [22,23].
According to study conducted by Mohsenian et al. [17], the equivalent
static method does not result in an appropriate estimate of the
height-wise distribution of lateral forces in tunnel-form concrete system.
So, in the present study, the linear time-history analysis method was
used to estimate the performance point using the displacement ampli-
fication factor method.

As shown in Fig. 5, the model with linear behavior is analyzed under
divided earthquake records by the system’s response modification factor
(R), and the displacement of the control point (mass center at the roof
level) is recorded (Δe). Here, the response modification factor reduces
the elastic demand spectrum and generates the nonlinear demand
spectrum of the site [22,23].

Since the analysis is within the linear behavior range, the recorded
responses are multiplied by the system’s displacement amplification
factor (Cd) to consider nonlinear behavior effects. The product is the
desired outcome, called the target displacement (Δu = CdΔe). In seismic

design codes, displacement amplification factors are proposed sepa-
rately based on the material type and the lateral load-resisting system.

If the demand spectrum and parameters R and Cd are specified, the
target displacement of a building can also be easily calculated using this
method.

2.4. Study procedure

This study aims to evaluate the efficiency and adequacy of methods
based on displacement amplification factor, displacement coefficients,
and capacity spectrum in estimating the performance point of concrete
tunnel-form buildings under the Design Basis Earthquake (DBE with
PGADBE = 0.35g).

Nonlinear time-history analysis of the models under earthquake re-
cords matching the site demand spectrum was performed to determine
the probable range of responses, and the median peak displacement of
the roof mass center was considered as the accurate response (deter-
ministic performance point) (see Fig. 6 (a)). At this stage, using reverse
engineering of the capacity spectrum method, the effective damping
ratio of the system (βe) was also determined using a multi-level
approach.

Under the mentioned hazard level (DBE), the performance point was
also calculated using the methods described in subsections 2.1, 2.2 and
2.3 and compared with the accurate value obtained from the nonlinear
time-history analysis. Subsequently, the error level of each method
relative to the accurate method was calculated, and the reliability level
of the methods was determined (Fig. 6 (b), (c), and (d)).

Fig. 15. Energy balance curve under record R2 as the design basis earthquake (a) 5-story building (b) 7-story building and (c) 10-story building.
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Finally, by identifying the effective parameters, these methods were
refined and improved for more accurate calculation of the target
displacement in the concrete tunnel-form system. In this study, to ac-
count for the inherent uncertainties related to future earthquakes, the
use of a “probable performance interval” instead of a “performance
point” was proposed for the first time.

Fig. 16. Percentage of dissipated energy due to nonlinear behaviour of the system under the design basis earthquake (a) 5-story building (b) 7-story building and (c)
10-story building.

Table 6
The 16th, 50th and 84th percentiles for effective damping ratio in studied
tunnel-form buildings under design basis earthquake (%).

Percentile(%) 5-Storey building 7-Storey building 10-Storey building

16 25.00 22.82 14.75
50 33.01 28.10 20.00
84 43.21 33.62 22.51

Table 7
Comparison of 16th, 50th and 84th percentiles for effective damping ratio in 7-
Story Building between nonlinear time-history analysis and linear interpolation
between 5- and 10-Story Models (%).

Percentile(%) Time-history analysis Linear interpolation

16 22.82 20.90
50 28.10 27.81
84 33.62 34.89

Fig. 17. Probabilistic Distribution of Peak Ground Acceleration (PGA) under
design basis earthquake.
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Fig. 18. Multi-level Presentation of effective damping ratio in tunnel-form buildings under design basis earthquake (a) 5-story Building (b) 7-story Building and (c)
10-story Building.
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3. Introduction of buildings and description of nonlinear
modeling process

For modeling the studied models, the plan depicted in Fig. 7 has been
used [28]. The plan belongs to the tunnel-form system and is perfectly
symmetric with respect to its principal axes (x and y). For the models,
the numbers of stories are considered to be equal to 5, 7 and 10 (n= 5, 7,
and 10).

The buildings intended for residential use, with a net story height
(excluding slab thickness (tslab)) of 3 m. Distributed dead (QD) and live
loads (QL) according to Table 3 are considered.

The site has a high seismic potential (return period of 475 years and a
design peak acceleration of 0.35g), and its soil characteristics align with
type C in the ASCE classification (stiff soil with shear wave velocity
ranging from 360 to 760 m/s) [23].

The studied buildings were designed according to the Iranian seismic
code (Standard 2800) [22] and the American Concrete Institute (ACI)
[29], using the ETABS software [30]. In the design process, the yield
stress of the rebar (fy) and the specified compressive strength of the
concrete (fc) were considered equal to 400 and 25 MPa, respectively.

The slab thickness (tslab) was set at 15 cm, reinforced with a two-layer
rebar mesh. Each mesh consists of rebars with 8 mm diameter spaced 25
cm apart in both longitudinal and transverse directions (see φS in Fig. 8
(a)). The slabs were designed to ensure linear behavior under design
basis earthquake.

Wall thickness (twall) was set at 20 cm to meet the requirement of
minimum relative wall area in the plan [5]. Wall reinforcement was also
consisting of a two-layer rebar mesh spaced 10 cm apart. Each mesh
consists of steel rebars with 8 mm diameter spaced 20 cm apart in both
longitudinal (φH) and vertical (φV) directions (only in the first four
stories of the 10-story building, the vertical reinforcement (φV) is 12 mm
rebars) (Fig. 8(b)).

Architectural criteria and the need for access to internal spaces
necessitate inclusion of openings and consequently the formation of
coupling beams with length and section height of 1 and 0.7 m, respec-
tively (see Fig. 7 again). In these elements, the ratio of length (Ln) to
section height (d) is calculated to be less than 2, ensuring shear failure
mode [31,32]. To ensure ductility, seismic closed stirrups and diagonal
rebars were considered for reinforcing the coupling beams (see φa and
φd in Fig. 8(c)). Nonlinear modeling and analysis of the buildings were
conducted in the PERFORM_3D software environment [33].

Fig. 19. Capacity curves obtained from pushover analysis (a) 5-story Building (b) 7-story Building and (c) 10-story Building.

Table 8
The control point drifts corresponding to different damage states in structural
elements (%).

Performance
levels

5-Storey building 7-Storey building 10-Storey building

Coupling
Beam

wall Coupling
Beam

wall Coupling
Beam

wall

IO 0.14 0.30 0.23 0.29 0.25 0.38
LS 0.20 0.39 0.32 0.34 0.34 0.70
CP 0.24 0.43 0.34 0.36 0.39 0.73
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As mentioned, the geometry of the coupling beams leads to shear
failure. Based on the study by Mohsenian and Di Sarno [34], the
dominant failure mode of the walls in the system is also controlled by
shear. Therefore, in modeling the nonlinear behavior of walls and
coupling beams, shear demand is considered as the deformation-control
parameter. Accordingly, for walls and coupling beams, story drift and
chord rotation are considered as the nonlinear response parameters in
the analysis [24].

The nonlinear shear behavior curve for the walls and coupling beams
is shown in Fig. 9 [24]. In this figure, Qu represents the nominal shear
capacity of the element’s section, and for other specified parameters (i.
e., f, c, g, d and e), quantitative values are provided separately in the
ASCE standard (refer to Table 10–20 in Ref. [24]).

For modeling walls and coupling beams in the PERFORM_3D soft-
ware, the “shear wall” element was used. Rigid diaphragm, fixed con-
nections, and neglecting soil-structure interaction are other assumptions
of this study. Additionally, in the structural analysis process, the gravity
load combination (QG) is considered according to Equation (11) [24]. In
this equation, QD and QL represent dead and live loads, respectively.

QG=QD + 0.25QL (11)

Eigenvalue Analysis and the control of wall percentages in both main
plan directions (x and y) show that stiffness and strength level are lower
in the longitudinal direction (y). Thus, in this study, the y-direction was
selected as the principal direction for analysis (see Fig. 7(a) again). The
results of the eigenvalue analysis on buildings up to 90 % modal
participation in the principal direction are shown in Fig. 10 and Table 4.
It is evident that in Fig. 10, φji represents the displacement amplitude of
the jth degree of freedom in the ith mode.

Based on the quantitative values in Tables 4 and in all three build-
ings, the period in the dominant translational mode (mode No. 2) is
always less than 1 s, and the effective mass factor is over 75 %. Findings
indicate that the dominant lateral load distribution pattern in the
buildings is close to triangular [35].

4. Structural analysis and system response

The models introduced in Section 3 were analyzed in the main plan
direction (y) using nonlinear time-history and pushover analyses. The
procedures and assumptions for each analysis are detailed in the
following.

4.1. Nonlinear time-history analysis

To better match the selected earthquakes with the site’s soil and
seismic conditions, artificial records were used. These records were
generated by modifying original records in the wavelet domain [36]
using Seismomatch software [37].

15 original far-fault earthquakes, consistent with site soil conditions
(shear wave velocity between 360 and 760m/s), were obtained from the
PEER database [38]. The primary components of the original earth-
quakes are listed in Table 5.

As shown in Fig. 11, spectrum and peak ground acceleration of the
artificial records align well with the design spectrum.

These records can be considered as the Design Basis Earthquake
(DBE), and 1.5 times their values can be regarded as the Maximum
Considered Earthquake (MCE) [37].

Fig. 20. Probabilistic distribution of maximum roof drift in linear time-history analysis (a) 5-story Building (b) 7-story Building and (c) 10-story Building.
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In nonlinear analysis using artificial records, maximum roof
displacement was considered as the target displacement. Assuming a
log-normal distribution for responses [39], their probabilistic distribu-
tion at both hazard levels (DBE and MCE) was determined [40–42] (see
Fig. 12).

Using probabilistic distribution curves, response values correspond-
ing to 5 %, 50 %, and 95 % probabilities (D5%, D50%andD95%) can be
determined (refer to Fig. 12).

Thus, the probable range of response is specified for each hazard
level. As shown in Fig. 13, the target displacement is greater than D5%
and less than D95% with a 95 % confidence. D50% is the median and used
as a comparison criterion.

At this stage, using the inverse engineering of the capacity spectrum
method, the effective damping ratio (βe) of the system is estimated [26].
According to the explanations in Subsection 2.2, effective damping ratio
is calculated to reduce the elastic demand spectrum and determine the
target displacement. The target displacement from nonlinear
time-history analysis is now available

(
ΔTarget). As shown in Fig. 14, by

plotting the capacity spectrum and demand spectrum with various
damping levels in the ADRS format, the effective damping ratio is
determined based on the intersection of the capacity and demand curves
at the target displacement.

In Fig. 14, it is observed that under record R2 as the design basis
earthquake, the effective damping in the tunnel-form system exceeds 25
% (32% for the 5-story building, 30 % for the 7-story building, and 27 %
for the 10-story building). These observations are consistent with the
findings of Balkaya and Kalkan [3], suggesting that according to ATC-40

classification, the behavior of the tunnel-form system falls under Type A
(buildings of excellent quality). In this behavior type, 40 % effective
damping ratio in the building is also probable [25].

Since damping is generally associated with the energy dissipation
capacity in structures, the absorption and dissipation of energy in
buildings at this hazard level should be investigated. To this end, in
Fig. 15, an energy balance curve has been extracted for buildings, and
the amount of energy dissipated under nonlinear behavior in the system
(E1) has been determined.

Examination of Fig. 15 shows that under record R2, over 74 % of
input energy has been dissipated due to nonlinear behavior of main el-
ements (walls and coupling beams) in system (74.22 % in the 5-story
building, 75.54 % in the 7-story building and 74.70 % in the 10-story
building). These observations confirm the results obtained from
Fig. 14. Under the design basis earthquake, this applies to all artificial
records (R1 to R15) (see Fig. 16).

As observed in Fig. 16, under the design basis earthquake, a signif-
icant share of the total input energy into the buildings has been dissi-
pated due to nonlinear behavior in primary elements (walls and
coupling beams). Although the dissipated energy varies from one record
to another, the average dissipated energy has been estimated at
approximately 72 % in all three models (72.34 %, 72.27 % and 72.06 %
respectively for the 5-story, 7-story and 10-story buildings).

The process of extracting effective damping ratio (βe) has been
repeated for all artificial records. Since βe is a function of input motions,
this parameter has been extracted for each building across all earth-
quakes (15 records).

Fig. 21. Probable range of maximum mass center displacement at the roof level in linear time-history analysis (Δe) (a) 5-story Building (b) 7-story Building and (c)
10-story Building.
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Finally, parameters corresponding to the 16th, 50th and 84th per-
centiles of the statistical population have been determined and catego-
rized for each building (see Table 6).

According to Tables 6 and in each percentile, βe differs from one
model to another and decreases with increasing height (H). When the
relationship between effective damping parameters and structural

height is linear, interpolation (or extrapolation) between results for the
5- and 10-story buildings will be easily obtained.

Examination of the 7-story building indicates that assuming a linear
relationship between parameters βe and H is sufficiently acceptable (see
Table 7). In Tables 7 and it is noted that the difference between linear
interpolation and actual values obtained from nonlinear time-history
analysis is less than 2 % (1.92 %, 0.3 % and 1.28 % respectively for
the 16th, 50th and 84th percentiles).

Based on these results, it appears that effective damping in the
tunnel-form system can also be extracted from interpolation (or
extrapolation) between available values.

As Stated, βe varies from one record to another. Therefore, to elim-
inate inherent uncertainties related to input motions, it is logical to
consider a probabilistic variation in the intensity parameter at each
hazard level [17]. Accordingly, the maximum acceleration of the
generated artificial records (refer again to Fig. 11) is considered as a
statistical population with a Log-normal distribution, and the probabi-
listic distribution of this parameter is extracted (Fig. 17). According to
Fig. 17, in this scenario, under design basis earthquake, the parameter
PGA is certainly greater than 0.25g and less than 0.55g (notice the pa-
rameters PGA0% and PGA100%). It is evident from this figure that the
proposed acceleration value in the seismic design code for the design

Fig. 22. Comparison of capacity curves with bilinear equivalent curves (a) 5-story Building (b) 7-story Building and (c) 10-story Building.

Table 9
Coefficients calculated in the process of target displacement determination using
the displacement coefficient method.

Parameters: 5-Storey building 7-Storey building 10-Storey building

Ki(kgf/cm) 2366070.000 1894899.500 782983.030
Ke(kgf/cm) 1026548.880 624122.300 503571.740
Ti(s) 0.140 0.200 0.445
Te(s) 0.212 0.348 0.555
Sa(Te&5 %)(g) 0.875 0.875 0.823
Vy/W 0.410 0.349 0.290
Cm 0.800 0.800 0.800
RStrength 1.707 2.000 2.270
C0 1.300 1.300 1.300
C1 1.175 1.100 1.046
C2 1.014 1.010 1.007
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basis earthquake (0.35g) approximately corresponds to a 20 % proba-
bility of non-exceedance (PGA20%). This implies that under design basis
earthquake, PGA is more likely to exceed 0.35g by 80 %.

Finally, by selecting values between PGA20% and PGA80% as the most
probable area for the parameter PGA under the design basis earthquake,
effective damping ratio in the system has been proposed in a multi-level
approach within the range between the 16th and 84th percentiles (see
Fig. 18). As also seen in Fig. 18, under the design basis earthquake, the
ranges related to the PGA and βe in the system overlap in a specific re-
gion (Proposed area). Considering the direct relationship between ac-
celeration and damping, effective damping ratio (βe) in the system can
be derived from this common region. With this scenario, it is evident
that inherent uncertainties related to earthquakes will be reduced to an
acceptable level.

4.2. Nonlinear static pushover analysis

The pushover analysis was conducted using the modal method. The
modal method combines vibration modes in the direction under
consideration with up to 90 % mass participation (refer to Fig. 10). As
mentioned earlier, the primary output of this analysis is the capacity
curve. For the studied buildings, these curves are depicted in Fig. 19. In
these curves, the horizontal axis represents the roof drift (displacement
of mass center at roof level divided by the total building height), and the

vertical axis represents the base shear normalized by the effective
seismic weight of the building.

Furthermore, by examining the local responses of elements during
the analysis, the first coupling beams and walls that experience Imme-
diate Occupancy (IO), Life Safety (LS), and Collapse Prevention (CP)
performance levels are identified. For each damage state, the corre-
sponding control point drift value has been extracted (see Table 8).
Additionally, calculating the performance point of each building under a
desired hazard level allows predicting its seismic performance level. It
should be noted that the failure criteria and limit states corresponding to
different performance levels in the elements have been adopted from the
ASCE standard (refer to Table 10–20 in Ref. [24]).

4.3. Linear time-history analysis

The buildings were subjected to linear time-history analysis using
artificial records introduced in subsection 4.1 (refer to Fig. 11 again). As
explained in subsection 2.3, the model has been analyzed using the in-
elastic demand spectrum. For this purpose, artificial records have been
divided by the system response modification factor. Considering that the
aim is to determine the target displacement under the design basis
earthquake (475-year return period), a response modification factor of 4
has been used to reduce the elastic demand spectrum [17].

Fig. 23. Comparison of determined performance points by time-history analysis (ΔTarget) and displacement coefficient method (Δt) (a) 5-story Building (b) 7-story
Building and (c) 10-story Building.
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In the following, while analyzing the model, the maximum roof drift
has been recorded as the desired response. Using the process outlined in
subsection 4.1, here also the probabilistic response has been presented
(Fig. 20). Finally, based on the probabilistic distribution curves, the
mass center displacement at roof level (Δe) corresponding to the prob-
abilities of 5 %, 50 %, and 95 % (D5%,D50%andD95%) have been deter-
mined and considered as the operation criteria (Fig. 21).

5. Evaluation of the efficiency level of existing methods in
assessing the performance point of tunnel-form system

In this section, the results of analyses conducted in Section 4 have
been used to estimate the seismic performance point of tunnel-form
system under Design Basis Earthquake (DBE). As previously
mentioned, the results of nonlinear time-history analyses serve as the
basis for comparing and evaluating the reliability of other methods
(refer again to Fig. 13).

5.1. Displacement coefficient method

To calculate the target displacements using the displacement coef-
ficient method, the capacity curves obtained from the pushover analysis
(see Fig. 19) have been adjusted to bilinear form (Fig. 22). Alongside

smoothing the capacity curves, all conditions specified in subsection 2.1
have also been applied.

Based on Fig. 22 and using Equations (2)–(5), primary coefficients
have been calculated for each model as described in Table 9. Finally, the
target displacement of the buildings (Δt) under the design basis earth-
quake have been computed using Equation (1) (see Fig. 23).

According to Fig. 23, for all three buildings, the performance point
under DBE lies within the response range corresponding to MCE. This
implies that under DBE, the performance point will certainly be less than
the estimated values.

Evaluations indicate that the estimation by the displacement coeffi-
cient method is inappropriate and highly conservative compared to the
median value in accurate nonlinear time-history analysis (D50%). The
error of the displacement coefficient method in prediction exceeds 80 %
(115.67 % for the 5-story building and 81.29 % and 114.30 % for the 7-
story and 10-story buildings, respectively). Based on the obtained re-
sults, the displacement coefficient method is deemed inadequate for
estimating the performance point of tunnel-form system and is not
recommended for use.

In the process of performance point estimation, the spectral accel-
eration (Sa) is a significant parameter (see Equation (1)). Currently, this
parameter is derived from elastic demand spectrum (damping = 5 %) at
the effective period of structure (Te) in the direction under consideration

Fig. 24. Determined performance point considering the effective damping in displacement coefficient method (Δt) (a) 5-story Building (b) 7-story Building and (c)
10-story Building.
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(Sa(Te&5%)(g)). This is despite the fact that the effective damping in the
system is significantly higher than 5 % (refer again to Fig. 18). In the
following, while applying the effective damping effect to calculating the
spectral acceleration parameter, the accuracy of the displacement co-
efficient method has been re-evaluated (Fig. 24). In the second series of
performance point calculations, the spectral acceleration parameter has
been derived from the reduced demand spectrum considering appro-
priate effective damping ratio (Sa(Te&βe%)(g)).

According to Fig. 24, by applying the effective damping effect, the
performance point is within the probable response range under the
design basis earthquake. In all three models, the prediction error of the
method has significantly reduced (25.36 % for the 5-story building, 3.53
% for the 7-story building, and 16.96 % for the 10-story building).

Comparison of Figs. 23 and 24 indicates that with the application of
effective damping effects in calculation process, the error of the
displacement coefficient method has been reduced by more than 75 %
(90.31 % for the 5-story building, 77.76 % for the 7-story building and
97.34 % for the 10-story building). Based on the obtained results, it is
strongly recommended that while using the displacement coefficient
method, the effects of effective damping ratio should be considered in

calculations.

5.2. Capacity spectrum method

According to the explanations provided in section 2.2, the Capacity
SpectrumMethod is based on trial and error and continues as long as the
estimation error remains within permissible margin. In this method, the
effects of damping are considered in the calculations [25,26]. Therefore,
higher accuracy results are expected compared to the Displacement
Coefficient Method. Nevertheless, this method requires more effort.
Perhaps “iterations” is one of the main drawbacks of the Capacity
Spectrum Method.

The main factor in this method is the effective damping value and
consequently the reduction factor of the elastic demand spectrum (see
Equations (6) and (7)). Obviously, by defining the effective damping
ratio for the lateral resisting system (βe), the process of determining the
performance point becomes independent of trial and error and more
cost-effective. This is because Equations (7)–(10) and the calculation
steps based on themwill no longer be used. In the present study, with the
aim of eliminating iterative processes in the Capacity Spectrum Method,

Fig. 25. Determination of performance point using the Capacity Spectrum Method (a) 5-story building (b) 7-story building and (c) 10-story building.
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a multi-level effective damping scheme has been proposed (see Table 6
and Fig. 18).

The capacity curve is determined from the pushover analysis
(Fig. 19). Subsequently, by determining damping value corresponding
to 50th percentile and using this value in Equation (6), the elastic
spectrum reduction factor (SR) is determined. According to Fig. 25, after
applying the reduction factor, the intersection point of the capacity
spectrum and the reduced demand spectrum in the ADRS system has
been extracted as the performance point.

Examination of Fig. 26 shows that the estimation by the Capacity
Spectrum Method has been desirable for determining the performance
point of tunnel-form system. In all three buildings, the performance
point lies within the appropriate range (probable response range under
design basis earthquake). Compared to the median values in the accu-
rate nonlinear time-history analysis (D50%), the prediction error of the
performance point by the Capacity Spectrum Method is 20.23 % for the
5-story building and 12.11 % and 14.23 % for the 7- and 10-story
buildings respectively. This method does not require the calculation of
different coefficients but has provided acceptable results similar to the
modified Displacement Coefficient Method (refer again to Fig. 24). It is
noteworthy that by using multi-level effective damping, the perfor-
mance point has been calculated independently of iterative and time-
consuming processes just in a single stage. This advantage highlights
the Capacity Spectrum Method and prioritizes its use.

5.3. Displacement amplification factor-based method

According to the explanations provided in Subsection 2.3, the ac-
curacy of this simple method depends on the selected amplification
factor for the system (Cd). In the available seismic design codes for
tunnel-form system, a specific displacement amplification factor has not
been provided. The most comparable system with characteristics similar
to that is load-bearing wall system. Therefore, similar seismic parame-
ters are used for both systems. In the Iranian seismic design code
(Standard 2800) and ASCE, the displacement amplification factor for
load-bearing wall system with medium and high ductility levels has
been proposed to be 4 and 5, respectively [22,23]. In the present study, a
value of 5 has been used as the displacement amplification factor for
tunnel-form concrete system.

Finally, according to Fig. 27, the maximum response of the roof
displacement from linear time-history analysis under reduced artificial
records (see Fig. 21) has been amplified using the selected Cd and sub-
sequently the probable response range under design basis earthquake
has been extracted.

In Fig. 27, it can be seen that displacement amplification factor-
based method has estimated the response region narrower than the ac-
curate method and often outside the estimated response range (compare
green and yellow regions). When compared to the median values
(D50% and Δu), the error of this method for predicting the performance

Fig. 26. Comparison of determined performance points by nonlinear time-history analysis (ΔTarget) and Capacity Spectrum method (du) (a) 5-story building (b) 7-
story building and (c) 10-story building.
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point under design basis earthquake in the 5-story building has been
estimated at 27.35 % and for the 7- and 10-story buildings, 43.22 % and
23.02 % respectively (error exceeds 23 %). Due to this underestimation
which is non-conservative for design purposes, the use of this method is
also not recommended. Certainly, the existing error lies in the proposed
Cd by the seismic design codes.

To compensate for this error, it is necessary to consider the tunnel-
form system as an independent structural system and provide specific
seismic design parameters for it. With the identification of response
areas in both linear and nonlinear states (see Figs. 13 and 21), this factor
can be easily extracted. According to Equation (12), the displacement
amplification factor is defined as the ratio of displacements obtained
from nonlinear time history analysis (ΔTarget) to the linear displacement
(Δe).

Cd=
ΔTarget

Δe
(12)

In probabilities of 5, 50 and 95 %, this ratio has been calculated for
each building and the median value (Cd50%) have been taken as the
criterion for the system (see Fig. 28). According to Fig. 28, the
displacement amplification factor in the tunnel-form system is definitely
more than 5. Obviously, the values in the probability range of 50 and 95
% (Cd50% ≤ Cd ≤ Cd95%) are considered desirable with a higher confi-
dence level. By considering the value of 7.5 for this factor, the probable
range for the performance point will be as described in Fig. 29.

When the median values are considered (D50% and Δu), compared to
the accurate method, the prediction error of the performance point
under design basis earthquake in the 5-story building has been limited to
10.54 %, and in the 7- and 10-story buildings, to 14.12 % and 15.47 %
respectively. Although the response range is still narrower than the

Fig. 27. Comparison of determined performance points by nonlinear time-history analysis (ΔTarget) and displacement amplification factor-based method (Δu) (a) 5-
story building (b) 7-story building and (c) 10-story building.

Fig. 28. Probabilistic range of displacement amplification factor (Cd) for
tunnel-form system.
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accurate method, the results have significantly improved. Based on the
results; while extracting a specific Cd for tunnel-form system, this
method can provide a more suitable estimation of the performance
point, despite its simplicity.

6. Introducing the probable performance interval for seismic
assessment

Even with similarities between records in terms of intensity and
spectrum shape (see again Fig. 11), the performance point varies from

Fig. 29. Determined performance point after adjusting the displacement amplification factor (a) 5-story building (b) 7-story building and (c) 10-story building.

Fig. 30. Seismic performance evaluation using (a) Deterministic performance point (b) Probable Performance interval.
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one record to another. As shown in Fig. 30(a), considering the average
response of all records (ΔAverage) as a deterministic performance point is
not reliable, as some responses exceed the average value.

It is observed that a deterministic performance point does not ac-
count for inherent uncertainties. In this context, as shown in Fig. 30(b),
assessing the structure within the “Probable Performance interval”
compensates for these challenges.

In this section, the " Probable Performance interval " parameter is
introduced and its calculation details are explained. Subsequently, in a
case study, this parameter is developed, and the tunnel-form system is
evaluated under the design earthquake.

6.1. Extracting the probable performance interval for tunnel-form
buildings

In all the methods described in Section 5, the performance point is
presented deterministically. Given the extensive range of inherent un-
certainties related to future earthquakes, a probabilistic approach is
entirely reasonable.

According to the Iranian seismic design Code (Standard 2800) [22],
in a pushover analysis, the building is pushed up to 1.5 times the
calculated performance point, and within this range, a severe drop on
the capacity curve is unacceptable.

Additionally, the code requires that at a displacement equivalent to
1.25 times the calculated performance point, the structure’s strength
must always be greater than the effective yield shear up to the target
displacement.

Furthermore, at the performance point, a relative displacement of up
to 1.2 times the allowable value is considered acceptable. It seems that
the main goal of these provisions is to compensate for the challenges
arising from inaccurate estimation of the performance point.

It is expected that using the “probable performance interval”
parameter will address these challenges and relieve the user from con-
trolling various provisions.

A probable performance interval for an earthquake encompasses a
range of responses that very likely includes the structure’s true perfor-
mance point.

For the studied models, performance intervals have been extracted
from detailed nonlinear time-history analysis for both design basis and
the maximum considered earthquakes, as described in Subsection 4.1
(refer again to Figs. 12 and 13).

However, developing intervals through nonlinear time-history
analysis is not practical for seismic performance evaluation using the
pushover method.

Here, using a multi-level effective damping factor (βe) is helpful.
Since the uncertainties related to earthquakes are considered in calcu-

Fig. 31. Comparison of the probable performance intervals calculated from nonlinear time-history analysis and displacement coefficient method (a) 5-story building
(b) 7-story building and (c) 10-story building.
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lating the parameter βe, it is expected that the prediction error will be
satisfactorily reduced. Thus, the performance point corresponding to the
16th percentile of the structure’s effective damping ratio is considered
as the lower bound, while the 50th and 84th percentiles are considered
as the median and upper bounds, respectively.

In the capacity spectrum method, to extract the performance point
corresponding to a desired percentile, it is sufficient to substitute the
damping corresponding to that percentile into Equation (6) and calcu-
late the spectrum reduction factor (SR). In the next step, using the
calculated reduction factor, the intersection of the reduced demand and
capacity spectra in the ADRS system will be identified as the desired
response (again see Figure (4)).

For displacement coefficient method, it is evident that for the
effective period of the structure (Te), the spectral acceleration (Sa) is
obtained from the reduced demand spectrumwith the effective damping
corresponding to that percentile and used in the related calculations.
Ultimately, the displacement calculated from Equation (1) will be the
performance point corresponding to the mentioned percentile.

Developing the probable performance interval in the displacement
amplification factor method also requires using different factors for Cd.

According to Fig. 28, when the Cd parameter corresponding to 5 %,
50 %, and 95 % probabilities is used for amplifying the lower, median
and upper bounds of the elastic response range (refer to Fig. 21), the
desired range will be extracted.

As shown in Figs. 31–33, under the design basis earthquake, the
probable performance interval is calculated using the displacement co-
efficient method, capacity spectrum method and displacement amplifi-
cation factor-based method and compared with the results of accurate
nonlinear time-history analysis.

The investigations show that in all three methods, the developed
probable interval adequately and reliably covers the probable response
range under the design basis earthquake. As shown in Fig. 34(a), the
probable performance interval for an earthquake has two bounds (i.e.,
ΔL and ΔU) and a median (i.e., Average). Thus, the performance interval
can be divided into two different areas (i.e., Zone 1 and Zone 2). In a
comparison, it is evident that the confidence level is higher in Zone 2.

With the aim of designing the structure under this earthquake, it is
obvious that a severe drop in capacity curve within the entire interval
(ΔL ≤ Δ ≤ ΔU) is not permissible (see Fig. 34(b)). Moreover, considering
the median range (Average) as the target, it is recommended that the
structure’s strength always be greater than the yield strength (Vy) within
the range between the median and upper bound (i.e., Zone 2).

With the aim of evaluating the seismic performance of the structure,
the desired performance level must be met throughout the entire range
(see Fig. 34(c)). If, based on local failure criteria, the desired perfor-
mance level is violated in some elements, a design review would be
necessary. For evaluation purposes, the responses at the upper bound
(ΔU) will be used.

Fig. 32. Comparison of the probable performance intervals calculated from nonlinear time-history analysis and capacity spectrum method (a) 5-story building (b) 7-
story building and (c) 10-story building.
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Fig. 33. Comparison of the probable performance intervals calculated from nonlinear time-history analysis and displacement amplification factor-based method (a)
5-story building (b) 7-story building and (c) 10-story building.
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Fig. 34. Pushover analysis of a hypothetical model and its evaluation (a) Probable performance interval (b) Strength control (c) Seismic performance control.

Fig. 35. Capacity curve for a 5-story building, failure states and performance interval extracted using different methods (a) Displacement coefficient method (b)
Capacity spectrum method and (c) Displacement modification factor-based method.
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6.2. Evaluating the tunnel-form system in the probable performance
interval

According to Figs. 35–37, the seismic behavior of the system was
assessed using the pushover method and the probable performance in-
terval. In the evaluation process, the probable performance interval
extracted by all three methods (Figs. 31–33) was used to determine their
accuracy in estimating the seismic behavior. The figures show that the
performance interval in all three methods provides a similar estimation
of the system’s performance level.

As observed, under the Design Basis Earthquake (DBE), walls and
coupling beams are remained at a level higher than Immediate Occu-
pancy (IO) performance level. Additionally, in Zone 2 of each perfor-
mance interval, the capacity curves are always rising, and lateral
strength exceeds yield strength. Thus, no significant problem or
considerable damages to the system are expected when subjected to the
DBE.

Subsequently, responses of inter story drift ratio and story shear force
were measured and compared up to the upper bound of each interval
(see Figs. 38 and 39). Figs. 38 and 39 show that in all three methods, the
vertical distribution of force and displacement responses at the upper
bound of the interval are also very close to each other.

In summary, it is evident that the development of the probable
performance interval using all three methods yields desirable and close
results. Additionally, using this parameter exempts the user from addi-
tional controls.

7. Discussion and conclusion

The present study aims to evaluate the accuracy of displacement
coefficients, capacity spectrum, and displacement amplification factor-
based methods in estimating the performance point of cast-in-place
tunnel-form concrete buildings under design basis earthquake. A hier-
archical structure is detailed for each method in the text. By considering
the results obtained from nonlinear time-history analysis as the precise
response, the error of each method has been calculated and reported.
Based on findings, weaknesses are inherent in each method. In some
methods, the prediction error is significant to the extent that their use
under current conditions is not recommended at all. Furthermore, after
identifying primary weaknesses and error-generating parameters, cor-
rections have been proposed for each method. Based on the results,
using desirable values of effective damping ratio and displacement
amplification factor for the system can significantly improve the results.

For the first time in this study, the concept of " probable performance
interval” has been proposed instead of “performance point”. This
parameter, a simple yet effective factor, compensates for inherent un-
certainties related to future earthquakes and details have been presented
for its development. Within the scope of the models examined and the
assumptions adopted, the key study findings are as follows.

• Under the design basis earthquake, the effective damping ratio (βe) in
some earthquake records exceeds 30 % (βe ≥ 30%). According to the
ATC-40 classification, the behavior in the tunnel-form system is of
type A (excellent quality).

• In estimating the performance point of the tunnel-form system, the
displacement coefficient method is highly inefficient, with an error

Fig. 36. Capacity curve for a 7-story building, failure states and performance interval extracted using different methods (a) Displacement coefficient method (b)
Capacity spectrum method and (c) Displacement modification factor-based method.
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exceeding 80 %. The response in this method is much greater than
reality and close to the system’s response under the maximum
considered earthquake. The spectral acceleration corresponding to

the effective period at 5 % damping (Sa(Te&5%)(g)) has been iden-
tified as the main source of error, and replacing it with the spectral

Fig. 37. Capacity curve for a 10-story building, failure states and performance interval extracted using different methods (a) Displacement coefficient method (b)
Capacity spectrum method and (c) Displacement modification factor-based method.

Fig. 38. Estimation of inter story drift ratio at the upper bound during pushover analysis in buildings (a) 5-story (b) 7-story and (c) 10-story.
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acceleration corresponding to the effective period at effective
damping (Sa(Te&βe%)(g)) has been proven as a corrective approach.

• The capacity spectrum method, which is based on trial and error, is
time-consuming. However, by using the effective damping of the
system in the calculation process, this method provides acceptable
results in a single attempt without iterative processes. The estimation
of this method for the system’s performance point is within the
probable range and towards safety.

• The method based on the displacement amplification factor un-
derestimates the system’s performance point with more than 23 %
error, which is non-conservative. In this method, the displacement
amplification factor (Cd) has been identified as the main error source.
Probabilistic assessments showed that this parameter is 100% higher
than the value suggested by the code (5). Using the value of 7.5, with
a confidence level of nearly 50 %, significantly reduced the error in
this method.

• In the pushover analysis of the system, the probable performance
interval is a desirable parameter for addressing the inherent un-
certainties related to earthquakes and can be developed using all
three methods (i.e., displacement coefficients, capacity spectrum and
displacement amplification factor-based). The seismic performance
and system responses (both force and displacement) in all three
methods were closely aligned with high accuracy.

In addition to the characteristics of the input motions, it is evident
that the modal properties of the system also significantly affect the re-
sults. Therefore, further studies aimed at assessing the influence of
effective parameters on the results of the mentioned methods (including
the relative wall area in the plan, building height, irregularities in plan
and height, foundation flexibility and changes in the frequency content
of the records) are suggested.

In this study, the damping ratio, independent of the performance
level in the structural elements, was only provided for the design basis
earthquake. Dividing this parameter into demand (specific hazard levels
for the site) and capacity (specific performance levels in the lateral
resisting system) allows for estimating the system’s performance point at
desired levels of earthquake intensity. Based on these explanations,
providing multi-level effective damping parameters for tunnel-form
system can serve as a suitable basis for future studies.

The evaluation of seismic performance using the pushover method,
with the help of the probable performance interval parameter, is

independent of the structural system and applicable to other lateral
resisting systems as well. Assessing the adequacy of this parameter in
estimating the seismic behavior of various structural systems and
comparing it with fragility and incremental dynamic analyses can also
be a suitable research area for researchers.
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