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A B S T R A C T   

Similar to other structural systems, the nonlinear modeling process of the tunnel-form concrete system neces
sitates an understanding of the potential failure modes in its primary lateral load-bearing members. With the 
identification of failure modes in the elements, deformation-control actions, force-control actions and defor
mation parameters are determined, making the analysis/design process straightforward. Given the unique 
characteristics of the tunnel-form concrete system, the applicability of design requirements and assumptions 
proposed for other similar systems for this structural system remains uncertain. In this study, to assess the po
tential failure modes of the walls of the system, two different modeling scenarios were utilized, employing 
pushover and time-history analyses. Within the scope of the studied 5- and 10-story buildings and the adopted 
assumptions, the results revealed that in the walls, shear is controlled by deformation and bending is force- 
control. In the incremental analysis, the bending failure mode of the walls (reaching yielding in vertical re
bars) was estimated to be almost 10% higher than that of the shear failure mode (achieving an immediate oc
cupancy limit). In the time-history analysis, under the design hazard level (475-year return period), the shear 
strain in the walls exceeded 13 times the strain at the onset of nonlinear shear behavior. This is because the wall 
sections still retained sufficient flexural-axial capacity and, contrary to code-based predictions, remained far 
from the flexural failure mode. The investigations further demonstrated that shear failure in the system was 
sufficiently ductile and capable of adequately absorbing and dissipating seismic input energy.   

1. Introduction 

The notable capability of simultaneously providing significant stiff
ness and lateral resistance has transformed tunnel-form concrete sys
tems into a reliable lateral load resisting system [1]. According to 
analytical studies, the high capacity of the system is justifiable not only 
for strong earthquakes but also for substantial aftershocks [2]. Recent 
earthquakes have validated this claim. Following the earthquakes in 
Turkey in 1999, investigations have demonstrated that concrete 
tunnel-form system exhibit superior performance compared to conven
tional reinforced concrete systems [3]. Similarly, assessments carried 
out after the earthquakes and aftershocks of 2023 in Turkey have yiel
ded similar results. Through field inspections conducted in 
earthquake-affected regions, no collapses were observed in concrete 
tunnel-form buildings, and the system endured minimal damage (see  

Fig. 1 as an example). However, considering the ability of the shear wall 
to prevent extensive damage and the prevalence of these elements 
within the tunnel-form system, these observations are not unexpected 
[4]. 

In studies performed by Balkaya and Kalkan [3,5], the 
three-dimensional behavior of the tunnel-form system was demon
strated. In these studies, the tensile-compressive behavior of the inter
secting wall assembly was identified as a critical factor in providing the 
lateral load-bearing capacity of the system. 

According to the study performed by Yuksel and Kalkan [6], the 
failure modes in a tunnel-form system can be brittle. In these studies, 
adding concentrated rebars at the wall corners has been reported as a 
desirable factor for avoiding brittle failure modes [7]. 

In experimental study conducted by Brunesi et al. [8], the connection 
of beams to walls in a tunnel-form system was investigated. In this study, 
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cracking was observed in the wall-to-foundation connection during the 
cyclic loading of a laboratory-scale model, as well as cracking at the 
connection point of the beams to the walls. Similar results were also 
observed in the experimental part of the study by Tavafoghi and Eshghi 
[9]. 

Based on the existing technical literature and seismic studies, the 
failure modes in the tunnel-form system can be brittle and unexpected. 
Studies related to the assessment of the failure modes in systems are 
mostly limited to scaled laboratory models. Nevertheless, the possibility 
of utilizing and generalizing the results of such studies for multi-story 
models at real scales remains a question [10,11]. Unfortunately, there 
is no comprehensive code for the analysis and design of a concrete 
tunnel-form system. Based on the existing prescriptive design re
quirements, the system is currently categorized as a subset of "load-
bearing wall" systems [12]. However, the acceptance of using seismic 
regulations and parameters of the "load-bearing wall" system for 
tunnel-form systems remains uncertain. The development of an inde
pendent seismic code for this system requires field studies and further 
research is still necessary. 

Based on the provided explanations and existing challenges, the 
main research questions are as follows:  

1. What are the deformation-control and force-control mechanisms in 
the primary lateral load-bearing members of the tunnel-form system 
(specifically, walls and wall components in this study)? 

2. During performance-based analysis/design, what are the deforma
tion parameters and the desired acceptance criteria for these 
elements?  

3. In the dominant failure mode, what is the extent of energy absorption 
and dissipation within the system?  

4. Does the existing categorization of the seismic behavior of shear 
walls also apply effectively to tunnel-form system? 

This study aimed to answer these questions, and its hierarchy is 
presented in seven distinct sections. Section 2 presents the adopted 
methodology, and process of this study. Section 3 provides detailed 
descriptions of the studied models and the initial design of the struc
tures. Section 4 elucidates the nonlinear modeling process and the 
adopted scenarios. Section 5 pertains to the structural analysis, 
employing modal pushover and time-history analyses. In this section, 
along with the derivation of the responses, the interpretation of the 

observations is presented. Section 6 is focused on energy considerations, 
and investigates the potential energy input and consumption for the 
probable failure mode within the system at the design hazard level. 
Finally, in Section 7, the key findings of this study are presented in 
detail. 

2. Methodology 

In a numerical study, evaluating the performance level of a tunnel- 
form concrete system requires the use of a precise computational 
model that can adequately capture the seismic behavior and potential 
failure mechanism of the members. An analytical model of a shear wall 
(or wall components) is only considered desirable when its stiffness 
(flexural, shear, and axial), strength, and deformation capacity are close 
to reality. 

Based on the type of element failure, its behavior is classified as 
deformation-control or force-control, each of which has its own 
modeling process and acceptance criteria. Deformation-control behavior 
is ductile and energy dissipative, whereas force-control behavior is 
brittle; during this mode, the element fails without significant energy 
dissipation. In a deformation-control element, each of the internal ac
tions (including flexural moment (Mu), shear force (Vu), and axial force 
(Pu)) will lead to different failure modes based on the level and potential 
for nonlinear behavior (Fig. 2). In shear walls and wall components, 
deformation control behavior is limited to flexural moment (Mu) and 
shear force (Vu) [13]. In the following, the important modeling pa
rameters and acceptance criteria for each case are elaborated. 

2.1. Elements with dominant flexural behavior 

Under lateral loading, if the nonlinear behavior of the wall is due to 
flexural actions, the nonlinear deformation parameter is the rotation at 
the top of the plastic region located at the end of the wall (see parameter 
θ1 in Fig. 3(a)) [14]. For coupling beams, the rotation value at the plastic 
hinge location is considered the deformation parameter of interest (see 
parameter θ2 in Fig. 3(b)). Such elements are susceptible to forming 
plastic hinges in flexural regions; therefore, the expected flexural 
strength of the member (MCE) is utilized in the modeling process. The 
expected strength of the elements (QCE) is calculated using available 
computational methods, disregarding any reduction factors (partial 
safety factors are set to 1). In the corresponding calculations, it is 

Fig. 1. Intact Concrete Tunnel-Form Buildings after Experiencing Strong 
Earthquakes and Aftershocks (Turkey, 2023). 

Fig. 2. Internal forces resulting from lateral loading (a)-Shear walls (b)- 
Coupling beams. 
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implicit that the expected strengths of the materials will be used [13]. In 
Fig. 3, parameter (lp) denotes the length of the plastic zone. In the 
seismic analysis, the deformation requirement of each member (θu) was 
considered as the response. A comparison of the extracted values with 
the critical values, such as different performance levels (θIO, θLS and θCP), 
determines the local performance level of the member. Obviously the 
values of the limit states for different performance levels (including θIO, 
θLS and θCP) are taken for ASCE (refer to Table 10–19 in ASCE) [13]. 

In this failure mode, shear (Vu) and axial force (Pu) actions are 
considered force-control, and the maximum demand of each action must 
inherently be lower than the lower bound of its corresponding strength 
(Vu < VCL and Pu < PCL). 

The lower bound of the member strength (QCL) was also calculated 
using available computational methods, disregarding any reduction 
factors. In this case, the lower bound of the material strength will be 
used in the related equations [13]. 

According to previous studies, geometric properties and section 
reinforcement conditions are important factors that influence the flex
ural failure modes of shear walls [15]. In the concrete structure design 
code [16], shear-flexural behavior is attributed to a wall when the 
parameter α, defined as the ratio of the wall height (Hw) to its length (Lw) 
(α = Hw

Lw
), is greater than 2 (see Fig. 2). ASCE introduces a critical value of 

three for this ratio [13]. 

2.2. Elements with dominant shear behavior 

Under lateral loading, if the nonlinear behavior of the wall results 
from shear actions, the nonlinear deformation parameter is the shear 
strain (relative lateral displacement) of the wall (see parameter γ1 in  
Fig. 4(a)) [14]. For coupling beams, chord rotation is the measure (see 
parameter γ2 in Fig. 4(b)). 

Such elements are susceptible to forming plastic shear hinges, and it 
is evident that the expected shear strength of the member (VCE) is uti
lized in the modeling process. During the structural analysis, comparing 
the deformation demand of each member (γu) with critical values, i.e., 
different performance levels (γIO, γLS and γCP), determines the local 
performance level of the member. In this case, numerical values corre
sponding to different performance levels in members (including γIO, γLS 
and γCP) will be extracted from ASCE (refer to Table 10–20 in ASCE) 
[13]. 

In this circumstance, the flexural and axial force actions (Mu and Pu, 
respectively) are force-controlled. Accordingly, the maximum demand 
for each action must be lower than the lower bound of its corresponding 
strength (Mu < MCL and Pu < PCL). In this case, the expected and lower 
bound strengths of the elements (QCE and QCL) are determined using 
valid computational methods and previous assumptions [13]. 

In the concrete structure design code [16], a shear-controlled and 
brittle behavior is attributed to a wall when the parameter α is less than 
2. ASCE introduces a critical value of 1.5 for this ratio [13]. 

Fig. 3. Nonlinear deformation due to flexural failure and corresponding response parameter in (a) Shear walls (b) Coupling beams.  

Fig. 4. Nonlinear deformation due to shear failure and corresponding response parameter in (a) Shear walls (b) Coupling beams.  
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2.3. Considered approach to estimate the dominant behavior of elements 

Considering the explanations provided in subsections 2.1 and 2.2, 
depending on the anticipated failure mode of the elements, the process 
of performance analysis in terms of modeling and required controls is 
entirely different. Thus, the successful creation of a nonlinear model 
requires an understanding of the governing behavior of the elements. 

Flexural failure of walls undoubtedly involves the yielding of their 
vertical reinforcements. In the modeling process using the distributed 
plasticity theory (fiber elements), by accounting for the linear shear 
behavior of the elements, the time of yielding of vertical flexural re
inforcements can be easily determined. According to the hypothetical  
Fig. 5(a), comparing the results of incremental analysis of models that 
differ only in the assumed behavior curve of reinforcing bars, identifies 
the point of yielding of the vertical reinforcements (point A). 

In the same model, whenever the flexural behavior of the elements is 
linear and their shear behavior is nonlinear, as depicted in the hypo
thetical Fig. 5(b), comparing the results of incremental load analysis 
identifies points corresponding to shear failures (points B and C). Now, 
comparing the base shear with the points mentioned provides a desired 
insight for judging the probable failure mode. 

In the current study, to identify the dominant failure mode in the 
tunnel-form concrete system, the described scenario has been utilized. 

Ultimately, to validate the predicted failure mode, the acceptance 
criteria of the elements (see explanations in Sections 2–1 and 2–2), as 
well as their energy absorption and dissipation capabilities, have been 
studied based on the results of time history analyses of the models. 

3. Introduction of studied structures 

This study is conducted on 5 and 10-story tunnel-form buildings 
(n = 5 and 10) with story plans as shown in Fig. 6(a). It is noted that the 
selected story plan is geometrically regular and symmetric with respect 
to its main axes (x and y). As shown in Fig. 6(b), the net height of the 
stories is 3 m. For dead and live loads on the stories (QD and QL), uni
form distribution with intensities of 6.4 and 2 kN/m2, respectively, have 
been considered (the roof live load is 1.5 kN/m2). 

It is assumed that the buildings have a medium importance level and 
are constructed in a site with high seismic potential (475-year return 
period and a maximum considered ground motion of 0.35 g) with a stiff 
foundation (site class C according to ASCE classification [17]) and shear 
wave velocity ranging from 357 to 750 m/s. The studied buildings have 
been designed according to the Iranian Seismic Code (Standard 2800) 
[18] and the American Concrete Code [16], using the software ETABS 
[19]. 

In the design process, the thicknesses of the slabs and walls have been 

Fig. 5. Incremental analysis of a hypothetical fiber model and comparison of results (a) Linear shear behavior and nonlinear flexural behavior (b) Linear flexural 
behavior and nonlinear shear behavior. 

Fig. 6. Studied Tunnel-Form Buildings (a) Typical story plan (b) Elevation of the vertical section a-a in a hypothetical n-story model.  
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considered as 150 and 200 mm, respectively. The selection of these 
thicknesses ensures linear behavior for the slabs under seismic loads and 
provides a minimum relative plan area of 3% for the walls [12]. The 
yield strength of the rebars (fy) and the characteristic compressive 
strength of the concrete (fc) are taken as 400 and 25 MPa, respectively. 
The slabs are reinforced with two parallel layers of ϕ8 rebars with a 
spacing of 250 mm. The walls are also reinforced with two parallel 
layers of ϕ8 rebars with a spacing of 200 mm (except for the first four 
stories of the 10-story building, where ϕ12vertical rebars are used). The 

length of the coupling beams above the openings is set to 1000 mm, and 
their section height is 700 mm (refer to Fig. 6). 

The specifications of the first six vibration modes of the buildings are 
extracted according to Table 1. It is noteworthy that despite the regu
larity and symmetry in the models, the first mode is torsional. This 
phenomenon, which is common in tunnel-form concrete buildings, can 
be attributed to the reduced torsional stiffness resulting from the lower 
relative wall density in the internal areas of the plan [20]. In fact, the 
specific construction conditions of the tunnel form system and the ne
cessity of removing the forms from the surrounding faces of the plan 
prevent the existence of structural walls in these sections. As expected, 
in both buildings, the dominant translational mode is related to the 
y-direction. This direction corresponds to the lower relative percentage 
of walls in the plan, and consequently, the lateral stiffness in this di
rection is lower. In the following, the y-axis was considered as the main 
plan axis. 

It is observed that in the first vibrational mode in the analysis di
rection (y), the period is less than 1 s, and the effective mass ratio is over 
75%. In this regard, assuming a triangular distribution of lateral loads 
proportional to the first mode is close to reality [13]. However, for the 
other direction (x) and especially in taller buildings, this assumption is 
not valid. The results show that considering the participation of higher 
modes is essential for analyzing the system. 

4. Nonlinear modelling of elements 

The nonlinear modeling and analysis of the structures have been 
performed using the PERFORM_3D software [21]. This software is 
tailored for performance-based analyses and fully complies with the 
ASCE guidelines [13]. For modeling the elements in the software, a 
4-node "shear wall" element has been utilized. 

In coupling beams, geometric specifications are among the influen
tial factors on the type of nonlinear behavior and failure mode. Ac
cording to studies, when the ratio of the free span length of the beam (Ln) 
to its section height (d) is less than 2 (Ln/d ≤ 2), the failure in the 
coupling beam is certainly of the shear type [22,23]. The results from 
empirical studies conducted by Mosoarca also demonstrate that the 
failure mode of coupling beams verifies this conclusion [24]. Moreover, 
the accuracy of assumption has also been confirmed in the 2023 Turkey 

Table 1 
Modal parameters of structures including the vibration periods (T) and the mass 
participation factors (M).  

Mode no. Situation 5-storey building 10-storey building 

T (s) M (%) T (s) M (%) 

1 Torsional  0.223  0.00  0.748  0.00 
2 Translational in y-diraction  0.139  79.60  0.445  75.41 
3 Translational in x-diraction  0.134  74.02  0.318  67.35 
4 Torsional  0.052  0.00  0.148  0.00 
5 Translational in x-diraction  0.041  19.51  0.096  20.87 
6 Translational in y-diraction  0.037  14.18  0.095  14.47  

Fig. 7. Shear failure of a coupling beam in a Tunnel-Form Building 
(Turkey, 2023). 

Fig. 8. Hypothetical shear wall of n stories using fiber elements (a) defined fibers along the height (b) discretization in the wall plane (c) Section discretization in a 
mesh plane. 

V. Mohsenian and L. Di-Sarno                                                                                                                                                                                                               



Engineering Structures 303 (2024) 117494

6

earthquake (Fig. 7). 
In the present study, the geometric specifications of the coupling 

beams ensure shear failure in them. Based on this, in the nonlinear 
behavior modeling of these elements, shear force is always considered as 
a deformation-control parameter. 

The design of coupling beams is aimed at eliminating brittle and 
undesirable failure modes. To ensure ductile shear behavior, diagonal 
rebars, in addition to stirrups, have been considered for reinforcing 
these elements [22,23]. 

In the modeling process of cross-sections of shear walls using fiber 
elements, the conditions for the yielding of vertical rebars and the 
occurrence of flexural failures have been accounted for [25]. As shown 
in Fig. 8(a), by introducing nonlinear fibers throughout the height of the 
wall, the possibility of nonlinear behavior occurring in any part of it has 
been ensured. By considering the plastic hinge length (lp) equal to half of 
the wall height [16], the fiber discretization of the walls in the vertical 
direction has been performed as depicted in Fig. 8(b). Due to the soft
ware limitations in specifying the number of fibers for a section (only 60 
fibers), along the longitudinal direction, the walls have been discretized 
every 50 cm (refer to Fig. 8(b)). 

In each mesh section located on the wall plane, for each rebar in its 
current position, a steel fiber has been defined. To define concrete fibers, 
the wall has been discretized into two fibers along its thickness, and 
along the length of the wall, a new fiber has been defined every 2 cm 
(see Fig. 8(c)). Now, each concrete fiber with an area of 20 cm2 will be 
located the center of its mesh surface in the local coordinate system. 

As shown in Fig. 9, in the fiber-based wall model, the behavior of 
each mesh is a function of the defined behavior curves for steel (fSteel), 
concrete (fConcrete), and shear fibers (ks) [26]. It is obvious that the 
flexural and axial strength of the section are provided by steel and 
concrete fibers. Accordingly, stress-strain (σ-ε) curves have been intro
duced for them separately, considering the characteristics of the mate
rials (see Fig. 9(c)). In this study, steel and concrete fibers have been 
modeled using bilinear models with kinematic and isotropic hardening 
[27,28]. 

For the shear spring (ks), the behavior is defined as a function of in- 
plane shear stress-strain (τ-γ) (see Fig. 9(c) again). Further detailed ex
planations will be provided in subsequent sections. 

To address the research questions, two different scenarios have been 
considered in the wall modeling process. Each scenario is explained in 
detail as follows: 

4.1. Modelling based on assumption of nonlinear flexural and linear shear 
behavior 

In the fiber-based model shown in Fig. 9, when the shear behavior of 
each mesh is linear, it is obvious that the nonlinear behavior of the 
structure will be solely a function of the behavior of steel and concrete 
fibers. In this modeling scenario, two different states are assumed for 
each structure. In the first state (SM1), both steel and concrete fibers are 
nonlinear. In the second state (SM2), the steel fiber behavior is linear 
while the concrete fiber is nonlinear. The difference in response between 
these two states is naturally attributed to the yielding of vertical rein
forcing bars. 

4.2. Modelling based on assumption of linear flexural and nonlinear shear 
behavior 

In this modeling approach, as depicted in Fig. 9, the shear behavior is 
nonlinear while the flexural behavior is linear for each mesh. Linear 
behavior is assigned to the concrete and steel fibers (fSteel and fConcrete). 
The flexural behavior of each mesh is assumed to be elastic. To model 
the nonlinear shear behavior in the elements (ks), a force-deformation 
curve shown in Fig. 10 is utilized. This curve, referred to as the back
bone cyclic behavior of the element, represents the expected shear ca
pacity of the element for a given section (QCE =VCE) and the values of 
parameters e, d, g, f, and c, are provided in ASCE standards [13]. 

In this scenario also two different states are considered for each 
structure. In the first state (SV1), nonlinear shear behavior is considered. 
In the second state (SV2), linear shear behavior is assumed. The differ
ence in results between these two states arises from the elements 
entering the nonlinear behavior range under shear actions. 

Rigid diaphragm, rigid connections, and neglecting foundation uplift 
as well as soil-structure interaction effects are among the other adopted 
assumptions in this study. 

5. Structural analysis and system responses 

The studied tunnel-form concrete buildings have been analyzed in 
the direction of the primary plan axis (y-axis). In the structural analysis 
process, the combination of gravity loads (QG) according to Eq.1 has 
been considered [13].  

QG=QD+0⋅25QL                                                                             (1) 

In this equation, QD and QL represent the dead and live load of the 
stories, respectively (Fig. 6). 

As previously explained, determining the dominant behavior of the 
walls in the tunnel-form system has been carried out using pushover and 
time-history analyses. The process of each analysis and related as
sumptions are presented in the following subsections. 

5.1. Pushover analysis 

The pushover analysis has been conducted using the modal combi
nation method. The pattern of applied lateral load in this method is 

Fig. 9. Modeling a hypothetical n-story shear wall using a fiber model (a) 4- 
node shear wall mesh element (b) Considered behaviors for steel, concrete, 
and shear (c) Defined stress-strain behavior for fibers and shear spring. 

Fig. 10. Nonlinear shear behavior curve for shear-control elements [13].  
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determined based on the combination of modes of vibration, with the 
vibration modes contributing up to 90% of the mass participation along 
the analysis direction (y-axis). The mass center of the roof is considered 
the control point for analysis. The base shear variations (V(kN)) with 
respect to control point displacement (Δ(cm)) constitute the capacity 
curve of the structure and is the primary outcome of the pushover 
analysis. 

For SM1 and SM2 models, the capacity curves are derived as shown in  
Fig. 11. According to the modeling approach described in Subsection 
4.1, the point of separation of these curves is the initiation point of 
vertical bar yielding in the walls (point A). It should be noted that in this 
study, the displacement and base shear responses have been normalized 
to the overall building height (H(cm)) and total seismic weight (W(kN)), 
respectively. The yielding of longitudinal bars (in tension or compres
sion) corresponds to the initiation of the flexural yielding of the section. 
As seen in this figure, the capacity curve of the buildings experiences a 
drop from point A onwards. This phenomenon can be attributed to 
significant growth of plastic joint rotation due to the yielding of bars. 
Investigations indicate that at the point of vertical bar yielding, the base 
shear of the system exceeds 60% of the total seismic weight of the 
building (72.8% and 61.5% for 5 and 10-story buildings, respectively). 

For SV1 and SV2 models, the capacity curves are depicted in Fig. 12. 
Based on the modeling approach described in Section 4.2, the point of 
curve separation (point B) marks the initiation of nonlinear behavior 
due to shear yielding. It is observed that the nonlinear behavior of the 
system under shear loading begins for base shear less than 15% of the 
total seismic weight (12.4% and 14.5% for 5 and 10-story buildings, 
respectively). The base shear corresponding to the immediate occupancy 
(IO) performance level of the walls in 5 and 10-story buildings is 66.4% 
and 55.1% of the total seismic weight, respectively (point C). By 
comparing points A and B, it becomes evident that the base shear 

corresponding to vertical bar yielding is several times larger than the 
base shear corresponding to the initiation of nonlinear shear behavior 
(6.1 and 4.4 times larger for 5 and 10-story buildings, respectively). 

Comparing points A and C reveals that before the yielding of vertical 
bars, based on the local wall shear failure criterion, some walls have 
reached the IO performance level. 

The base shear corresponding to vertical bar yielding is 10% larger 
than the base shear corresponding to the IO performance level for 
nonlinear shear behavior. Considering that both concrete and horizontal 
bars contribute effectively to the expected shear capacity (VCE) of the 
section, it is evident that the yielding of horizontal bars and the initia
tion of nonlinear shear behavior in the system occur faster. 

Fig. 11. Capacity curves of the models with linear shear and nonlinear flexural behavior (a) 5-story building (b) 10-story building.  

Fig. 12. The capacity curves for models with nonlinear shear and linear flexural behavior (a) 5-story building (b) 10-story building.  

Table 2 
The primary components of the original earthquakes used in the process of 
generating the artificial ground motion records.  

No. Earthquake& Year Station Mw Ra 

(km) 
PGA 
(g) 

1 Cape Mendocino 
(US), 1992 

Eureka – Myrtle & 
West  

7.01  44.60  0.18 

2 Cape Mendocino 
(US), 1992 

Fortuna – Fortuna 
Blvd  

7.01  23.60  0.12 

3 Landers (US), 1992 Barstow  7.28  36.10  0.14 
4 Northridge (US), 

1994 
Lake Hughes #4B - 
Camp Mend  

6.69  32.30  0.10 

5 Northridge (US), 
1994 

Hollywood – 
Willoughby Ave  

6.69  25.70  0.25 

6 Northridge (US), 
1994 

Big Tujunga, Angeles 
Nat F  

6.69  24.00  0.25 

7 San Fernando (US), 
1971 

Pasadena – CIT 
Athenaeum  

6.61  31.70  0.11 

a Closest Distance to Fault Rupture 
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5.2. Time-history analysis 

Evaluations presented in Subsection 5.1 indicate predominant shear 
behavior in the system. In this section, the accuracy of the results is 
assessed through time history analysis. 

The design-basis hazard level (475-year return period with a 
maximum acceleration of 0.35 g) serves as the basis for evaluation. To 
align the utilized earthquakes as closely as possible with the design 
spectrum, artificial accelerograms have been generated. The process of 
producing these artificial records was conducted using the SeismoMatch 
software [29], based on modifying the original acceleration records. 

The primary component of the earthquake’s records presented in  
Table 2, was used for this purpose. The earthquakes are of far-field type 
and were selected from the PEER website’s database [30], considering 
the site-specific soil conditions (shear wave velocity between 375 to 
750 m/s). As depicted in Fig. 13, a desirable correlation can be observed 
between the peak ground accelerations of the generated artificial re
cords and the target earthquake. Hence, by employing these artificial 
records in the analysis process, it can be claimed that the models have 
been evaluated under the target earthquake. 

After performing structural analysis, the force and deformation re
sponses in the 3-meter and 5-meter walls located in Plan Axes 1 and 2 

(abbreviated as W1 and W2, respectively) have been considered as the 
evaluation criteria (Fig. 14). 

In each time history analysis, for each wall, bending moment (Mu) 
and axial force (Pu) at a specific time from the analysis are extracted 
(Fig. 15(a)). The capacity analysis of the wall section is performed using 
the interaction curve of the bending moment and axial force (Fig. 15(b)). 
A combination of these obtained responses, which results in the worst- 
case scenario, has been considered as the criterion. 

For the buildings, the distribution of critical axial force and bending 
moment demands in the height of structures have been extracted ac
cording to Figs. 16 and 17. 

In order to develop the interaction curve of bending moment and 
axial force for the intersecting walls, the effective width of the wall is 
also considered in the calculations. However, in the present study, to 
reach the worst possible conditions in estimating the flexural-axial ca
pacity of the section, the effective width of the intersecting walls is 
disregarded. The geometric properties of the section and the arrange
ment of reinforcing bars in walls W1 and W2 are described in Table 3 
according to Fig. 18(a). As explained earlier, in the relevant calculations, 
no reduction factor for material strength has been considered. Finally, 
the interaction bending-axial force for the walls is extracted according to 
Fig. 18(b) and Fig. 18(c). 

According to ASCE recommendations, the axial force in walls and 
elements controlled by shear should not exceed the limit value P0 as 
defined in Eq.2 [13]. Otherwise, the element will be classified as 
force-controlled. The initial step in evaluations involves comparing the 
axial force demand in the wall with the calculated value from Eq.2: 

P0 = 0.15fcAg (2) 

In this equation, fc and Ag, which represent the characteristic 
compressive strength of concrete and the gross cross-sectional area of 
the wall, respectively (Ag = tw Lw). 

For a known the axial force demand at the critical section of the wall 
(Pu), the value of the corresponding flexural moment (Mn) is determined 
from the capacity curve. 

Obviously, the obtained value signifies the allowable flexural ca
pacity of the wall when the axial force value (Pu) is applied. Comparing 
the flexural demand at the critical section of the wall (Mu) with its 
flexural capacity is the final step of evaluation. 

The values of demand and capacity for walls in the case of buildings 
subjected to records number 1 (R1) are extracted as presented in Tables 4 
and 5. For better understanding, the critical values of flexural demand 
and axial force are compared to the flexural-axial capacity of the wall, as 
shown in Figs. 19 and 20. 

It can be observed that the demand lies within the safe range of the 
capacity curve. The flexural capacity of the section satisfies the flexural 
demand (Mu < Mn), and the wall has a high safety margin against 
flexural-axial failure. Additionally, the axial force level is always lower 
than the ultimate value (Pu < P0). Similar results have been observed for 
other accelerograms as well (Figs. 21 and 22). 

Evaluation of Fig. 21 reveals that the ratio of axial force demand to 
the ultimate axial force is consistently less than one (maximum ratios of 
0.35 and 0.92 for 5-story and 10-story buildings, respectively). Conse
quently, shear failure of the walls under shear forces can be considered 
as deformation-control. In the design/performance analysis of the 
tunnel-form concrete system, it is evident that increasing the wall 
thickness or using higher strength concrete are the strategies to mitigate 
the effects of axial forces and ensure sufficient shear deformation ca
pacity of the walls (refer to Eq.2 again). 

In Fig. 22, it is observed that in the case of bending moments, the 
ratio of demand to capacity is always less than 0.75 (0.72 for the 5-story 
building and 0.57 for the 10-story building). Thus, under the design- 
basis hazard level, the walls still possess substantial flexural capacity 
and are far from failure under the existing demand. 

The distribution of maximum shear strain of walls in the height of 

Fig. 13. comparison of the spectra of the generated artificial records and the 
site demand spectrum. 

Fig. 14. Locations of the examined walls on the plan.  
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structures under the design-basis earthquake is illustrated in Fig. 23. In 
this figure, the parameter γ0 represents the shear strain at the onset of 
nonlinear shear behavior in walls. According to the shear behavior curve 
in Fig. 10, this strain corresponds to the initial change in slope of the 

shear behavior curve and its numerical value can be easily calculated. 
Fig. 23 indicates that under the design-basis seismic intensity, shear 
strains exceeding 13 times γ0 are experienced (13.76 and 14.79 times γ0 
for 5-story and 10-story buildings, respectively). 

Although the initiation of nonlinear behavior in walls due to shear 
actions is certain, the level of damage in them remains limited and they 
have not yet reached the IO performance level (corresponding to a shear 
strain of 0.004 radians) [13]. 

As previously mentioned, the parameter α is a geometric criterion 
predicting the failure mode of walls, and for shear-wall systems, its value 
should be less than 2 (1.5 according to ASCE [13]) [16]. 

The results of this section confirm the shear failure of the walls under 
shear forces in the system. This is despite the fact that for both types of 
walls, W1 and W2, in the studied buildings, the parameter α has 
consistently been estimated to be greater than 2 (1.5 according to ASCE 
[13]) (see Table 6). 

According to the design code recommendations, it was expected that 
in both tunnel-form buildings, the walls would exhibit ductile behavior, 
and the dominant failure mode in them would be flexural. It can be 
observed that the geometric criterion of the design code for estimating 
the failure mode of walls is not suitable for the tunnel-form system and 
provide inaccurate predictions. 

According to the results of this section, the modeling process of the 
tunnel-form system can be performed solely by considering the 
nonlinear shear behavior of elements, disregarding steel and concrete 
fibers. 

In other words, a fiber model of the system without considering 
nonlinear shear behavior, despite imposing high computational effort 
[31], will lead to incorrect results. 

Fig. 15. Time history analysis of the shear wall system (a) demand in the critical section of the wall (b) comparison of the demand with the flexural-axial capacity of 
the wall. 

Fig. 16. Distribution of the critical axial force demand of the walls in the height 
of models (a) 5-story building (b) 10-story building. 

Fig. 17. Distribution of the bending moment corresponding to the critical axial 
force demand of the walls in the height of models (a) 5-story building (b) 10- 
story building. 

Table 3 
The reinforcing bars used in the walls (values given in centimeters).  

Buildings Walls tw Lw Lc Lb φb φw 

5-Story (all stories) W1 20 300 5 40 Φ12 Φ8 

W2 20 500 5 70 Φ12 Φ8 

10-Story (stories 1 to 4) W1 20 300 5 40 Φ18 Φ12 

W2 20 500 5 70 Φ18 Φ12 

10-Story (stories 1 to 4) W1 20 300 5 40 Φ12 Φ8 

W2 20 500 5 70 Φ12 Φ8  
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6. Energy dissipation in the dominant failure mode 

In the technical literature, sometimes brittle failure modes are re
ported. Due to the minimal energy dissipation in brittle failures, such 
failure modes should be generally avoided by considering suitable 
design detailing in the structural design process. Based on the structural 
analysis results in Section 5, for the tunnel-form concrete system, the 
dominant shear failure mode in the main lateral load-carrying compo
nents (walls and coupling beams) is highly probable. In such conditions, 
within the range of nonlinear shear behavior, the contribution of the 
elements in absorbing and dissipating energy is not clear. 

According to Fig. 24, the energy balance diagram (ET) for a ground 
motion excitation includes energy dissipated due to the nonlinear 

behavior of elements (E1), modal damping (E2), strain energy (E3), and 
kinetic energy (E4). 

The primary elements of the lateral load-carrying system dissipate a 
percentage of the total earthquake input energy (ET) as they enter the 
nonlinear behavior range. For tunnel-form buildings, this energy is 
defined as the sum of the energy dissipated in the coupling beams and 
walls. Due to plan symmetry, it is sufficient to investigate the energy 
absorbed by the walls and coupling beams located in axes 1 and 2 
(Fig. 25). 

Considering E1 plots in Fig. 24, more than 70% of the total earth
quake input energy due to accelerogram R1 is consumed by the struc
tural elements (74.22% for the 5-story building and 74.82% for the 10- 
story building). According to Table 7, this conclusion holds true for 

Fig. 18. The shear wall sections and their capacity (a) introduction of geometric parameters and section reinforcement details (b) Flexural-axial capacity of walls in 
the 5-story building (c) Flexural-axial capacity of walls in the 10-story building. 

Table 4 
Demand and Capacity of Wall W1 under accelerogram R1.  

Story no. Pu (kN) Mu (kN.m) P0 (kN) Mn (kN.m) 

5-Story 10-Story 5-Story 10-Story 5-Story 10-Story 5-Story 10-Story 

1 716.0  1601.4 649.1  2451.0 2250.0  2250.0 2300.0  4900.0 
2 559.2  1350.0 549.0  1892.0 2250.0  2250.0 2100.0  4850.0 
3 416.7  1211.0 471.0  1063.0 2250.0  2250.0 2000.0  4720.0 
4 325.6  1193.0 156.0  855.3 2250.0  2250.0 1918.0  4700.0 
5 189.5  1117.0 18.0  564.0 2250.0  2250.0 1792.0  2660.0 
6 -  975.2 -  468.0 -  2250.0 -  2552.0 
7 -  848.3 -  353.0 -  2250.0 -  2430.0 
8 -  736.8 -  163.0 -  2250.0 -  2300.0 
9 -  548.7 -  147.0 -  2250.0 -  2100.0 
10 -  286.2 -  92.6 -  2250.0 -  1850.0  
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other accelerograms as well. 
According to Fig. 25, from the total energy dissipated due to 

nonlinear behavior in the members (represented as T), the share of walls 
and coupling beams located in axis 1 (and axis 4) is close to 14%, and the 
share of elements located in axis 2 (and axis 3) is close to 35%. However, 
considering the contribution of each axis to the overall lateral stiffness of 
the building, this observation appears reasonable. For other ground 
motion records as well, the results are quite similar (Table 8). 

it is observed that under the design-level seismic demand, the 
contribution of nonlinear shear behavior of elements to the dissipation 
of seismic input energy is significant (minimum of 71.45% for the 5- 
story building and 70.35% for the 10-story building). Accordingly, the 
shear actions in the elements of the system are deformation-control and 
their failure under shear forces is deemed the desirable failure mode. 

7. Conclusion 

The present study aimed to determine the probable failure mode of 
walls in the tunnel-form concrete system. The modeling process of the 
studied structures is based on the fiber plasticity model, allowing for the 
occurrence of flexural and shear failures. In order to determine the 
contributions of shear and flexural actions in the failure of walls, two 
distinct approaches were adopted. In the first approach, considering 
linear behavior in shear, the possibility of longitudinal rebar yielding 
due to flexural moments is investigated. In the second approach, linear 
behavior is assumed for steel and concrete fibers, and the performance of 
walls under shear actions is studied. In the range of studied models and 
adopted assumptions, the following conclusions are drawn from the 
performed analyses: 

Table 5 
Demand and Capacity of Wall W2 under accelerogram R1.  

Story no. Pu (kN) Mu (kN.m) P0 (kN) Mn (kN.m) 

5-Story 10-Story 5-Story 10-Story 5-Story 10-Story 5-Story 10-Story 

1 1196.0  3227.0 3578.0  6098.0 3750.0  3750.0 6200.0  14800.0 
2 860.3  2606.0 2110.0  4352.0 3750.0  3750.0 5600.0  13900.0 
3 645.7  2042.0 673.0  2954.0 3750.0  3750.0 5300.0  13000.0 
4 429.1  1702.0 273.0  1952.0 3750.0  3750.0 5000.0  12300.0 
5 211.9  1421.0 279.0  405.0 3750.0  3750.0 4500.0  6500.0 
6 -  1306.0 -  260.0 -  3750.0 -  6400.0 
7 -  1128.0 -  466.6 -  3750.0 -  6200.0 
8 -  955.8.0 -  279.0 -  3750.0 -  6000.0 
9 -  645.7 -  266.0 -  3750.0 -  5300.0 
10 -  292.5 -  250.0 -  3750.0 -  4800.0  

Fig. 19. Comparison of demand and capacity of wall W1 in (a) 5-story and (b) 10-story buildings.  

Fig. 20. Comparison of demand and capacity of wall W2 in (a) 5-story and (b) 10-story buildings.  
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1. In the pushover analysis, the base shear corresponding to the flexural 
failure of walls (the limit state of vertical bar yielding) was calculated 
to be several times larger than the base shear corresponding to the 
initiation of nonlinear behavior under shear loading (6.1 and 4.4 
times larger for the 5 and 10-story buildings, respectively). More
over, this base shear value was estimated to be 10% larger than the 
base shear corresponding to the shear failure of walls (limit state of 
IO performance level). Based on these results, shear failure mode 
prevails over flexural failure mode in the walls.  

2. Considering nonlinear shear behavior, in the time history analysis 
under the design earthquake, the shear strain in the walls was 
calculated to be more than 13 times larger than the shear strain 
corresponding to the initiation of nonlinear shear behavior due to 
shear actions. At this intensity level, for critical combinations of axial 
force demand and bending moments, the wall sections provided 
sufficient capacity. The maximum ratio of the required flexural de
mand in walls to the allowable flexural capacity of the section was 
less than 0.75. In this analysis, the accuracy of the assumptions of 
deformation-control shear forces and force-control interaction of 
axial force and bending moments for the tunnel-form concrete walls 
was confirmed.  

3. In the tunnel-form concrete system, under the design earthquake, 
more than 70% of the input energy is consumed by the nonlinear 
shear behavior of elements. The results indicate that the failure of 
elements under shear actions is sufficiently desirable and energy- 
absorbing.  

4. The existing geometric criterion for categorizing shear wall behavior 
based on the height-to-length ratio (α) is not applicable to the tunnel- 
form concrete buildings. In the studied buildings, this parameter was 
calculated to be greater than 2, but contrary to expectations, shear 
failure mode prevailed in the walls. 

In this study, the failure mode of tunnel-form walls has been assessed 
numerically on full scale numerical models. Modeling and performance 
evaluation of the system were carried out based on ASCE Standard [13]. 
In the similar studies, patterns of crack distribution in elements, the 
precise location and shape of concrete failure, and yielding in bars are 
not precisely determined. Nevertheless, determining the failure mode 
and investigating these aspects through detailed finite element analyses 
(at the micro scale) and laboratory tests on models with real scales 
should be further investigated in the future research. 
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Fig. 21. Ratio of critical axial force demand to ultimate axial force in walls of 
(a) 5-story and (b) 10-story buildings. 

Fig. 22. Ratio of bending moment demand to wall flexural capacity in (a) 5- 
story and (b) 10-story buildings. 

Fig. 23. Distribution of maximum shear strain of walls in the height of struc
tures and the limit state corresponding to the onset of nonlinear shear behavior 
in models: (a) 5- story and (b) 10-story buildings. 

Table 6 
Calculation of geometric parameter α for walls W1 and W2.   

5-Storey building 10-Storey building 

Walls W1 W2 W1 W2 

α 5 3 10 6  
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