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Abstract

Multi-story reinforced concrete tunnel form buildings are one of the common structural types in regions prone to high seismic
risk due to the buildings inherent earthquake resistance and ease of construction. Despite their good performance during earth-
quakes in 1999 in Turkey, and abundance of such structures scattered worldwide, current seismic codes and design provisions
provide insufficient guidelines for their seismic design. As a compensatory measure, a series of modal and nonlinear static analy-
ses are conducted by emphasizing the characteristic dynamic behavior of tunnel form buildings including impacts of wall-to-wall
and wall-to-slab interaction and effects of torsion and wall-openings on the load transfer mechanism and seismic performance. A
new formula for explicit determination of their fundamental period is developed in addition to a recommended response
reduction factor and reinforcement detailing around shear-wall openings.
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1. Introduction

Multi-story reinforced concrete (RC) tunnel form
buildings (i.e., box type buildings) are been increasingly
constructed worldwide. The main components of a tun-
nel form system are its relatively thinner shear-walls
and flat-slabs compared to those of traditional RC
buildings. Shear-walls in tunnel form buildings are uti-
lized as the primary lateral load resisting and vertical
load carrying members due to the absence of beams
and columns. Typical implementation of the tunnel
form system and its details are exhibited in Fig. 1. In a
tunnel form system, load carrying pre-cast members
are avoided, whereas nonstructural pre-cast elements
such as RC stairs and outside facade panels are com-
monly used to expedite construction. Continuity of
shear-walls throughout the height is recommended to
avoid local stress concentrations and to minimize
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torsion. Such a strict shear-wall configuration in the
plan and throughout the height of the building may
limit the interior space use from an architectural point
of view, and this is one of the disadvantages of tunnel
form buildings. During construction, walls and slabs,
having almost the same thickness, are cast in a single
operation. This process reduces not only the number of
cold-formed joints, but also the assembly time. The
simultanecous casting of walls and slabs results in
monolithic structures unlike any other frame-type RC
buildings. Consequently, tunnel form buildings gain
enhanced seismic performance by retarding plastic
hinge formations at the most critical locations, such as
slab-wall connections and around wall openings.
Seismic performances of tunnel form buildings have
been observed during earthquakes (Mw 7.4 Kocaeli
and My 7.2 Duzce) in Turkey in 1999. These earth-
quakes struck the most populated areas, and caused
substantial structural damage, casualties and economic
loss. However, in the aftermath of these events, neither
demolished nor damaged tunnel form buildings located
in the vicinity of the worst-hit regions were reported in
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Sliding form unit

Fig. 1. Tunnel form construction technique and its special formwork system.

contrast to the severely damaged conditions of many
conventional RC buildings. Such a creditable perform-
ance of tunnel form buildings has aided their construc-
tion in Turkey as a replacement of many severely
damaged and collapsed RC buildings. Not only in
Turkey, but also in many other countries prone to seis-
mic risk, tunnel form buildings are gaining increasing
popularity. This accentuates an urgent need to clarify
seismic behavior, design and safety issues of these
buildings.

In this study, consistency of code-based empirical
formulas to estimate the fundamental period of build-
ings was evaluated for tunnel form buildings. The com-
parative analysis results reveal that common formulas
involving the Turkish Seismic Code, TSC [27] and the
Uniform Building Code [23] may yield inaccurate
results for explicit determination of their fundamental
period. Based on the premise that such formulas are
commonly used in engineering practice, a new predic-
tive equation is proposed in this paper. This equation
was developed based on the finite element analysis of
140 buildings having a variety of plans, heights and
wall-configurations. This equation and the values of its
estimating parameters are introduced in the first part of
the paper. The seismic performance evaluation is next
presented based on the inelastic static analyses of two
representative case studies. To accomplish detailed
three-dimensional (3D) analyses on shear-wall domi-
nant systems, a nonlinear isoparametric shell element
having opening—closing and rotating crack capabilities
was utilized. Thus, the seismic behavior of tunnel form
buildings was investigated more efficiently without
necessitating any simplifications in the finite element
models (e.g., use of a rigid beam as a link element and/
or a wide beam—column element for shear-wall model-
ing). This efficiency further facilitated the investigation

of the 3D behavior, diaphragm flexibility, slab—wall
interaction and torsion. The stress concentration and
shear flow around the shear-wall openings and their
reinforcement detailing were also studied. The results
obtained from the 3D models were compared with
those of the 2D models. In the final part, the value of a
consistent response modification factor (R-factor) is
introduced for a typical tunnel form building.

2. A simple formula development for fundamental
period estimation

It is a customary practice to obtain the lower bound
fundamental period of a structure via code-given
expressions to establish the proper design force level
unless modal analysis based on the detailed finite
element model is conducted. Therefore, accurate esti-
mation of the fundamental period is inevitably essential
to calculate the reliable design forces. It has long been
recognized that significant errors tend to occur when
the code-given equations such as those given in the
UBC and the TSC are utilized for shear-wall dominant
systems [11,25]. To compensate for this deficiency, Lee
et al. [25] proposed a simple formula based on their
experimental data to estimate the lower bound funda-
mental period of tunnel form buildings having stories
>15. A set of new formulas to estimate the period of
such buildings having stories <15 has been recently
developed by Balkaya and Kalkan [11]. The objective
here is to present updated information on the period of
tunnel form buildings using an extended building
inventory as a continuation of our earlier work. In this
paper, a simpler formula that can be applicable
for both mid-rise (story level < 15) and high-rise
(story level > 15) tunnel form buildings is developed



C. Balkaya, E. Kalkan | Engineering Structures 26 (2004) 2081-2099 2083

Table 1
Structural and dynamic properties of tunnel form buildings
Plan No. No. of Height Dimension (m) Shear-wall area (m*)  FEM results Predicted period, 7 (s)
story - (m) Length  Width  Length  Width T (s) First mode  Eq. (1)  TSC98  UBCY7
1 5 14.0 29.70 15.70 4.78 17.80 0.13 Long. 0.27 0.17 0.17
10 28.0 29.70 15.70 4.78 17.80 0.29 0.53 0.38 0.37
12 33.6 29.70 15.70 4.78 17.80 0.37 0.64 0.45 0.44
15 42.0 29.70 15.70 4.78 17.80 0.49 0.80 0.55 0.54
18 50.4 29.70 15.70 5.98 22.25 0.70 1.05 0.57 0.57
20 56.0 29.70 15.70 7.97 29.67 0.74 1.31 0.54 0.54
25 70.0 29.70 15.70 7.97 29.67 1.03 1.64 0.65 0.64
2 5 14.0 31.04 19.92 3.40 19.92 0.12 Long. 0.20 0.15 0.15
10 28.0 31.04 19.92 3.40 19.92 0.28 0.40 0.35 0.35
12 33.6 31.04 19.92 3.40 19.92 0.35 0.48 0.42 0.42
15 42.0 31.04 19.92 3.40 19.92 0.47 0.60 0.52 0.52
18 50.4 31.04 19.92 4.25 24.90 0.58 0.79 0.55 0.54
20 56.0 31.04 19.92 5.67 33.20 0.64 0.99 0.52 0.52
25 70.0 31.04 19.92 5.67 33.20 0.95 1.24 0.63 0.62
3 5 14.0 38.80 17.03 3.98 19.60 0.14 Long. 0.25 0.18 0.18
10 28.0 38.80 17.03 3.98 19.60 0.31 0.49 0.39 0.39
12 33.6 38.80 17.03 3.98 19.60 0.39 0.59 0.47 0.46
15 42.0 38.80 17.03 3.98 19.60 0.50 0.74 0.57 0.57
18 50.4 38.80 17.03 4.98 24.50 0.59 0.97 0.60 0.59
20 56.0 38.80 17.03 6.64 32.67 0.64 1.21 0.57 0.56
25 70.0 38.80 17.03 6.64 32.67 0.93 1.51 0.68 0.67
4 5 14.0 12.00 8.00 1.44 2.88 0.14 Trans. 0.25 0.32 0.32
10 28.0 12.00 8.00 1.44 2.88 0.35 0.50 0.61 0.77
12 33.6 12.00 8.00 1.44 2.88 0.49 0.60 0.70 0.94
15 42.0 12.00 8.00 1.44 2.88 0.76 0.75 0.82 1.18
18 50.4 12.00 8.00 1.80 3.60 1.01 0.99 0.95 1.25
20 56.0 12.00 8.00 2.40 4.80 1.17 1.23 1.02 1.18
25 70.0 12.00 8.00 2.40 4.80 1.81 1.54 1.21 1.43
5 5 14.0 12.00 8.00 3.84 1.92 0.16 Torsion 0.28 0.36 0.42
10 28.0 12.00 8.00 3.84 1.92 0.43 0.56 0.61 0.80
12 33.6 12.00 8.00 3.84 1.92 0.55 0.68 0.70 0.93
15 42.0 12.00 8.00 3.84 1.92 0.74 0.84 0.82 1.12
18 50.4 12.00 8.00 4.80 2.40 0.89 1.11 0.95 1.15
20 56.0 12.00 8.00 6.40 3.20 0.97 1.38 1.02 1.08
25 70.0 12.00 8.00 6.40 3.20 1.28 1.73 1.21 1.29
6 5 14.0 12.00 8.00 1.44 3.84 0.11 Long. 0.26 0.30 0.29
10 28.0 12.00 8.00 1.44 3.84 0.32 0.53 0.61 0.71
12 33.6 12.00 8.00 1.44 3.84 0.45 0.63 0.70 0.86
15 42.0 12.00 8.00 1.44 3.84 0.69 0.79 0.82 1.07
18 50.4 12.00 8.00 1.80 4.80 0.93 1.04 0.95 1.13
20 56.0 12.00 8.00 2.40 6.40 1.08 1.29 1.02 1.08
25 70.0 12.00 8.00 2.40 6.40 1.68 1.61 1.21 1.30
7 5 14.0 12.00 8.00 2.88 2.64 0.13 Torsion 0.29 0.36 0.46
10 28.0 12.00 8.00 2.88 2.64 0.35 0.57 0.61 0.84
12 33.6 12.00 8.00 2.88 2.64 0.50 0.69 0.70 0.97
15 42.0 12.00 8.00 2.88 2.64 0.75 0.86 0.82 1.15
18 50.4 12.00 8.00 3.60 3.30 1.02 1.13 0.95 1.19
20 56.0 12.00 8.00 4.80 4.40 1.18 1.40 1.02 1.11
25 70.0 12.00 8.00 4.80 4.40 1.83 1.75 1.21 1.32
8 5 14.0 38.80 17.03 3.98 19.60 0.14 Torsion 0.25 0.36 0.44
10 28.0 38.80 17.03 3.98 19.60 0.44 0.49 0.61 0.81
12 33.6 38.80 17.03 3.98 19.60 0.58 0.59 0.70 0.94
15 42.0 38.80 17.03 3.98 19.60 0.82 0.74 0.82 1.12

(continued on next page)
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Table 1 (continued)
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Plan No. No. of Height Dimension (m) Shear-wall area (m?)  FEM results Predicted period, T (s)
story - (m) Length  Width  Length  Width  T(s) Firstmode Eq. (1)  TSC98  UBCY7
18 50.4 38.80 17.03 4.98 24.50 1.03 0.97 0.95 1.16
20 56.0 38.80 17.03 6.64 32.67 1.15 1.21 1.02 1.09
25 70.0 38.80 17.03 6.64 32.67 1.69 1.51 1.21 1.29
9 5 14.0 12.00 8.00 4.80 1.92 0.16 Torsion 0.29 0.36 0.40
10 28.0 12.00 8.00 4.80 1.92 0.43 0.58 0.61 0.75
12 33.6 12.00 8.00 4.80 1.92 0.55 0.70 0.70 0.87
15 42.0 12.00 8.00 4.80 1.92 0.74 0.88 0.82 1.04
18 50.4 12.00 8.00 6.00 2.40 0.89 1.15 0.95 1.07
20 56.0 12.00 8.00 8.00 3.20 0.98 1.43 1.01 1.01
25 70.0 12.00 8.00 8.00 3.20 1.28 1.79 1.20 1.19
10 5 14.0 35.00 20.00 7.20 12.96 0.16 Long. 0.23 0.17 0.17
10 28.0 35.00 20.00 7.20 12.96 0.38 0.46 0.39 0.39
12 33.6 35.00 20.00 7.20 12.96 0.48 0.55 0.47 0.46
15 42.0 35.00 20.00 7.20 12.96 0.64 0.69 0.57 0.57
18 50.4 35.00 20.00 9.00 16.20 0.80 0.90 0.60 0.59
20 56.0 35.00 20.00 12.00 21.60 0.92 1.12 0.57 0.56
25 70.0 35.00 20.00 12.00 21.60 1.22 1.40 0.68 0.67
11 5 14.0 11.00 9.00 2.64 1.80 0.23 Torsion 0.23 0.34 0.33
10 28.0 11.00 9.00 2.64 1.80 0.63 0.46 0.61 0.79
12 33.6 11.00 9.00 2.64 1.80 0.82 0.56 0.70 0.95
15 42.0 11.00 9.00 2.64 1.80 0.83 0.69 0.82 1.18
18 50.4 11.00 9.00 3.30 2.25 1.35 0.91 0.95 1.24
20 56.0 11.00 9.00 4.40 3.00 1.44 1.14 1.02 1.18
25 70.0 11.00 9.00 4.40 3.00 1.94 1.42 1.21 1.42
12 5 14.0 31.50 27.15 9.70 13.86 0.16 Torsion 0.19 0.26 0.26
10 28.0 31.50 27.15 9.70 13.86 0.42 0.37 0.61 0.63
12 33.6 31.50 27.15 9.70 13.86 0.55 0.45 0.70 0.76
15 42.0 31.50 27.15 9.70 13.86 0.77 0.56 0.82 0.95
18 50.4 31.50 27.15 12.13 17.33 0.98 0.73 0.95 1.00
20 56.0 31.50 27.15 16.17 23.10 1.10 0.91 0.96 0.95
25 70.0 31.50 27.15 16.17 23.10 1.54 1.14 1.16 1.15
13 5 14.0 25.50 25.04 10.70 10.88 0.14 Torsion 0.19 0.19 0.19
10 28.0 25.50 25.04 10.70 10.88 0.40 0.38 0.41 0.41
12 33.6 25.50 25.04 10.70 10.88 0.55 0.46 0.49 0.48
15 42.0 25.50 25.04 10.70 10.88 0.80 0.57 0.59 0.59
18 50.4 25.50 25.04 13.38 13.60 1.03 0.75 0.62 0.61
20 56.0 25.50 25.04 17.83 18.13 1.17 0.94 0.59 0.58
25 70.0 25.50 25.04 17.83 18.13 1.69 1.17 0.70 0.69
14 5 14.0 28.00 12.00 2.88 3.60 0.13 Long. 0.23 0.30 0.29
10 28.0 28.00 12.00 2.88 3.60 0.40 0.46 0.57 0.56
12 33.6 28.00 12.00 2.88 3.60 0.54 0.55 0.66 0.65
15 42.0 28.00 12.00 2.88 3.60 0.79 0.69 0.79 0.78
18 50.4 28.00 12.00 3.60 4.50 1.02 0.90 0.81 0.81
20 56.0 28.00 12.00 4.80 6.00 1.16 1.13 0.77 0.76
25 70.0 28.00 12.00 4.80 6.00 1.70 1.41 0.91 0.90
15 5 14.0 27.00 24.00 8.40 13.55 0.17 Torsion 0.20 0.19 0.18
10 28.0 27.00 24.00 8.40 13.55 0.49 0.39 0.40 0.39
12 33.6 27.00 24.00 8.40 13.55 0.65 0.47 0.47 0.47
15 42.0 27.00 24.00 8.40 13.55 0.92 0.59 0.57 0.57
18 50.4 27.00 24.00 10.50 16.94 1.16 0.78 0.60 0.59
20 56.0 27.00 24.00 14.00 22.58 1.32 0.97 0.57 0.56
25 70.0 27.00 24.00 14.00 22.58 1.84 1.21 0.68 0.67
16 5 14.0 32.00 26.00 9.40 15.00 0.17 Torsion 0.19 0.17 0.17
10 28.0 32.00 26.00 9.40 15.00 0.49 0.39 0.36 0.36
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Table 1 (continued)
Plan No. No. of Height Dimension (m) Shear-wall area (m*) ~ FEM results Predicted period, 7 (s)
story - (m) Length  Width  Length  Width T (s) Firstmode Eq. (1)  TSC98  UBCY7
12 33.6 32.00 26.00 9.40 15.00 0.64 0.47 0.43 0.43
15 42.0 32.00 26.00 9.40 15.00 0.88 0.58 0.53 0.52
18 50.4 32.00 26.00 11.75 18.75 1.10 0.77 0.55 0.55
20 56.0 32.00 26.00 15.67 25.00 1.24 0.96 0.52 0.51
25 70.0 32.00 26.00 15.67 25.00 1.69 1.20 0.62 0.62
17 5 14.0 24.00 14.00 4.80 7.44 0.17 Torsion 0.25 0.28 0.28
10 28.0 24.00 14.00 4.80 7.44 0.48 0.50 0.55 0.54
12 33.6 24.00 14.00 4.80 7.44 0.63 0.60 0.64 0.63
15 42.0 24.00 14.00 4.80 7.44 0.88 0.75 0.77 0.76
18 50.4 24.00 14.00 6.00 9.30 1.12 0.99 0.79 0.79
20 56.0 24.00 14.00 8.00 12.40 1.29 1.23 0.75 0.74
25 70.0 24.00 14.00 8.00 12.40 1.80 1.54 0.89 0.88
18 5 14.0 16.00 12.00 3.84 8.16 0.11 Torsion 0.27 0.32 0.32
10 28.0 16.00 12.00 3.84 8.16 0.26 0.54 0.60 0.60
12 33.6 16.00 12.00 3.84 8.16 0.33 0.64 0.70 0.69
15 42.0 16.00 12.00 3.84 8.16 0.45 0.80 0.82 0.83
18 50.4 16.00 12.00 4.80 10.20 0.59 1.06 0.86 0.85
20 56.0 16.00 12.00 6.40 13.60 0.68 1.32 0.81 0.80
25 70.0 16.00 12.00 6.40 13.60 1.03 1.64 0.96 0.95
19 5 14.0 28.00 12.00 5.76 6.00 0.13 Torsion 0.29 0.30 0.29
10 28.0 28.00 12.00 5.76 6.00 0.40 0.59 0.57 0.56
12 33.6 28.00 12.00 5.76 6.00 0.54 0.70 0.66 0.65
15 42.0 28.00 12.00 5.76 6.00 0.79 0.88 0.79 0.78
18 50.4 28.00 12.00 7.20 7.50 1.02 1.15 0.81 0.81
20 56.0 28.00 12.00 9.60 10.00 1.16 1.44 0.77 0.76
25 70.0 28.00 12.00 9.60 10.00 1.70 1.79 0.91 0.90
20 5 14.0 16.00 12.00 3.84 5.76 0.12 Trans. 0.25 0.33 0.33
10 28.0 16.00 12.00 3.84 5.76 0.31 0.50 0.61 0.62
12 33.6 16.00 12.00 3.84 5.76 0.39 0.61 0.70 0.72
15 42.0 16.00 12.00 3.84 5.76 0.52 0.76 0.82 0.87
18 50.4 16.00 12.00 4.80 7.20 0.64 0.99 0.90 0.89
20 56.0 16.00 12.00 6.40 9.60 0.73 1.24 0.85 0.84
25 70.0 16.00 12.00 6.40 9.60 1.06 1.55 1.01 1.00

Long. implies longitudinal direction; Trans. implies transverse direction.

based on the finite element analyses of 20 different
buildings (most have as-built plans and were already
constructed). Each building was studied for seven dif-
ferent story levels (i.e., 5, 10, 12, 15, 18, 20 and 25).
Shear-wall thickness was taken as 12 cm for buildings
up to 15-story, 15 cm for 18-story buildings and 20 cm
for 20- and 25-story buildings. The database compiled
constitutes 140 buildings, their plan dimensions, num-
ber of stories and height, plan shear-wall areas in two
directions as well as computed fundamental periods
using 3D FEM analyses. This ensemble is presented in
Table 1. The equation developed to predict the funda-
mental period of the tunnel form buildings has the
following form:

VR

I=Ch—F———
(Ritnetn T Riigen)

(1)

where T is the period in s; / is the total height of build-
ing in m; R is the ratio of long side dimension to short
side dimension of the building; Riengm 1s the ratio of
shear-wall area oriented along the length to a typical
story area; and Ryiqmn 1S the ratio of shear-wall area
oriented along the width to typical story area. In this
equation, C and a are the estimator parameters
obtained from regression analysis, and are equal to
0.138 and —0.4, respectively. The results obtained are
also used to compute the associated errors in the
estimation. The standard deviation of residuals, o,
expressing the random variability of periods, is 0.3 and
the value of R* (i.e., indication of goodness of fit) is
equal to 0.80. There is no significant bias observed
from the investigation of the residuals. Eq. (1) is simi-
lar to code equations (e.g., UBC and TSC) except for
the three new parameters that we introduced. Analysis
of results herein and from our earlier studies shows
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that tunnel form buildings are significantly susceptible
to torsion (see Table 1 for the first mode deformed
shapes of the buildings) due to the plan shear-wall con-
figuration that is restricted by the tunnel form con-
struction technique. To account for this behavior and
the effects of shear-walls into the period estimation, an
additional parameter R is plugged into Eq. (1) incor-
porating two other new parameters, Ryiqin and Riengin.

3. Comparison with code-given period equations

Performance of Eq. (1) is next compared with code
equations given in both the TSC and UBC. The TSC
concerning constructions in seismic areas has been
recently modified in 1998. In TSC, the equation for
predicting the fundamental period of structures was
taken directly from the UBC [23] with small modifica-
tions. The general form of the equation given in these
provisions is as follows (note that the equations are in
SI unit system):

T = C(hy)* (2)

where T 'is the period in s; /,, is the height of the building
in m; C,=0.0853 (0.08) for steel moment-resisting
frames, C, =0.0731 (0.07) for reinforced concrete
moment-resisting frames and eccentrically braced
frames, and C, = 0.0488 (0.05) for all other buildings.
Alternatively, the value of C, for structures where

seismic loads are fully resisted by reinforced concrete
structural walls, can be taken as 0.0743 (0.075)/

AV? (<0.05). The numbers within the parentheses
show the corresponding values given in the TSC. The
value of A, can be calculated from the following

2.0 9 eo==Ecuation (1) 2.0 5 wCm=Equation (1)
—o—FEM ——FEM
——UBC ——UBC
~154 4-T5C ~151 4 TsC
4 I
2 &
=10 =10
2 2
& 05 o5 G
, [~ Plan-4
0.0 T T T | 0.0 - r : )
0 20 40 60 80 0 20 40 60 80
Height (1n) Height (m)
2.0 7 e=eEquation (1) 207 eom=Equation (1)
—=FEM —c=FEM
——UBC ——UBC
o151 54-TsC ~154 4-TsC
g g
> 1.0 4 &1 0 1 ;
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C. Balkaya, E. Kalkan | Engineering Structures 26 (2004) 2081-2099

formula:

A= 4,02+ (Do/h)’| (3)

where A, is the minimum cross-sectional area in any
horizontal plane in the first story in m? of a shear-wall;
D, is the length, in m, of a shear-wall in the first story in
the direction parallel to the applied forces. The value of
D,/h, used in Eq. 3 should not exceed 0.9. The period
estimation via Eq. (1) and also the UBC and TSC equa-
tions are compared in Fig. 2 for various buildings in the
database. Also shown in this figure are the finite element
analysis results as benchmark solutions. Comparisons
show significant deviation between the FEM results and
those computed using code equations. For many cases,
the code equations give a period much longer than those
computed for low- and mid-rise (i.e., 5, 10 and 12 story)
buildings, whereas for high-rise buildings (i.e.,
stories > 15) the reverse is observed, and they underesti-
mate the computed periods. In fact, the estimated peri-
ods should be the same or less than the actual period of
the structure; hence, their estimation should be con-
servative. In general, comparisons reveal that there is a
good correlation between the estimated periods via
Eq. (1) and FEM results. For some of the 5-story build-
ings in the database, our equation could not capture the
computed periods, and estimations result in higher devi-
ation and become non-conservative.

4. Comparison with experimental data

The estimated periods using Eq. (1) are next com-
pared with experimental data of Celebi et al. [14] and

20 9 wtmmEquation (1) 2.0 9 ecm=Equation (1)
e [ E M —F EM
—k—UBC ——UBC
~181 4 T5C ~181 T5C
o~ -
=101 = 1.0
= 2
Sus -y 205 /
3 Ko
: S Plan-7 Plan-$
0.0 1 1 y 1 0.0 T T T |
0 20 40 60 a0 0 20 40 60 a0
Height (m) Height (m)
20 7 eom=Equation [1) 2.0 7 mom=Equation (1)
e FEM = FEM
1.5 1 4—?58 154 ——LEC
g t g ——TSC
w w Y
=10 =104 o8
2 K 2 Pk
& 05 & 05 )
3 Plan-17 / Plan-19
0.0 r T T ) 0.0 T T T 1
0 20 40 60 80 0 20 40 80 g0
Height (m) Height ()

Fig. 2. Comparison of predicted periods via Eq. (1) with FEM, UBC (1997) and TSC (1998) expressions.
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verse direction).

Lee et al. [25]. Celebi et al. measured the fundamental
period of a mid-rise tunnel form building with and
without outside panel configuration (note that outside
panel wall is a nonstructural component). Most
recently, Lee et al. conducted ambient surveys on 50
high-rise tunnel form buildings having 15-25 stories.
Their building inventory has a wall thickness of 20 cm.
Fig. 3 shows these compiled experimental data and the
fundamental periods of the structures in our database.
The details of the buildings where ambient surveys
were conducted are given in Table 2 including their
plan dimensions, heights and plan shear-wall areas.
The estimated fundamental periods via Eq. (1) are also
given in this table for comparison. The experimental
data presented on the first 50 buildings have two peri-
ods, first along longitudinal direction and second along
transverse direction. On the other hand, Eq. (1) is
aimed at estimating the fundamental period regardless
of the direction, attempting to consider the shear-wall
configuration along both longitudinal and transverse
directions as well as the effects of possible torsion.
Therefore, it may only yield a single value assumed as
the fundamental period. Based on this premise, the
comparisons show that Eq. (1) gives estimates close to
periods along the longitudinal direction for the
majority of the buildings, but for only a few cases
underestimates transverse periods or overestimates
longitudinal periods. These results imply that Eq. (1) is
generally conservative as expected from any code-given
equations. In fact, the period of the structures elon-
gates during inelastic response because of the stiffness
degradation. Hence, Eq. (1) can be used to estimate the

lower bound fundamental period of tunnel form build-
ings having stories 5-25. In this study, the effects of
nonstructural components (e.g., outside panel walls) as
well as local-site effects on period estimation were
ignored (i.e., fixed support conditions are assumed in
all computer models); yet soil-structure interactions
have been part of our ongoing research. It should also
be noted that the proposed equation in this paper is
based on the general consensus of engineering applica-
tions. Pending the accumulation of additional new data
from the experimental studies and analyses of different
buildings, the derived equation here can be progress-
ively modified and improved.

5. Analytical model development for nonlinear
analysis

In order to evaluate the 2D and 3D nonlinear seis-
mic response of tunnel form buildings, 2- and 5-story
buildings were selected as representative case studies.
The plan and elevations of the buildings are shown in
Fig. 4. Their structural systems are composed of solely
shear-walls and slabs having the same thickness (12
cm) as in usual applications. Equal slab and wall thick-
ness (12-20 cm) of tunnel form buildings, generally less
than those of the conventional RC structures, results
in significant slab-wall interaction, and tunnel form
buildings behave like thin-wall-tubular structures where
in-plane rigidity is low [12]. Thus, high stress-concen-
tration may increase the crack propagation at the edges
of the slab-wall connections. Therefore, a rigid dia-
phragm assumption (infinitely rigid in their own plane)
to simplify the analysis and save from the run-time
may not warrant realistic solutions. To account for in-
plane floor flexibility, shear-walls and slabs were mod-
eled using finite elements having both flexural and
membrane capabilities (explained further in the forth-
coming section). A nonlinear shell element was
developed for that purpose using an isoparametric ser-
endipity interpolation scheme with 5 d.o.f. at each
node. This form of element description was selected in
order to have a variable edge order and arbitrarily
placed movable edge nodes (to consider the location
and amount of discrete reinforcement bars near the
edges and around the openings). This new element was
implemented to a general purpose finite element pro-
gram, POLO-FINITE [35]. The capability of moving
any of the element edge nodes to any location along an
edge allows these edge nodes to be placed in a proper
position where they can serve as end nodes for the
cover of a discrete reinforcement bar. This provides a
robust stiffness contribution coming from the main
reinforcement [9]. Besides arbitrarily movable edge
nodes, the advantage of a variable edge order in the
finite element modeling can be put to good use when
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Table 2

Experimental period data

Plan No. of Height (m)  Dimension (m) Shear-wall area (m?) Measured period, T (s) Predicted period, 7 (s)
No. story Length Width Length Width Long.? Trans.® Eq. (1)
1 15 40.0 38.98 11.26 13.17 24.58 1.92 0.71 1.42
2 15 40.0 27.22 12.83 10.48 18.16 N/A® 1.08 1.10
3 20 53.5 30.94 12.38 9.96 17.62 1.89 1.19 1.51
4 20 53.5 31.66 12.02 10.66 15.98 1.90 1.44 1.55
5 20 53.5 30.94 10.88 9.43 18.18 1.93 N/A 1.68
6 15 40.0 49.22 11.61 8.00 22.86 N/A 1.27 1.24
7 15 40.0 27.22 12.83 8.38 18.16 2.22 N/A 1.04
8 15 40.0 56.28 12.47 18.25 35.09 1.86 1.16 1.54
9 15 40.0 28.14 12.47 9.12 18.95 1.66 1.09 1.10
10 15 40.0 34.46 12.47 11.17 22.35 1.93 N/A 1.21
11 20 53.5 42.20 12.14 13.32 24.59 2.11 N/A 1.79
12 15 40.0 38.98 11.28 13.19 21.98 1.63 N/A 1.39
13 15 40.0 27.22 12.83 8.38 19.56 2.05 0.91 1.06
14 20 53.5 41.80 11.18 14.95 21.50 1.82 1.16 1.93
15 20 53.5 37.20 12.36 14.71 19.31 1.95 N/A 1.70
16 20 53.5 45.40 11.94 17.35 22.77 1.88 N/A 1.92
17 20 53.5 45.40 11.94 18.43 22.77 1.82 1.50 1.94
18 20 53.5 32.00 11.94 12.99 16.81 1.76 N/A 1.64
19 15 40.0 51.90 10.36 16.13 31.19 1.91 0.90 1.72
20 15 40.0 34.60 10.36 10.75 21.51 N/A 0.86 1.41
21 15 40.0 61.80 11.80 21.88 36.46 1.89 1.28 1.71
22 15 40.0 41.60 11.80 13.74 25.53 N/A 0.99 1.39
23 15 40.0 53.40 10.80 14.99 32.30 N/A 1.16 1.64
24 15 40.0 36.60 11.90 13.07 23.52 1.92 1.27 1.33
25 15 40.0 35.60 10.80 13.07 22.30 1.79 N/A 1.43
26 15 40.0 42.90 11.00 16.04 22.65 1.65 N/A 1.51
27 18 48.1 43.40 11.62 11.09 24.21 1.81 N/A 1.61
28 20 53.5 34.64 10.73 11.89 20.81 1.85 1.17 1.86
29 18 48.1 34.60 12.50 12.98 19.90 1.88 1.23 1.47
30 20 53.0 53.60 11.40 17.11 23.22 1.88 1.12 2.01
31 20 53.5 29.44 11.40 9.40 13.42 1.83 N/A 1.52
32 20 53.5 35.48 11.40 12.13 16.18 1.91 1.31 1.69
33 20 53.5 52.50 10.92 18.35 32.10 1.79 1.06 2.27
34 22 58.9 52.50 10.92 18.35 33.25 1.89 1.04 2.52
35 25 67.0 43.40 12.12 12.62 24.20 2.33 1.79 222
36 25 67.0 35.00 10.92 11.47 22.93 N/A 1.33 2.32
37 25 67.9 38.10 12.30 11.25 22.49 2.56 1.39 2.11
38 25 67.9 20.80 11.50 7.65 13.40 2.04 1.59 1.77
39 25 67.9 27.30 12.00 7.21 16.38 2.17 1.61 1.79
40 25 68.0 63.90 11.50 14.70 33.80 2.50 N/A 2.69
41 25 68.0 51.84 12.60 16.98 27.43 2.13 1.69 2.42
42 19 51.1 36.80 11.20 13.19 23.08 1.89 N/A 1.79
43 20 53.9 36.80 11.20 13.19 21.43 1.79 1.25 1.87
44 15 40.0 18.30 10.70 4.31 11.75 1.69 0.90 0.94
45 20 55.6 35.60 11.40 15.42 13.80 1.79 N/A 1.79
46 20 55.6 53.40 11.40 19.48 20.70 1.72 1.25 2.12
47 20 55.6 41.60 12.00 13.98 24.96 1.82 1.27 1.91
48 20 54.0 31.80 10.00 8.27 17.81 N/A 1.25 1.78
49 20 54.0 51.20 11.60 13.07 26.13 1.96 1.39 1.93
50 20 54.0 50.40 12.30 11.16 33.48 2.13 1.20 1.84
51 15 44.1 20.86 19.08 9.56 15.32 0.66 N/A 0.78

% Experimental data from 1 to 50 comes from Lee et al. [25]; data of 51 comes from Celebi et al. [14].
® Long. implies longitudinal direction; Trans. implies transverse direction; N/A stands for not available.

the stress gradients are expected to be high. This allows between different order finite elements can be adjusted
increasing the order of displacement field in critical to retain the compatibility along their common edges.
areas such as those around openings and slab-wall Another improvement from the use of this new element

connections. The matching of the displacement fields is the reduction in the capacity and computational time
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Fig. 4. Typical plan and elevations for 2- and 5-story buildings
(units are in cm). (a) 2 story elevation; (b) 5 story elevation;
(c) plan view.

required to reach a solution while retaining the level of
accuracy deemed desirable. To reduce the computa-
tional time as well as the capacity associated with the
3D modeling of incorporating new shell clement, a
mixture of finite elements of different order was used.
Higher order finite elements were utilized at the critical
locations where stress concentrations or stress gradients
were expected to be high.

In computer simulations, shear-walls were modeled
as attached to fixed base supports. Any foundation and
site effects were ignored. This may increase the com-
puted overturning base moments. In this study, the
shape of the stress—strain curve, tension stiffening and
the cracking having opening and closing capability
[18,26] were considered in the context of material non-

linearity, and the geometric nonlinearity was ignored
due to the relatively small deformation obtained.

5.1. Reinforcement modeling

Finite element modeling of the reinforcement in a
reinforced concrete member can be handled in a num-
ber of different ways. The steel can be considered as
discrete steel elements, as individual steel units embed-
ded in a concrete element, or as a smeared layer of
steel sandwiched within the concrete layers. In the dis-
crete steel model, reinforcing bars can be modeled
using special rod elements located between prescribed
element edge nodes. In general, these are two nodded
elements that present compatibility discontinuities with
the adjacent concrete unit. Higher order elements can
be used along the edges of comparable order concrete
elements. If a higher order element is desired with the
steel placed to pass through the interior of an element,
an embedded steel element should be preferred. On the
other hand, the smeared reinforcement model is the
easiest to implement, and it can transfer the effects of
the steel (i.e., strength and stiffness) directly into the
concrete element. In this study, nonlinear rod elements
having elasto-plastic stress—strain characteristics were
used around the openings and near the edges (see
Fig. 5). With the help of the developed isoparametric
shell element, the discrete steel could be included while
locating the rebars with proper concrete cover require-
ments. With a two noded rod element, the stiffness con-
tributed only to its end nodes. For this case, the bond
was neglected due to the incompatible nature of the
two displacement fields defining the deformations of
the steel and concrete. In this study, the smeared steel
model was used as the general reinforcement for non-
critical locations. It was treated as an equivalent uniax-
ial layer of the material at the appropriate depth and
smeared out over the element as several orthotropic
layers. The steel was taken into account in both faces
of the slabs and shear-walls, and in both principal
directions considering the minimum steel ratio and
cover thickness.

The reinforcements were modeled as discrete or
embedded based on the criticality of their locations.
The minimum amount of steel percentage for shear-
walls and slabs is 0.4% of the section area in accord-
ance with the ACI 318-95 [2] specifications. There were
also additional longitudinal and diagonal reinforce-
ment used in the modeling in the form of two #4 (13
mm in diameter) at the inner and outer faces of the
edges, and two #4 around the openings as shown in
Fig. 5. The material properties of the concrete and the
steel used in the analytical models are presented in
Table 3.
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Fig. 5. 3D finite element modeling of S-story building, and its edge and diagonal reinforcement detailing around openings.

5.2. Concrete crack modeling

Cracks in concrete can be modeled either as a
smeared or a discrete crack model. In the smeared
crack modeling, there are several options. They can be
modeled either as a fixed-crack or as a rotational-
crack. In most of the finite element analyses of RC
structures, crack directions are assumed to be fixed;
this means when the crack forms it remains open.
However, this model leads to crack directions that can
be inconsistent with the limit state [19]. The change in
the crack direction and the resultant change in the
direction of the maximum stiffness were clearly
observed in the experiments of Vecchio and Collins
[38]. Therefore, the need for an algorithm that accounts
for this rotating crack effects is inevitable. In fact, the
rotating crack models represent the actual behavior
more accurately [26]. The constitutive matrix derived
by Gallegos-Cezares and Schnobrich [18] was imple-
mented for that purpose. The important concrete
cracking behavior was handled through the smeared
crack concept that has a rotation as well as closing and
opening capabilities.

Table 3
Material properties of concrete and steel

Concrete

Steel

Steel rod element

E =2.14 x 10° t/m?
vy=20.2
Siu/feu = 0.06823

feog = 1925 t/m’

E=2x10" t/m?
v=20.3

Os(top) = 0.2% in
both directions
Os(bottom) = 0.2%
in both directions

fy = 22,000 t/m*

E=2x10" t/m?
v=203

As = 0.000226 m?
(at openings)

As = 0.000452 m?
(at edges)

fy = 22,000 t/m”

5.3. Analytical model verification

Two types of studies were carried out to verify the
accuracy of the developed models. For shear-wall
behavior, the Toronto University panel test results of
Vecchio and Collins [38] were used to compare the
experimental results with the computer simulations.
For the behavior of shear-walls having openings, the
scaled S-story building tested at the University of
Michigan [3,4] was used for cross-check. The crack pat-
terns of the shear-walls in the finite element models
were further compared with those observed during the
earthquakes. Conformity of the comparisons promoted
the use of the numerical model for the shear-wall domi-
nant systems. Details of the verification studies can be
found in elsewhere [9,10].

6. Seismic performance evaluation

Seismic performance evaluation of tunnel form
buildings was achieved via capacity spectrum method
as outlined in ATC-40 [8]. Pushover analyses on 2- and
5-story buildings were conducted to compute their
capacity curves. The buildings were loaded first with
gravity loads, then pushed (along y-direction in Fig. 4)
with the incrementally increased lateral load distri-
bution until the specified level of roof drifts was
reached. The inverted triangle invariant static load pat-
tern computed based on the UBC was used for this
purpose. The buildings were also modeled two dimen-
sionally considering only the main shear-walls (section
B-B in Fig. 4).

As mentioned before, torsion is an important beha-
vior appearing in the dynamic mode of tunnel form
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buildings. This phenomenon may appear due to the
restrictions of the tunnel form construction technique.
As such outside facade panels during construction
should be open to take the formwork back (see Fig. 1).
The procedure to account for the effects of the torsion
in the development of the capacity curves is explained
in ATC-40. In our study, the existence of torsion in the
first mode of the two buildings required modifications
in the capacity curves as well. The resultant modified
capacity curves for 2- and S-story buildings are pre-
sented in Fig. 6. Also shown in this figure are the
capacity curves for 2D and 3D models. The 3D models
yield higher capacity in both cases. The 2-story build-
ing is more rigid than the 5-story building and results
in significantly more capacity. For the 5-story building,
the yielding occurred at the location of the shear-wall
bases and the connection joints around the openings.
In the 2- and S5-story buildings, the overall system
behavior was completely controlled by the symme-
trically distributed shear-walls (see Fig. 4).

The capacity spectrum method (CSM) was next uti-
lized to identify the performance level of the buildings
according to ATC-40. The CSM is assumed to
uniquely define the structural capacity irrespective of
the earthquake ground motion. In order to reach a
comparable conclusion about the expected demand of
the structure under the design earthquake level, the
capacity curve should be plotted on the same format
with the specified demand spectrum. The demand curve
is represented by earthquake response spectra, and a
5% damped response spectrum is used to represent the
elastic demand. The capacity curves were converted
into the acceleration displacement response spectrum
(ADRS) format for comparison with demand curves.

2.0 A 3D

1.6 1

2k
2D

0.8 A

Base Shear/ Total Weight

0.4 1

2-story
0.0 f \ f 1

0.000 0.001 0.002 0.003 0.004

Top Deflection / Total Height

Fig. 6.

This procedure requires making modification on the
capacity curve by the first mode modal mass coefficient
and the modal participation factor. The effective
vibration periods of the 2- and 5-story buildings were
0.073 and 0.230 s, respectively. The 2- and 5-story
buildings were pushed to roughly 1.71 and 2.10 cm of
displacement at the roof level. The structural behavior
type was selected as Type A for both cases according to
ATC-40. During the conversion of capacity curve to
ADRS format, the procedure that requires change of
fundamental period, and therefore corresponding
equivalent damping as prescribed in ATC-40 [§] were
taken into account. The obtained values of the modal
participation factors (PFrg) and the effective mass
coefficients (o) were 1.30 and 0.89 for 2-story, and
1.38 and 0.76 for 5-story building. The seismic demand
was determined on the zone of high seismicity and soft
soil site condition (Z4) according to the TSC. The cor-
responding seismic demand and capacity spectra are
also plotted in ADRS format for comparison in
Figs. 7a and 8a for 2- and 5-story buildings, respect-
ively. The 2-story building possesses an energy dissi-
pation capacity at the ultimate stage equivalent to
28.9% equivalent viscous damping for which the
reduced demand spectrum intersect with its capacity
spectrum at the small spectral displacement. The
energy dissipation capacity of the 5-story building is
less than that of the 2-story building and equal to
24.6% equivalent viscous damping. These results verify
that the buildings are capable of satisfying the code
requirements at the acceleration sensitive region of the
design spectra. The capacity and demand intersect at a
performance point where the roof displacement to the
total height ratio is 0.003 and 0.0015 for 2- and 5-story
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Modified capacity curves for 2D and 3D models of 2- and 5-story buildings.
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buildings, respectively. At this level, the buildings are
considered to satisfy the immediate occupancy (10)
performance level defined in the ATC-40. The perform-
ance point is 1.42 cm (S4) for the 5-story building as
shown in Fig. 7a. This spectral displacement can be
back translated to a roof displacement of 1.95 cm
(Ar = Sq x PF®R) and a base shear coeflicient of 0.37
(VW = uS,).

In Figs. 7b and 8b, 5% damped response spectra of
the NS and EW components of the 1999 (Mw 7.4)
Kocaeli (Turkey) earthquake ground motions are
compared to capacity curves (Izmit EW 0.23 g PGA at
4.3 km from fault; Gebze NS 0.27 g PGA at 15 km;
Yarimca NS 0.23 g PGA at 3.3 km; Sakarya EW
0.41 g PGA at 3.2 km). The comparison of the demand
and response curves shows that the 2-story building eas-

ily reached the elastic demand spectra of the Kocaeli
earthquake ground motions since it shows a signifi-
cantly rigid behavior. The 5-story building capacity
barely intersects with the elastic design spectrum.

7. 3D behavior and tension—compression (T/C)
coupling

Tension—compression (T/C) coupling, executed by
in-plane and membrane forces within the shear-walls, is
a 3D originated mechanism forming in the tunnel form
buildings due to wall-to-wall (including walls with
openings) and wall-to-slab interactions. In this mech-
anism, the outer walls, oriented perpendicular to the
lateral loading direction, act as a flange when subjected
to bending loads, and resist the overall moment prim-
arily in tension and compression. On the other hand,
the inner walls, passing from the centroid and oriented
to the same direction with the lateral loading, act in
bending, and their contribution to overall moment
capacity is smaller. In general, this 3D originated
mechanisms show a characteristic T-section behavior.
Therefore, the resultant force mechanism exhibits a sig-
nificant contribution to the capacity and seismic per-
formance. The development of T/C coupling
mechanism in tunnel form buildings is illustrated in
Fig. 9.

The analyses showed that part of the walls above the
openings were deflected more in 2D models than in 3D
models (Fig. 10). In 2D simulations, the T/C coupling
was weakly accomplished with the transverse shear
through the coupling beams, whereas the transverse
walls in 3D cases stiffened the sections by providing
additional paths for the shear transfer (Fig. 12). The
local moment contribution coming from the main
shear-walls was not altered significantly from 2D to 3D
cases. This may be attributed to the limitation in con-
tribution of steel (i.e., limited to steel area and its yield
stress). When the analysis was switched from 2D to
3D, transverse walls provided an extra resistance. This
resulted in substantial increase in the lateral load carry-
ing capacity. The deflected shape of the 2-story build-
ing showed that the behavior of the structure was
dominated by in-plane and membrane forces. The
overturning base moments and resultant coupling
forces were computed considering contribution of cou-
ple walls to observe significance of 3D behavior. The
total overturning moment capacity of the 2-story build-
ing at its failure load level was found to be 2130 kN m
(213 ton m) in the 2D model. When the 3D model was
considered at this load level, the moment capacity
reached 1703 kN m (170.3 ton m) and gradually
increased up to 4420 kN m (442 ton m) at its failure
load level. This step up was accredited to the increase
in the tension and compression forces that were present
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in the longitudinal walls and their coupling effects with
the transverse walls. A similar behavior was observed
for the 5-story building as well.
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Fig. 9. Slap-wall interaction due to tension and compression (T/C)
coupling mechanism.

Demand and capacity comparison for 5-story building using (a) TSC (1998) design spectrum (soft soil site condition); (b) 1999 Kocaeli

8. Influence of flexible diaphragms on dynamic
behavior

The influence of flexible diaphragms on the dynamic
behavior of structures gains more significance parti-
cularly for thin-wall structures. Although the concep-
tual details were given in Tena-Colunga and Abrams
[36], and Fleischman and Farrow [16], for the integrity
of the concept the contribution of out-of-plane bending
on tunnel form building behavior is illustrated in a
simple 3D model described in Fig. 1la. This 2-story
building was laterally loaded in a similar fashion as
explained previously for 2- and 5-story buildings. The
moment distributions at the base of the shear-walls
were separated into their components coming from the
main wall (Wall-3), transverse walls (Wall-1 and -2)
and the slab. The resultant free body diagram for Wall-
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Fig. 10. Two-story building deflected shapes at failure load level. (a)
2D model; (b) 3D model.

3 (that contains an opening) is presented in Fig. 11b. In
this figure, My, denotes the slab bending moment. The
moments acting on Wall-3 from Wall-1 and Wall-2 are
in fact in-plane moments for Wall-3; however, they are
out-of-plane moments for Wall-1 and Wall-2. Here, the
transverse walls contribute to total acting moment on
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112 09 931 196 298 40.1

Fig. 12.
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Wall-3 with their out-of-plane moment components.
That phenomenon strongly arises during the 3D beha-
vior. Base moment from membrane forces due to ten-
sion/compression (T/C) couple is still dominant
compared to out-of-plane moment component of trans-
verse walls; yet, their contribution may increase when
the opening size is large enough to decrease the T/C
coupling moment [13].

9. Shear-wall openings and reinforcement detailing

In the tunnel form technique, the slabs are supported
only along their three sides by shear-walls while one
side remained unsupported in order to take the form-
work back (Fig. 1). In common practice, these three
shear-walls contain at least one opening for the func-
tional use and access. The analyses show that the open-
ings cause a strong disruption of the shear flow
between the adjacent shear-walls. This phenomenon
can be observed from the shear stress distribution of
2D and 3D models of the 5-story building in Fig. 12
(at the last loading step of pushover). Despite the door
openings introducing a strong disruption of the shear
flow, the effects of T/C coupling mechanism developed
in the system are significant. In the 3D model of the 2-
story building, vertical load resistance capacity at the
corner of the openings is 80% more than its 2D
counterpart. The effects of openings on the strength
and deformation capacity of the shear-wall systems are
generally different than those observed in conventional
frame-wall systems due to the coupling effects of beams
connecting the adjacent shear-walls. These differences

(b)

1.2

63 -1.1 54 17.0 229

-34 25 83 141 199 258

Five-story building shear stress distribution (units are in m and ton).
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are more evident when the 3D behavior is considered.
In general, no contra-flexure points form above the
openings as they do in the 2D coupled wall cases due
to the restraint of motion by the existing transverse
walls and slabs having a continuous edge support in
the 3D.

Due to the nature of stress concentration around the
openings, the use of the diagonal shear reinforcement
in addition to edge reinforcement (i.e., longitudinal
bars at both sides of openings as in Fig. 5) leads to a
significant contribution for retarding and slowing down
the crack propagation. In spite of this fact, current
codes and seismic provisions present insufficient
guidelines for the reinforcement detailing around the
openings of pierced shear-walls particularly for the
cases where there is no connection beam between two
adjacent shear-walls. The ACI 318-95 [2] building code
does not present any special reinforcement detailing as
was found necessary around the openings. In the com-

mentary of this code, the shear strength calculation is
given as it depends on the effective cross-sectional area
of a wall considering the existing opening. A reason-
able estimate for the lower bound of the shear strength
of low-rise walls with minimum web reinforcement was
presented by Wood in 1990 [40]. Additionally, the ACI
349 Nuclear Safety Structure Code [1] and the UBC
[23] indicate that in addition to the minimum reinfor-
cement in the walls, not less than two #5 (16 mm in
diameter) bars shall be provided around the openings.
The placement of diagonal shear reinforcement with an
angle of 45° at the sections above the openings is
recommended in the TSC. Due to the formation of
high stress concentration around the openings, the use
of the shear reinforcement as stirrups in the pierced
part in addition to the edge reinforcement provides a
significant confinement to the concrete covering the
main longitudinal bars, and prevents the buckling of
the bars and the premature shear failure. If diagonal
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Fig. 13. Reinforcement detailing around the openings of pierced
shear-walls.

bars are not provided, additional shear reinforcement
can be used to resist the diagonal tension. The mini-
mum amount of reinforcement and its detailing shown
in Fig. 13a can be recommended for the pierced shear-
walls in the case of existence of shallow sections above
the openings (using two #4 as top and bottom bars,
and two #4 at each vertical edge). Paulay and Binney
[33] suggested the use of the diagonal reinforcement in
deep coupling beams because of the relatively large
shears that develop and the likelihood of shear failures
under reversed cyclic loadings. Since the deep connec-
tions between shear-walls in the tunnel form buildings
behave in a similar fashion, the reinforcement details
given in Figs. 13b and c can be suggested when the
wall part above the openings of the pierced walls is
deeper. It should be also noted that the connecting
beams should not be stronger than its adjacent piers
that may cause earlier yielding of the piers before the
deep beams would become inelastic. This further facil-
itates restricted ductility and poor energy dissipation
under seismic excitation, and consequently soft story
mechanism may result [34]. Therefore, the degrees of
coupling between the wall parts considering the stiff-
ness of the adjacent slabs and transverse walls in the
three dimensions should be the basis for the reliable
reinforcement detailing around the openings of the tun-
nel form buildings. It should be noted that the pre-
sented reinforcement detailing herein is based on the
limited case studies investigated; numerous configura-
tions of openings and reinforcement detailing should
be evaluated for their generalization.

10. Response modification factor

In many seismic design codes and guidelines, such as
UBC, NEHRP provisions [5] and TSC, reduction in
seismic forces via response modification factor (R-fac-
tor) is justified by the unquantified overstrength and
ductile response of buildings during design earthquake.
However, none of these references addresses R-factor
for RC buildings composed of solely shear-walls. For

that reason, it is aimed here to clarify the above using
the results of previously discussed inelastic static push-
over analysis of the 5-story building.

The values assigned to R-factor are generally inten-
ded to account for the period-dependent ductility fac-
tor (R,), period-dependent overstrength factor (Rg),
and redundancy (Rg) factor. In this way, the R-factor
can simply be expressed as their product [6]:
R=Rs-R, Rr (4)

Recent developments in the displacement based
design methodology [8,17] enable more quantitative
evaluation of these factors. The relations exhibited in
Fig. 14 can be established for that purpose. In this fig-
ure, the redundancy factor was developed as part of
the project ATC-34 [7]. This is proposed to quantify
the improved reliability of seismic framing systems that
use multiple lines of vertical seismic framing in each
principal direction of a building [39]. For our studied
case, this factor equals to 1. For the evaluation of the
other two factors, seismic design parameters, such as
seismic zone, site geology, and fundamental period,
must be clearly identified as a priori. Accordingly, the
worst scenario (highest seismicity and soft-soil site con-
dition) based on the TSC was chosen. This corresponds
to a design base shear value of 0.25 W for the 5-story
building. The overstrength factor (Rg), which can be
determined as the ratio of the maximum lateral
strength of a building (V},) to the yield strength (V4),
envelops the global effects of story drift limitations,
multiple load combinations, strain hardening, partici-
pation of nonstructural elements, and other parameters
[37]. This relation and its sources have been the subject
of much research in recent years [20,29,32]. To quantify
this value, Hwang and Shinozuka [21] studied a four-
story RC intermediate moment frame building located
in seismic zone 2 as per the UBC [22], and they repor-
ted an overstrength factor of 2.2. Mwafy and Elnashai
[30] performed both inelastic static pushover and time-
history collapse analyses on 12 RC frame type build-
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Fig. 14. Relationships between the response modification (R), duc-
tility (R,), redundancy (Rg) and overstrength (Rs) factors.
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ings designed based on the ECS8 [15] codes and having
various heights and lateral load supporting systems.
They have declared that all studied buildings have
overstrength factors over 2. For the investigated case
here, the overstrength factor was calculated as 1.96. It
is expected that their actual values may be higher than
those estimated due to the contribution of non-
structural components.

The ductility factor (R,) is a measure of the global
nonlinear response of the system, and its quantification
was reflected in many publications (e.g., [24,28,31]).
Basically, this parameter can be expressed as the ratio
of elastic to inelastic strength (e.g., [30]) as illustrated
in Fig. 14. The resultant ductility factor was found as
2.0 for the 5-story building. It may yield to a response
modification factor of 4.0 according to Eq. (4). The
imposed R-factor in current seismic codes for RC
frame type structures having shear-wall system that
might be accepted as the closest form to tunnel form
buildings is equal to 5.5 in the UBC [23] and 4.0 or 6.0
(depending on the ductility level) in the TSC. This
comparison shows that values given in these references
are admissible for the 5-story building investigated. It
is certain that standardization of a response modifi-
cation factor entails further investigations on numerous
tunnel form buildings having different plan and height
combinations.

11. Conclusions and recommendations

This paper reflects the breadth of the multi-scope
study conducted on tunnel form buildings to identify
their most essential seismic design parameters, and
reveals the strong and weak points of the tunnel form
system. Based on the investigations, the following con-
clusions can be delineated.

In general, performing linear or nonlinear detailed
3D finite element analyses on tunnel form buildings is
difficult due to the existence of dominant shear-wall
configurations, and most of time not conducted for
design purposes. Therefore, code-given empirical for-
mulas are commonly used to estimate the lower-bound
fundamental period. Evidences based on the studies
show that code-equations may lead to intolerable
errors in estimating the periods of tunnel form build-
ings and consequently anticipated design loads for their
reliable seismic design. An alternative formula is pro-
posed in this paper to estimate the fundamental period
of tunnel form buildings having stories 5-25. Compar-
isons with experimental studies show a good corre-
lation and lend further credibility to its use in practice.

The performance evaluation of tunnel form buildings
was accomplished by utilizing CSM on two representa-
tive cases to estimate their inelastic deformation
demands. A widely used and popular approach to

establish these demand values is a ‘pushover’ analysis
in which a model of the building structure is subjected
to an invariant distribution of lateral forces. While
such an approach takes into account for redistribution
of forces following yielding of sections, it does not
incorporate the effects of varying dynamic character-
istics during the inelastic response. This is a major
drawback of the invariant load patterns in pushover
analysis. However, it was widely declared that such a
load distribution may be adequate for regular and
low-rise structures whose response is primarily in their
fundamental mode. We believe that based on the small
lateral deformation obtained and low-rise condition of
the buildings that we investigated, use of an inverted
triangle invariant load pattern could capture the
response sufficiently.

Evaluation of response modification factor for the 5-
story building yields a value of 4. In fact, actual
response modification factor should be higher due to
the remedial effects of nonstructural components.
Clearly, numerous configurations of tunnel form build-
ings should be evaluated for its validity.

Notwithstanding the preferable seismic resistance of
tunnel form buildings, limitations and restrictions of
tunnel form system may result in torsion in the funda-
mental vibration mode. Selection of appropriate side
dimensions and symmetrical configuration of shear-
walls may help to eliminate or minimize the torsion.
Although rectangular plans seem to be more preferable
for avoiding torsion than square plans, buildings hav-
ing rectangular plans may have weaker bending
capacity along their transverse direction.

The results of this study showed that studies conduc-
ted on shear-wall dominant buildings without paying
attention to the 3D effects of existing transverse walls
may yield inaccurate and misleading results. In this
study, the stress flow and crack patterns around the
openings of pierced shear-walls in the 3D models are
observed to be significantly different than those
observed in the 2D models. The deflected shapes
obtained for the sections above the openings in the 3D
models exhibit more rigid forms than those in the 2D
models. In general, considering the interaction effects
of the slabs and transverse walls during the analyses
increased the overall capacity of the pierced shear-
walls. Despite the existence of openings introducing a
strong disturbance of the shear flow within the trans-
verse walls, these walls provided a significant contri-
bution to the formation of T/C coupling mechanism.

The membrane action was found to be a dominant
force mechanism for the tunnel form buildings, and the
use of a nonlinear isoparametric shell element rather
than a plane stress element in the finite element simula-
tions provided a better representation of this mech-
anism. Additionally, use of this eclement enabled
various modeling of the reinforcement in the models
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based on the criticality of their locations. To investigate
the local effects around the openings, simulation of
reinforcement with discrete elements at such weak loca-
tions provided a detailed modeling of concrete cover for
the development of more realistic crack patterns.

Due to the nature of high stress concentrations
around the openings, the use of the diagonal shear
reinforcement in addition to the edge reinforcement in
these locations may lead to significant contribution for
retarding and slowing down the crack propagation.
For this reason, reinforcement details given in this
study are recommended for various shear-wall opening
configurations; yet, alternative reinforcement detailing
should be evaluated to establish a conjectural basis.

Tunnel form buildings provide better seismic per-
formance in addition to their low construction cost
compared to conventional RC buildings. This in turn
makes them an alternative building type to more costly
base-isolated buildings in seismically active regions
(e.g., California). For this reason, the intent of this
study is to bring forward the good performance of
these structures, and to identify their most important
design parameters for practical applications.
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