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Abstract

The fundamental period of vibration of buildings is one of the parameters that has a
significant influence on the earthquake induced lateral forces. The fundamental period of
vibration of reinforced concrete buildings measured during major earthquakes are
collected and then compared with the empirical values given in the Uniform Building
Code (UBC-97) and the National Building Code of Canada (NBCC-95). Comparisons
between measured periods and the current code estimations have shown that the code
estimation is inadequate for most of the buildings. Although few researches have been

conducted, still there is room left to improve the code formulas.

For shear wall buildings, the codes overestimate or underestimate the period of the
building considerably. A new formula is proposed in this study to calculate the
fundamental period of shear wall buildings. A very good correlation between computed
and measured values is obtained. For the moment-resisting frame buildings, the current
codes estimation of the fundamental period translate into a conservative values of the
design base shear forces. However, when the non-structural elements contribute to the
overall stiffness of the building, the code estimation deviates from the measured values
substantially. In this research, a study is conducted to evaluate the effect of non-structural
elements on the fundamental period of the moment-resisting frame buildings. It is
concluded that the fundamental period of the infilled frame is about 25% to 65% of the

bare frame’s period.
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Notation

Ag = Plan area of the building

A = Effective area of shear walls

A. = Equivalent area of shear walls; Cross-sectional area of the shear wall
A = Equivalent shear area

Aj = Plan area of the ith shear wall

ATC-06 = Applied Technical Council project (Tentative Provisions)
A/Ar = Wall-area-to-plan-area ratio

B = Dimension of the building normal to the direction of vibration
CSMIP = California Strong Motion Instrumentation Program

C, = Constant

D = Dimension of the building parallel to the applied forces

D. = Length of the wall in the direction of study

D = Length of the ith wall in the considered direction of vibration
D, = Length of the main lateral resisting system in the studied direction of vibration
E = Modulus of elasticity

E¢ = Modulus of elasticity of the frame material

En = Modulus of elasticity of the masonry

EW = East-West direction of vibration

fe = Compressive strength of concrete

f'm = Compressive strength of masonry

G = Shear modulus

h = Height of the infill panel

H, h, = Total height of the building above the base

H; = Height of the ith shear wall

I = Moment of inertia of a section
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P 19 = Moment of inertia of columns and beams, respectively

k = Stiffness

K = Numeric coefficient equal to 700 for concrete block and 500 for clay brick

K = Stiffness matrix

ki = Stiffness of the infilled frame

L = Length of the shear wall or infill panel

L4 = Length of the diagonal strut, in meters

m = Mass

M = Diagonal mass matrix

m; = Mass of the infilled frame

MRF = Moment-resisting frame

N = Number of storeys above the ground

NBCC = National Building Code of Canada

NOAA = National Oceanic and Atmospheric Administration (U.S.)

NS = North-South direction of vibration

NSMP = National Strong Motion Program (U.S.)

NW = Number of shear walls

R = Wall-area-to-floor-area

R’ = Correlation factor

SEAOC = Structural Engineers Association of California (Recommended Lateral Force
Requirements)

SW = Shear Wall

t = Wall thickness

T = Fundamental period of vibration of the structure in the direction under
consideration

T, = Fundamental period of vibration of the infilled frame

UBC = Uniform Building Code

USGS = United States Geological Survey

w = Effective width of the equivalent diagonal strut

O = Length of contact between an infill wall and the columns



= Length of contact between an infill wall and the beams
= Ratio of the fundamental period of the infilled frame to that of the bare frame
for moment-resisting frame buildings
= Angle between the equivalent compression strut and the horizontal
= Poisson’s ratio equal to 0.2 for concrete
= Matrix of eigenvectors or mode shapes
= Natural circular frequency

= Diagonal matrix of eigenvalues

xi



CHAPTER 1

Introduction

1.1 General

Many researchers have studied the effects of earthquakes on building structures.
Structural stiffness and mass govern seismic induced inertia forces. The distribution of
seismic lateral loads and their magnitude depend on the fundamental period of structure.
Therefore. accurate determination of fundamental period results in a realistic level of
earthquake forces. However, accurate computation of period is not an easy task at the

design stage.

Lately. many buildings have been instrumented to measure their behaviour during
earthquakes. The readings obtained during past earthquakes have been of great
importance, shedding light on dynamic properties of buildings. The database obtained
during seismic activity is enriched after every major earthquake. It is important to
correlate the fundamental periods of vibration of existing buildings that have been

subjected to strong ground motions, to those of new buildings that are being designed.



Building codes provide some empirical equations that can be used to estimate the period
of vibration, based on the geometric dimensions of buildings. These equations are
applicable to buildings with different lateral load resisting systems, such as shear walls
and moment-resisting frames. They were calibrated and verified using data obtained from
instrumented buildings, and have been revised and improved, as more data have become
available. Further improvements are needed based on the new data that have been

recorded during recent earthquakes.
1.2 Objectives and Scope

The main objective of this research project is to evaluate the empirical equations
provided in current building codes for the calculation of fundamental periods of
buildings. and recommend possible improvements. The objective also includes the
investigation of parameters that affect the fundamental period, while also verifying the

analyssis technique used against measured data.

The scope is limited to reinforced concrete buildings, and includes moment-resistant

frame and shear wall buildings. The following outlines the scope:

e Review of state of the art and previous research.

e Collection of measured periods of instrumented buildings, including those recorded
during recent earthquakes.

e Evaluation of current code formulas.

¢ Investigations of the effects of parameters that affect the period of frame and shear
wall buildings.

¢ Development of improved expressions for the computation of fundamental period of
frame and shear wall buildings, suitable for codification.

e Presentation of research findings.

[



1.3 Previous Research

1.3.1 Empirical Formulas in Building Codes

Over the past three decades, research has been conducted to verify and improve the
empirical formulas used for design, in estimating the fundamental period for buildings.
These formulas were evaluated using available periods measured during past
earthquakes. Generally, the code formulas were calibrated to give shorter periods that
those measured, to produce conservative design seismic forces. However, sometimes the
degree of conservatism may be excessive, while at other times the period may be
overestimated due to the omission of non-structural elements in period calculations,
leading to non-conservative design forces. Although some improvements have been
introduced over the years, these equations still need to be verified and improved, as new
data become available after earthquakes. This is especially true for shear wall buildings

for which the period is poorly estimated by code expressions.

Housner and Brady [19] performed some theoretical analyses in 1963 for idealised shear
wall buildings to derive a formula to calculate the fundamental period based on
Rayvleigh’s method. They compared the resulting expressions with those suggested by the
Calitornia Building Code of 1960, and with the period of vibration of 77 steel and
reinforced concrete buildings measured during the 1933 Long Beach, California
earthquake. They found that the proposed equation, T= CNB*, gave better results than
the code equation, T= 0.05H/D* = CN/D". It was also shown that the equation suggested
by the code for moment resisting frames, T=0.1N=CN, gave better estimations than that
for shear wall buildings. In these formulas, T is the fundamental period in seconds, H is
the height of the building in feet, C is a constant, N is the number of stories, and D and B
are the dimensions of the building parallel and normal to the considered direction of
vibration, in feet. The researchers concluded that good estimates for shear-wall buildings

could be obtained only if the actual wall stiffness was considered.



The analysis of 18 moment-resisting frame buildings was performed by Bendimerad et al.
[4] in 1991. The fundamental period formula in the Uniform Building Code of 1988
(UBC-88), T=C, H *, where H is the height of the building in feet, was compared to the
measured periods of selected buildings. It was concluded that; i) the value of Ct=0.035
represented a lower limit for reinforced concrete moment-resisting frame buildings, and
therefore was recommended for use in design, ii) there was no difference between the
fundamental period of ductile and non-ductile moment frame buildings. The stiffness of
non-structural components was found to be small when compared to the stiffness of the
frame. It had no effect on the building period after the first five seconds of earthquake
motion. Finally, they suggested that the code formula could be improved by taking into

account the relative rigidities in two principal directions of buildings.

Cole et al. [9], in 1992, verified the empirical period formulas in UBC-91 with the data of
6+ buildings obtained from their recorded motions during some California earthquakes. It
was concluded that, for moment-resisting frame buildings, i) the measured periods were
in general longer than the values computed with the code formulas, and ii) the period
calculated as 1.4 times the value from the code equation correlated well with the
measured data. For shear wall buildings. they concluded that the measured periods were
much shorter than the code values, but because of a limit of 2.75 set on the seismic
coefficient. it had no effect on base shear calculations. A revision on this limit was also

suggested.

Seismic records from the Loma Prieta and Whittier earthquakes for 21 buildings were
analysed by Li and Mau [21] in 1997. The measured fundamental period was compared
with those specified by the formulas in UBC-94, T=C, H *. It was observed that for
reinforced concrete frame buildings. the fundamental periods were overestimated while
for shear wall buildings the periods were largely overestimated or underestimated. It was
shown that the values from the altemative code formula for shear wall buildings,
T=0.1/A."” (UBC-94), where A. depended only on the length and height of first story

walls, were not better than those generated by previous equations.



Goel and Chopra [15,16] expanded the available database on fundamental period of
buildings by adding those measured during the 1971 San Fernando Earthquake. They
included data from more recent Californian earthquakes, including those measured during
the 1994 Northridge earthquake. The empirical formula T=C, H * for moment resisting
frames, where C=0.030 for reinforced concrete buildings (UBC-97, ATC3-06, SEAOC-
96 and NEHRP-94), was compared with measured periods of 27 buildings. It was found
that the measured periods were generally longer than those computed by the code
expression, leading to conservative values of base shear. Although the code formula was
found to be conservative, they proposed the equation T=0.016 H *, which gave the best
correiation with measured data. It was also recommended that the period computed from
a rational analysis should not be larger than 1.4 times the value obtained from the

proposed equation.

For shear wall buildings, Goel and Chopra [14,16] compared the fundamental period of
vibration of 16 shear wall buildings measured from strong motion records with the code
formula. T= C, H* with Ct=0.02 (UBC-97, NEHRP-94 and SEAOC-96). They found that
the code formula gave a longer period than the measured period, leading to a non-
conservative estimation of design base shear. When the alternative value for C, was used,
Ci=0.1'A.* (UBC-97 and SEAOC-96), where A. was the combined effective area in
square feet. it was found that code values were in general much shorter than the measured
periods. and were therefore over-conservative. It was shown that the formula specified in
ATC3-06, T=0.05H/D*, where D was the dimension of the building at its base in the
direction under consideration in feet, underestimated the period considerably. A new

formula was proposed based on Dunkerley’s method:

7 =0.0019 Ii
Ae
where
MY Ai _
Ae = Z(E) | : and A~100Ac/Ap
1=1 H
i



A;. H; and D; are the area, height and dimension in the direction considered of the ith
shear wall, in feet; NW is the number of shear walls; and Ag is the building plan area in
square feet. They also recommended that the period computed from a rational analysis

should not be larger than 1.4 times the value from the proposed equation.

1.3.2 Measured and analytical fundamental periods

The instrumentation of buildings provides invaluable information, increasing knowledge
on actual structural behaviour during earthquakes. The data can be used to verify
analytical formulas and/or approaches. A great deal of research has been carried out to
determine the vibration properties of buildings from their recorded motions during
earthquakes and to evaluate the current analytical modelling with the performance of

instrumented buildings.

The Imperial County Services Building was analysed by Pardoen et al. [29]. Four
reinforced concrete moment resisting frames formed the lateral resisting system of the
building in the East-West (E-W) or longitudinal direction. In the North-South (N-S) or
transverse direction. end shear walls were provided at the upper five storeys and four
asymmetrically located shear walls at the ground floor. A three dimensional model was
created using ETABS software. The floors were assumed rigid in their own plane and the
horizontal lateral loads were assumed to act at the floor levels. Uncracked gross sections
were used for all elements. The fundamental periods were reported to be 0.44 and 0.67
seconds in the N-S and E-W directions, which were close to those obtained from ambient
vibration tests [30], 0.45 and 0.65 seconds in the N-S and E-W directions, respectively.
When the averaged cracked section properties were used, the resulting periods were

closer to those from strong motion records [42].

Hart et al. [17] in 1989, evaluated the seismic response of a 10-storey reinforced concrete
building located in Whittier, California, during the Whittier earthquake. The main lateral
force resisting system consisted of a moment resisting frame. The identified fundamental

period from the strong motion records was approximately 1.1 seconds. The analytical

6



period was obtained using ETABS computer program. The model was analysed assuming
three different degrees of cracking for the elements; gross properties for all sections,
cracked beams only, and fully cracked (beams and columns). The best correlation
between the measured and analytical response was obtaincd with the fully cracked model,

with a fundamental period of 1.17 seconds.

In 1991 Anderson et al. [2], determined dynamic characteristics of a 30-storey reinforced
concrete building, located in Emeryville, California from the motions recorded during the
Loma Prieta earthquake. The fundamental periods were identified to be 2.59 seconds in
the N-S direction and 2.69 seconds in the E-W direction. The periods from ambient
vibration and forced vibration were also reported as 1.71 seconds for both directions
during ambient vibration. The corresponding values from forced vibration were 1.68 in
the N-S direction and 1.69 in the E-W direction, respectively. Safak and Celebi [33] also
evaluated the dynamic properties of this building during the Loma Prieta earthquake in
1992. The fundamental periods determined with system identification techniques were

2.30 seconds in the N-S direction and 1.43 seconds in the E-W direction.

In 1991. Miranda and Bertero [24] evaluated the seismic response of a 10-storey building
located in Whittier, California, during the Whittier Narrows earthquake. Moment
resisting frames in the longitudinal (N-S) direction and shear walls in the transverse (E-
W) direction formed the lateral resisting system of the building. The identified
tiindamental period from strong motion records, in the longitudinal direction was 1.43
seconds. while it was 0.61 seconds in the transverse direction. From the strong motion
records during the Whittier earthquake, the periods were reported to be 0.71 and 0.60
seconds in the longitudinal and transverse directions, respectively. The analysis of the
building was performed with SAP90 program, with a model that was calibrated to give
the same periods as those from the motion records. Cracked and transformed sections

were used for the structural system.

The analytical modelling of the San Bruno~Commercial building was carried out by Phan

et al. [31]. The lateral force resistance of the building consisted of moment-resisting



frames in the N-S (longitudinal) direction and a heavily reinforced concrete frame in the
E-W (transverse) direction. First, the model was analysed considering the base as fixed.
The fundamental periods were reported as 0.78 in the N-S and 0.82 seconds in the E-W
directions. The model was then analysed considering the base as spring-supported to
account for soil effects. The resulting periods were 1.10 and 1.15 seconds, respectively. It
was observed that, for this building, the increase in the period between the ambient

vibration and the strong motion could be in part attributed to the soil interaction effect.

In 1994, Marshall et al. [22] compared the strong motion records during the Loma Prieta
earthquake with the ambient vibration measurements for 5 buildings. The buildings
included different structural systems and different materials. It was observed that the
periods from ambient vibration were, in all cases, shorter than the period from strong
motien records, with the largest differences occurred in concrete buildings. They
suggested that the fundamental frequencies obtained from ambient vibration tests should
be multiplied by a factor varying between 0.8 and 0.9 to estimate the strong motion

frequencies.

Venwra and Schuster [41], in 1996 analysed the dynamic properties of a 30-storey
reinforced concrete shear wall building located in Vancouver, B. C. Ambient vibration
measurements were taken during various stages of construction. When the structure was
finished. the measured periods without architectural elements were 1.83 seconds for the
N-S direction and 1.51 seconds for the E-W direction. After the architectural elements
were in place, the measured periods were 1.83 and 1.55 seconds for the N-S and E-W
direction, respectively. Results revealed a little influence of the architectural components
on the vibration of this building. A three dimensional dynamic analysis was performed
with ETABS computer program. The design periods were found as 2.31 seconds in the
N-S (transverse) direction and 1.77 seconds for the E-W (longitudinal) direction. The
corresponding values calculated with the UBC-97 were reported as 1.89 and 1.62 for N-S
and E-W directions, respectively. The National Building Code of Canada (NBCC)

forulas gave 2.72 and 2.33 seconds, respectively. Based on the correlation between



experimental and analytical frequencies and mode shapes, it was concluded that the

dynamic behaviour of building was accurately estimated.

In 1997, Naeim [25] reported the dynamic characteristics and seismic response of 17
buildings, located in the Los Angeles area, obtained from their recorded motions during
the Northridge earthquake. The buildings included a wide range of structural systems.
Information about the inspection of the buildings after the earthquake, levels of damage
and structural details are provided. An evaluation of the building performance is also

discussed.

In 1997, Anderson and Bertero [1] analysed the seismic performance of the San Bruno,
Office Building. The lateral resisting system consisted of five external ductile moment-
resisting frames, two external in the N-S (longitudinal) direction and three in the E-W
(transverse) direction. The fundamental periods from the Loma Prieta earthquake were
1.05 and 0.85 seconds for the N-S and E-W directions, respectively. Initial periods due to
low amplitude accelerations were also identified as 0.57 and 0.71 seconds approximately,
for the same directions. It was observed that these initial periods correlated well with
ambient vibration test results (0.58 and 0.71 seconds, respectively). A three dimensional
model was analysed using SAP90 and ETABS computer programs. When cracking of the
elements was not considered, the results were in good agreement with the ambient
vibration tests. When the rigidity of the columns was decreased to 50%, the computed
periods were 1.03 and 0.89 seconds for the N-S and E-W directions, respectively, which
were close to the values obtained from strong motion records (1.05 and 0.85 seconds,

respectively).

Analytical and measured dynamic behaviour of eight buildings were compared by De la
Llera and Chopra [10] in 1998. The buildings had different structural types, and were
subjected to the 1994 Northridge Earthquake. A three dimensional model was prepared
using SAT computer program. The masses were assumed lumped at floor levels. Each
floor was considered as a rigid diaphragm. Three reinforced concrete buildings were

evaluated. For the first one, the Van Nuys Hotel, the lateral force resistance was provided



by perimeter reinforced concrete frames. The analysis was conducted considering the
additional stiffness and lateral resistance produced by interior columns and the flat slab.
The computed fundamental periods were reported as 1.34 and 1.59 seconds for the
transverse and longitudinal directions, respectively. The periods identified from the
recorded motion of the building were 1.94 and 2.08 seconds in the same directions,
respectively. The second building was the Los Angeles Warehouse building, consisting
of a ductile peripheral reinforced concrete frame system. From the analytical model, the
fundamental periods of vibration were computed as 1.16 seconds in the transverse
direction and 1.36 seconds in the longitudinal direction. The identified vibration periods
from the recorded motion of the building were 1.47 and 1.61 seconds for the transverse
and longitudinal directions, respectively. The third building was the Burbank building.
The lateral resistance in this building was provided by precast reinforced concrete shear
walls in two directions. The measured periods were reported as 0.69 and 0.47 seconds for
the longitudinal and transverse directions, respectively, while the analytical periods were

0.63 and 0.41 seconds, respectively.

1.3.3 Infilled frames

It has been shown that architectural components have insignificant effect on the
fundamental period of buildings, but this is not the case when masonry is used as
partition walls. Usually this type of non-structural element acts together with the
structure, adding some stiffness to the frame and modifying the behaviour of the frame.
Many researchers have studied the effect of infill walls on the dynamic behaviour of

buildings.

Kligner and Bertero [20] tested a 1/3 scale, moment-resisting infilled frame model to
determine its behaviour during earthquakes. It was observed that the infills changed the
behaviour of the bare frame to that of a braced frame. They also developed a
mathematical model based on the equivalent strut concept. They found that the infills

increased the stiffness of the frame in about S times. Although the fundamental period
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was reduced and the inertia forces consequently increased, the general behaviour of bare

frame was improved through the use of infills.

Meherabi et al. [23] tested a 6-storey, three bay, reinforced concrete moment-resisting
frame, designed according to the provisions of UBC-91. Solid and hollow masonry units
were used as infills. In general, the performance of frame was improved. It was shown
that the lateral force resistance of a infilled frame was higher than that of bare frame. It
was concluded that a proper design of the infills would have beneficial effects on the

behaviour of frames.

Elouali et al. [2] studied the effect of infill walls on vibration periods of frames. The infill
wall was modelled as an equivalent diagonal strut. From their results, it was concluded
that the fundamental period of the infilled frame could be reduced in about 50 to 70%

from that of the bare frame.
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CHAPTER 2

Fundamental Period of Reinforced Concrete
Shear Wall Buildings

2.1 General

For many years, extensive research has been conducted to evaluate the fundamental
period expressions proposed for shear wall buildings. It has been recognised that the
formulas addressed in the current building codes lead to a relatively poor estimation. For
simplicity, these formulas are often based on the wall length and the building height. A
comparison of these formulas with periods measured from instrumented structures is
presented in this chapter. It is argued that if the stiffness of the walls, instead of the wall

lengih is included in the analysis, more accurate results could be obtained.

In order to investigate the importance of structural parameters that affect dynamic
characteristics of shear walls, it is essential to perform a parametric investigation. In this
regard, the shear wall layout and dimensions constitute parameters of special interest.
These parameters have been analysed in the current study, and the results are presented in
this Chapter.

12



2.2 Instrumented Buildings and Measured Fundamental Period

Database

The actual structural response of a building, with as-built conditions, can be substantially
different than that computed analytically, based on assumptions. The primary difference
comes from the modelling techniques used and the non-structural components that are
often ignored in structural analyses. It is therefore important to have data on actual
building response, as obtained from instruments placed prior to dynamic excitation. In
order to evaluate and develop improved expressions for current building codes it is
important to calibrate analytical works against data obtained from strong motion
instruments on buildings, recording data during major earthquakes. Buildings for which
these records are available, were instrumented by the California Strong Motion
Instrumentation Program (CSMIP), the National (U.S.) Strong Motion Program (NSMP),
and the National (U.S.) Oceanic and Atmospheric Administration (NOAA), all in the
U.S.

A collection of fundamental periods of instrumented buildings is presented in Table 2.1.
Included in this table are 26 reinforced concrete shear wall buildings, 4 buildings with
masonry shear walls and 3 buildings with shear walls in one direction and concrete
moment resistant frames in the other. The table also includes properties of these
buildings. such as location, number of stories, dimensions, measured periods and the
earthquake records from which the periods were measured. Each building is identified by
a label. The letter “C” or “N” in the label indicates buildings instrumented by the CSMIP
or NOAA, respectively, followed by the station number. The designation ATC, followed
by the building number identifies those buildings taken from the ATC-06 report [3].

Fundamental periods reported by different investigators for the same buildings and
earthquakes were also taken into account. A few data were measured directly from the
strong motion records of the Loma Prieta and Northridge earthquakes. These records
were found in published reports [28,35].
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2.3 Evaluation of the Existing Formulas in Current Building Codes

A comparison between measured data and the expressions provided in building codes is
presented in this section. The building codes considered include both the National
Building Code of Canada (NBCC-95) and the Uniform Building Code (UBC-97). The
1995 issue of the National Building Code of Canada [27] specifies that the fundamental
period of structures, except the moment resisting frames, shall be calculated using the

following formula:

A

JDs @D

Where h, and Dy are the height of the building and the length of the wall or braced frame

in the direction parallel to the applied forces, in meters, respectively. If the resisting

T =0.09

system does not have a well-defined length, then D should be used instead, where D is

the dimension of the building in meters in the direction parallel to the applied forces.

The fundamental period can also be calculated using a rational method such as the
Rayleigh’s method, but the resulting base shear should not be less than 0.8 times the base

shear calculated from the empirical formula given in Eq. 2.1.

The 1997 Uniform Building Code [40] states that the period shall be determined as

follows:
r=C (" @2)

Where, C, is equal to 0.073 when h, is in meters, or 0.030 when h, is in feet. Eq. 2.2 also
applies to reinforced concrete moment-resisting frames as well as eccentrically braced
frames. For all other buildings C; is equal to 0.0488 in the SI system or 0.02 in the
imperial system, respectively. In this formulation, h, is the height of the building above
the base. Alternatively, C, could be calculated for structures with concrete or masonry

shear walls as follows:
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Cr =0.0743/ 4, (SI system) (2.3)

or

Cy =0.1/JA, (Imperial system)

Where. A is defined as the effective area of the shear walls in the first story of structure,

given by;

4dc = Z 4e [0-2 +(De /hn )2:| e

A. is the horizontal cross-sectional area of the first story wall in square meters or square
feet. and D. is the length of the wall in the direction under consideration in meters or feet.

The value of D./h, should not exceed 0.9.

UBC-97 also indicates that the fundamental period can be calculated using a rational
analysis. such as Rayleigh’s method or Eigen-value solution. In this case, the base shear
should not be less than 80% of the base shear calculated by Eq. 2.2. The formula
specified in ATC-06 and earlier versions of the UBC is the same as the present formula in

the NBCC (Eq. 2.1).
2.3.]1 The National Building Code of Canada

The measured periods of buildings presented in Table 2.1 are compared with the values
obtained with the NBCC-95 formula. First, the length of the building, D, is used in place
of D.. This is permitted when the length D is not clearly identifiable. In Figure 2.2 the
parameter h,/D” is plotted against measured periods. Measured periods in both the

transverse and longitudinal directions are used.

The comparison given in Figure 2.2 indicates that there is a wide scatter of data. The code

formula largely underestimates the periods. About 30% of the measured data are lower
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than the ccmputed values. It may be argued that the empirical expression given in the
code is inadequate. This conforms to the results obtained by other researchers (Goel and
Chopra [16], Hart et al. [17]). Previous research has shown that the building length, D, is
not a good parameter to estimate the period, because buildings with similar lengths may
have very different period values, depending on the rigidity of shear walls [16]. This also

agrees with the results obtained in the current investigation.

2.3.1.1 Evaluation of the Length of the Lateral-L.oad Resisting System (D)

The length of the main lateral-load-resisting system, Ds, can be easily identified for some
buildings. while it can be very confusing for others. The code is short of providing clear
guidelines on the estimation of Ds. Some guidelines on the use D; were developed as part

of the current research program to obtain improved estimates of the fundamental period.

The selection of Ds is a relatively easy task for buildings with single isolated walls.
Difficulties arise when the walls are coupled with beams. When properly proportioned,
the coupling elements enhance performance of shear walls by improving their dynamic
characteristics. If the coupling effect is ignored, the fundamental period is over-estimated
while the actual seismic force is underestimated. Researchers have proposed different
methods to calculate the stiffness of coupled systems based on the stiffness of coupling
elements. However, at the early stages of design, the stiffness contribution of coupling
elements is unknown and a fairly simple rule is required to establish this quantity. In this
research program, a coupled wall is defined as a system consisting of two walls with a
connecting beam where the clear beam span is equal to or less than one half of the shorter
wall length. This definition is schematically illustrated in Figure 2.1a. Furthermore, a
distinction is made between a wall and a column. When the width-to-thickness ratio of a
vertical element (column or wall) is greater than 3.0, then it is treated as a wall, and if the

ratio is less than 3.0, the element is considered as a column [13].

Buildings with measured data were examined to identify those with sufficient

information available to decide on the dimension D_. These shear wall buildings are
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marked in Table 2.1 with “ * ™. The floor plans of these buildings are reproduced in
Appendix A-1. The NBCC formula is evaluated for different definitions of Ds as defined
below:

a. The total length of all shear walls in a given direction, divided by the number of
walls.

b. The total length of all shear walls in a given direction, divided by the number of
frames that contain these walls, as illustrated in Figure 2.1b (All walls are treated
as isolated walls).

c. The largest sum of shear wall lengths in any frame.

d. The total length of all shear walls in a given direction, divided by the number of
frames that contain these walls, while considering the coupling effect (if conforms
to the coupled wall definition specified earlier), i.e. length of coupled walls

includes the coupling beam span.

A comparison of the measured periods and the periods computed based on the NBCC-95
formula. with Ds calculated as defined above, are presented in Tables 2.2 to 2.4 and in
Figures 2.3 to 2.5. The results are categorised as buildings with isolated shear walls
(Table 2.2), coupled shear walls (Table 2.3), and shear walls located at the central core
only (Table 2.4). The buildings ‘were evaluated separately in transverse and longitudinal

directions.

For isolated walls, the best estimate of the period was obtained when D was calculated as
the average of wall lengths per frame. Although a large overestimation of 72% of the
period was observed for the Piedmont building (C58334), the computed periods were
below the measured values with a variation of about 9% to 38%, producing conservative

values of the design lateral forces.

The analysis of coupled wall systems indicated that, when the length of coupled walls
was defined as shown in (Fig. 2.1a) and used as D, the NBCC expression provided a
better estimation of periods than using the summation of lengths of individual walls that

make of the coupled wall systems. When some of the walls were isolated and others
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coupled, the best estimate was obtained with D calculated as the average of the wall
length per frame.

2.3.2 Uniform Building Code

The comparison between the previously measured periods of buildings (Table 2.1) and
those obtained by UBC-97 is depicted in Figure 2.6. The fundamental period, T, is
plotted against the building height, h,, (in meters). It can be seen that most of the
buildings have longer periods than those obtained with the code formula. It is clear that
the measured data is scattered over a wide range, and can not be estimated accurately by

a simple empirical expression that is only a function of the building height.

The alternative formula specified in the UBC-97 (Egs. 2.3 and 2.4) is compared with the
measured periods as shown in Figure 2.7. The value A_ is calculated only for the selected
buildings (Table 2.1) for which detailed information about the wall dimensions were
available. It was observed that the measured periods were much longer than the values
given by the code formula. The results indicate that the refinement introduced by
calculating the wall area did not produce any appreciable improvement over the earlier

expression, which was only a function of the height of the building.

2.4. Formula Proposed by Goel and Chopra

After showing the inadequacy of the current building code formulas to estimate the
fundamental period of shear wall buildings, Goel and Chopra [14,15] proposed a new
expression to conservatively estimate periods. This formula is based on the Dunkeley’s
method-of considering shear and flexure deformations in a cantilever. The stiffness and

properties of individual walls are taken into account, as follows:

H
T =0.0063 = (SI system) (2.5)
e
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H

or T =0.0019 (Imperial system)

Where;

Ae=§(;{}£j)z[ Ai )2} 2.6)

and
4 Q.7)

A,. H; and D, in the above expressions represent the area, height and length of the i™ shear

wall at the base, in the direction being considered, in meters or feet. NW is the number of

shear walls. and A; is the plan area of the building in square meters or square feet. The

coetticient 0.0063 (or 0.019) was obtained by regression analysis of the measured data.
They recommended that the computed period from a rational analysis should not be
greater than 1.4 times the value obtained by their proposed equation. These equations are

applicable only for uncoupled shear walls, connected by rigid diaphragms.

The comparison of the measured data and the computed periods with the proposed
formula is depicted in Figure 2.8. Except for the three different periods reported for San
Bruno building (C58394) in the transverse direction, which are greatly underestimated,
the periods computed with this formula provide conservative estimates. Few cases are
overestimated by about 3% to 29%, and the rest of the periods are underestimated up to

45%. The results lead to conservative estimates of seismic design forces.
2.5 Analytical Computation of Period for Shear Wall Buildings

Analyses of reinforced concrete shear wall structures were carried out to verify the
applicability of rational analysis techniques in establishing the fundamental periods of
19



actual building structures and to establish the significance of parameters affecting their
period. Some of the instrumented buildings were analysed using the computer software
SAP 2000 for verification. Additional idealised buildings were selected to conduct a
parametric investigation. The buildings were first modelled to represent their mass and

stiffness, for the purpose of analysis.

2.5.1 Verification of the Analysis Procedure

The validity of the analysis procedure and the applicability of computer software
SAP2000 were investigated in the current research project by analysing actual shear wall
buildings for which measured data were available. Some of the buildings listed in Table
2.1 were selected for this purpose. The buildings were then modelled for analysis, with
due considerations given to the stiffness of each element and mass at each floor level.
The model support conditions were considered fully fixed at the ground level. The
models consisted of a series of plane frames, connected by rigid links at floor levels to
impose equal horizontal displacement. The beams and columns were modelled using
frame elements. The shear walls were modelled as continuous wide columns and the
beam-to-wall joints were assumed to have infinite rigidity. Three degrees of freedom

were allowed at each joint.

The cracking effect in members was taken into account by considering the reduced values
of flexural rigidity (EI). The stiffness reduction values specified in CSA A23.3 Standard
for Design of Concrete Structures [8] were used. Accordingly, 70% of the gross flexural
stiffness was assigned to the columns and walls. The beam stiffnesses were reduced to
35% of their values based on gross sectional properties. These reductions are in line with

those used by other researchers [7,42].

The geometric properties of buildings were taken from the available information given in
the literature. When not known, the slab thickness was assumed and the beam and
column dimensions were estimated from the scaled sketches provided. In some cases it

was difficult to determine the dead load of a building accurately. In such cases, the mass
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was approximated. The mass for partitions was accounted for by considering the
minimum allowance of 1.0 kPa specified in NBCC-95.

The fundamental periods of the selected structures, computed with SAP2000, and those
recorded during strong motions are listed in Table 2.5. The comparison between
computed and measured periods is depicted in Figure 2.9. As it can be seen, there is very
good correlation between the computed and measured periods. This confirms the
applicability of the analytical approach employed for computing the fundamental periods
of shear wall structures.

2.5.2 Parametric investigation

The significance of flexural stiffness of shear wall buildings on the fundamental period
was investigated by analysing a number of analytical models. When a structure is
subjected to strong motion, it might experience inelastic deformations, and the
fundamental period increases due to excessive cracking of the concrete elements. The
Standard for Design of Concrete Structures (CSA-94 A23.3) recommends the use of
reduced values of 70% of gross flexural stiffness for columns and walls, and 35% for

beams.

Shear wall buildings of 5, 10 and 15 storeys, designed by Shooshtari [36], were chosen as
representative of shear wall buildings in practice. The buildings had a symmetrical floor
plan to minimise the torsional effects. The plan consisted of three bays in the transverse
direction and five bays in the longitudinal direction, as shown in Figure 2.10. The shear
walls were placed in the short direction. Table 2.6 provides sectional properties for
columns and beams. Two-dimensional models of buildings in the short direction were
established for computer analysis. The analytical buildings consisted of four interior and
two exterior frames. When the frames are identical, it is a common practice to lump them
for the purpose of modelling to reduce the number of elements and the time required for
analysis. The interior and exterior frames were lumped to form a two-frame model where

the frames were connected by rigid links to impose equal floor displacements. The rigid
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links were modelled using truss elements with high axial rigidity to transfer lateral loads
without a moment connection between the frames. This is consistent with the rigid
diaphragm assumption. Figure 2.11 shows the lumped frame model for a 10-storey
building with a one-bay shear wall. The stiffness of the elements of the lumped frame is
equal to the stiffness of each specific element times the number of lumped frames. For
example, two identical exterior frames were modelled by one lumped exterior frame with
elements that were twice as stiff as those of actual exterior frames. The support and joint
conditions were modelled following the same procedure described in the previous section

for the earlier set of analyses.

Six different structural wall layouts for each of the 5-, 10- and 15-storey buildings were
considered for analysis. The layouts include shear walls located in the middle bay, first
and third bays, and all bays. The walls were placed in two exterior frames first, and then
placed in two exterior and two interior frames, as illustrated in Figure 2.12. The same
wall thickness was considered for all cases. As a result, a total of 18 models with

different wall layouts and heights were selected for study.

Cracking of concrete was considered as per CSA A23.3. The sectional properties were
based on concrete section only and the contribution of reinforcing steel to flexural
rigidity was ignored. The compressive strength of concrete was 30 MPa, and the modulus
of elasticity was taken as 4500Vf ¢ or 24,650 MPa. The dead load of the frame, excluding
shear walls, was considered as 3.5 kPa for the roof and 5.0 kPa for all other floors. Mass
of shear wall(s) was also considered. The live load was taken as 2.2 kPa and 2.4 kPa for
the roof and floors, respectively. The storey mass, consisting of dead plus 50% of live

load was lumped at floor level.

The 18 models considered earlier were analysed twice, considering 50% and 70% of the
gross flexural stiffness for columns and walls; and 35% for beams. The comparison
between the fundamental periods for these models is shown in Table 2.7 and Figure 2.13.
The results show that a better estimation of the fundamental period of vibration is
obtained when the flexural stiffness is taken as 70% for columns and walls. The flexural
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stiffness taken as 50% and 35% of the gross flexural stiffness for columns and beams,
respectively, will account for the cracking effect induced by the earthquake at higher

levels of ground motion.

Buildings with shear walls located in layouts “a”, “b™ and “c” have the same length of the
lateral resisting system. The buildings with shear walls located in layout “c” are stiffer
than in layout “a” and “b”. It is evident that a better estimation of period would be
obtained if the formula relies on the stiffness of the building rather than the dimension of

the lateral-resisting system.

Buildings with wall layouts identified with letters “b” and “d” consist of a total of four
shear walls located in two different layouts (Fig. 2.12). The mass and shear wall
properties are exactly the same in both buildings. The fundamental periods for the
buildings with layout “b™ are 0.34, 1.15 and 2.23 seconds for the 5-, 10- and 15-storey,
respectively, while the periods for layout “d” are 0.35, 1.24 and 2.50 seconds,
respectively. This shows that wall layout “b” is more rigid than wall layout “d” for the

10- and 15-storey buildings and almost the same for the 5-storey building.

Similar results were obtained for the models with shear walls located in layout “c” and
~f" (Fig. 2.12). The fundamental periods for the 5-, 10- and 15-storey buildings with wall
layout ~c” are 0.30, 1.06 and 2.28 seconds, respectively. For wall layout “f’ the
corresponding periods are 0.10, 0.39, and 0.85 seconds for the 5-, 10- and 15-storey
buildings, respectively. As expected, the wall layout “f”’ is stiffer than wall layout “c”.
This indicates that the same number of walls located in different layout results in
different values of the building stiffness and should be taken into account for an accurate

computation of the fundamental period.
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2.6 Improved Expressions to Estimate the Fundamental Period of
Shear Wall Buildings

The empirical formulas addressed in current building codes were compared with
measured data earlier in this chapter. Although some researchers suggested improved
expressions for design purposes, there remains a need for further improvements in the
prediction of fundamental period for shear wall buildings.

Researchers showed that the consideration of wall stiffness in empirical expressions, such
as those adopted by building codes, results in better estimation of the fundamental period.
As part of the current research program, improvements to existing empirical expressions

are proposed and discussed in this section.

In most concrete buildings it is desirable to resist lateral loads with shear walls. Tall shear
walls act as flexural cantilever elements that transfer lateral forces from the
superstructure to the foundation. In order to determine the distribution of lateral loads, the
lateral rigidity of shear walls should be incorporated in any analysis, as accurately as
possible. The portion of total lateral force that is resisted by each wall depends on
bending and shear resistances of these wall elements. From the parametric study
performed in Chapter 2, it was found that the number of shear walls has crucial effect on
the fundamental period of shear wall buildings.

When the wall height-to-length ratio is less than 1.0, the overall behaviour is dominated
by shear, and the flexural deflection becomes negligibly small. When the aspect ratio is
greater than 2.0, shear deflection can be neglected and the overall rigidity becomes
proportional to the moment of inertia. For aspect ratios that vary approximately between

1.0 and 2.0, the walls behave in combined flexure and shear.

The first or fundamental mode shape of vibration is that corresponding to flexure,
therefore, the fundamental period of a flexural dominant shear wall based on Rayleigh’s

method can be written as shown below:
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Where, m is mass per unit length of wall, E is the modulus of elasticity and H is the

height of wall. From this equation it is evident that the fundamental period of a shear wall

can be expressed in terms of height-to-moment of inertia ratio. The overall effect of the

moment of inertia on buildings is calculated based on the summation of the moment of

inertia of individual shear walls in a given direction. This simplified method of

calculating the overall stiffness of the building is validated by comparing the computed

fundamental period with the field measured data. The detailed calculation of stiffness for
selected buildings is presented in Appendix A-1.

Once the parameters to correlate the fundamental period were chosen for the considered
shear wall structures, the next step would be to check the correlation of these parameters
with measured fundamental periods of buildings. For this purpose, the selected shear wall
buildings listed in Table 2.2 and the buildings for which only the wall length was known
(buildings 11 to 18, in Table 2.3), were used. For the latter buildings, the wall thickness
was either assumed or measured from scaled sketches. This approach did not alter the
accuracy of results significantly, since the moment of inertia of a wall is not as sensitive

to its thickness as it is to its length.

Several combinations of height-to-moment of inertia ratios were studied in the current

investigation as follows:

g~ 4.2)

Where, H is the height of building in meters, I is the moment of inertia of building in m*
and a and B are coefficients that depend on the building properties, and vary between 0.1

to 1.0. The measured periods of each of the selected building were plotted versus the
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height-to-moment of inertia ratioss using different values for a and PB. The best
combination of o and  was obtainesd when the scattered data could be expressed with a
mathematical formulation. As illusstrated in Figure 2.14, the best result was obtained
when a was equal to 1.0 and B was - equal to 0.25. By using linear regression, the best fit
of the data was obtained by the follo*wing equation:

H (4.3)

T =20.13 -0.4
7025

In this equation the parameter H/I>* is dimensionless, a positive factor that makes the
formula suitable for codification. This proposed formula does not account for the shear
stiffness. but as it can be seen, thewe is a good correlation between the measured and
computed fundamental periods based on the above equation. The correlation yielded a
value of R?=0.9. The R? value is thes indicator of how well the equation developed based
on regression analysis correlates with measured data. R’>=1.0 indicates that correlation

obtained is perfect, and R’?=0 indicates zero correlation.

Based on these results, Equation 4.3 can be used to conservatively estimate the

fundamental period of shear wall builldings.
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CHAPTER 3

Fundamental Period of Reinforced Concrete
Moment-Resisting Frame Buildings

3.1 General

The code-specified design lateral forces depend upon a number of factors such as weight,
dimensions, and type of structures, as well as seismicity of the area in which the structure
is to be built. Fundamental period of vibration is one of the crucial parameters that may
have an effect on the earthquake induced lateral forces of multi-storey moment-resisting
rame buildings. While it might be conservative to ignore the stiffening effect of infill
panels to wind loading, disregarding this effect on the response of a structure subjected to
earthquakes can be disastrous. Unless concrete or masonry walls are purposely isolated
from the structural frame, the interaction of the infill walls and the frame should be
considered in the structural design. Walls filling the spaces between frame members not
only increase the stiffness but also change the mode of deformation of the frame under

lateral loads.

This chapter report on the measured fundamental periods of moment-resisting frame
buildings in the literature. Empirical expressions provided in current building codes, for
fundamental period, are evaluated. Also, the effect of non-structural elements on

fundamental period of moment-resisting frame buildings is presented. It was found that
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the information available on non-structural components of instrumented buildings is very
limited. Therefore, the effect of infill walls is assessed through analytical means.

3.2 Fundamental Period Database

It is important to have field data on fundamental periods of actual buildings to assess the
adequacy of the code formulas. Therefore, the fundamental period for Moment-Resisting
Frame (MRF) buildings reported in the literature were collected first to establish a

reliable database.

The database includes observed period values for 29 moment-resisting frame buildings in
transverse and longitudinal directions, measured during the 1971 San Fernando and
subsequent earthquakes. Fundamental periods of the same buildings were sometimes
reported by more than one researcher. Some strong motion records obtained during the
Loma Prieta and Northridge Earthquakes [28,35] were also used to obtain additional data,
bringing the total number of recorded period values to 91. These data is presented in
Table 3.1.

A letter and a number are used to identify each building. The letter “C”, “U”, “N”, and
“ATC" identify buildings instrumented by the California Strong Motion Instrumentation
Program (CSMIP), the United States Geological Survey (USUG), the National Oceanic
and Atmospheric Administration (NOAA), and buildings presented in the ATC-06 report
[3]. respectively, followed by the station number. Additional information about each
building, such as the number of storeys and building height, are also provided in this
table.

3.3 Evaluation of the Formulas in Current Building Codes

The empirical formulas given in the 1995 edition of the National Building Code of

Canada (NBCC-95) for period calculation of moment-resisting frames are as follows:
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T =0.IN (3.1)

or
T=0.075(n,)"* (3.2)

Where, N is the total number of storeys above grade and h_ is the total height of building
above the base, in meters. The NBCC-95 also specifies that the fundamental period can
be calculated using a rational method, such as Rayleigh’s method or Eigenvalues method,
but the resulting base shear shall be not less than 0.8 times the base shear calculated with

the empirical formula provided in the code.

The Uniform Building Code (UBC-97) proposes the following formula for the

calculation of fundamental period for moment-resisting frames:

r=c(n,p"* o

Where h_ is the height of the building above base in feet (or meters), and C; is a
numerical coefficient equal to 0.030 in the imperial system which corresponds to a value
ot 0.075 in the SI system. Since the UBC-97 formula is identical to that in NBCC-95, the
evaluation of the code formulas was done only with reference to NBCC-95. The
comparison between measured and NBCC-95 calculated periods is shown in Figure 3.1.

The comparison includes data for both directions of buildings.

When the measured periods are plotted against number of storeys, the code equation
leads to values that are much shorter than the measured periods. In some cases the
measured periods are 2 or 3 times larger than the period calculated by this equation. The
wide scatter of data indicates that the code equation may not be suitable for reliable

estimation of the fundamental periods for moment-resisting frame buildings.

Also shown in Figure 3.1 is the comparison between measured periods and the values

calculated by Equation 3.2. As it can be seen, most periods fall above the estimated code
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value. Few data fall under this line, indicating that the code is very conservative in
estimating the fundamental period for these buildings. For buildings between 45 to 60
meters high or over 80 meters high, the code appears to underestimate measured periods

in more than 50% of the cases.

3.4 Evaluation of Previously Suggested Improved Expressions

When concrete moment-resisting frame buildings are subjected to strong ground
excitations, their fundamental period is lengthened because of the reduction in stiffness
due to the cracking of concrete. Goel and Chopra [15] performed analyses on buildings
that were strongly shaken but did not reach their yield limit. They found that the lower
bound of the measured periods was about 1.2 times the code value. Therefore, it was
suggested that a coefficient of 0.035 (0.086 in the SI system) be used instead of 0.030
specified in UBC-97. Bendimerad et al. [4] also suggested the same coefficient to
improve the code formula. The comparison between measured and computed values

based on C, = 0.086 is depicted in Figure 3.2.

Goel and Chopra also proposed an equation that provided the best fit to available data.
The periods for strongly and less strongly shaken buildings were also included. The

proposed equation is given below:

T=0.0164°%° (Imperial system) (3.4)

or

T =0.0475H%° (SI system)

Where, H is the height of the building in feet (or in meters) above the base. Based on
linear regression, it was proposed that the period from a rational analysis should not

exceed a value of 1.4 times the period calculated with the proposed formula.
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The comparison between measured and computed values is presented in Figure 3.3. It
appears that a better correlation is obtained when the code formula is used with C;=0.086
(Fig. 3.2) rather than C=0.075 (Fig. 3.1). The change in this coefficient also improves
the prediction for buildings that are higher than 70 meters.

The proposed formula of Goel and Chopra gives close agreement with the measured
periods. The correlation seems to be almost the same as that obtained using C=0.086, but
now a better approximation of periods is obtained for building heights ranging between
60 and 90 meters.

3.5 Analytical Assessment of Fundamental Periods for Concrete

Moment-Resisting Frame Buildings

An analytical investigation was conducted to assess fundamental periods of reinforced
concrete moment-resisting frame buildings. One of the objectives of the current research
program was to determine the effect of non-structural elements on the fundamental period
of moment-resisting frame buildings. Therefore, frame buildings were analyzed with and
without non-structural infill elements. Reinforced concrete frame buildings of 5-, 10- and
15-storeys were chosen for this purpose as representative of commonly used frame
structures in practice. The plan consisted of three bays in the transverse direction and five
bays in the longitudinal direction, as illustrated in Fig. 3.4. A symmetrical floor plan was
considered to minimize the effect of torsion. The buildings were designed previously by
Shooshtari [36], based on the provisions of CSA Standard A23.3 and using SAP-90
computer program. Beam and column sections were chosen to be the same as those
shown in Table 2.6. Concrete compressive strength of £:=30 MPa was used in design.
Clay brick masonry infill walls were assumed as non-structural elements. Two different
grades of masonry were considered: NW with a minimum compressive strength of 8.6
MPa; and MW with a minimum compressive strength of 15.2 MPa. The wall thickness
vias either equal to 100 mm and 200 mm. The infill walls were located in one, two or

three bays of the exterior frames (Fig. 3.4).
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3.5.1 Analytical Models

Two-dimensional analytical models were developed for analysis using SAP200
Computer Software. The frames with identical properties were lumped together, and the
lumped frames were connected by rigid links to impose equal horizontal displacement at
each floor level, without any moment connection between the frames (Fig. 3.5). It was
assumed that the floor system would act as a rigid diaphragm. The supports were fully
fixed against rotation at the base. Three degrees of freedom were contemplated at each

node. The beam—column connections were assumed to be infinitely rigid.

Concrete cracking in members was taken into account by reducing the gross stiffness
values. Accordingly, 70% of the gross flexural stiffness for columns, and 35% for beams
were used. This is consistent with the recommendations of CSA Standard A23.3. The
mass was lumped at each storey level, including the mass of infill walls, when present.
The wall-area-to-floor-area ratio, R, was calculated for each case as a parameter
reflecting the stiffening effect of walls. This ratio is defined as the plan area of the infill
(thickness x length) divided by the floor plan area.

3.3.2 Modeling of Infill Walls

At moderate levels of lateral load, there is no contact between the infill wall and the
frame due to the deformation of frame, except at the corners where the compression
forces are transmitted through diagonal struts. Based on this concept, a simple method
was developed by Stafford-Smith [4] to determine the stiffness of an infill wall. In this
method, the geometric properties of the equivalent strut depend upon the length of the

contact surface between the wall and the columns, a,, and between the wall and the
beams, o, . These properties are illustrated in Figures 3.6 and 3.7 and are calculated as

follows:

4 Ef-Ic-h (3.5)

R
h
i
NN
EY

Em -t -sin 260
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and

4 4 Er-Ip-L

Em -1 ‘Sin 26

Where, £ and E are the elastic moduli of the masonry and frame materials, respectively;
A, t [ are the height, thickness and length of infill wall, respectively; I, and j, are the

moments of inertia of columns and beams, respectively; and 0 is the angle of strut with
respect to the horizontal axis, defined as tan (W/L). The modulus of elasticity of

masonry. g . is calculated as:

Em =K fm 3.7

Where. £ is the compressive strength of masonry in MPa, and g is equal to 750 for
concrete block and 500 for clay brick. The modulus of elasticity of concrete frame is
taken as 4500Vf.. The equivalent or effective width of strut is determined as follows,

assuming that the strut is subjected to uniform stress:

1 2 2 (3.8)
h

Alternatively, the New Zealand Building Code specifies the effective width equal to one
quarter of the length of the strut, Ly. Holmes [18] suggests an effective width of one third

of Ly4. The properties of equivalent struts are summarized in Table 3.2.

The effective width of the compression strut calculated according to Holmes and the New
Zealand Building Code are compared to those calculated by Equation 3.8. The
fundamental period of the 10-storey building was then computed using the different
effective widths. The difference in fundamental period for the cases considered is small,

as shown in Table 3.3. The calculated fundamental periods varied only about 2% when
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different effective widths were considered. The equivalent strut width throughout this

research was calculated based on Equation 3.8.

3.5.3 Effect of Non-Structural Elements on Fundamental Period

The effect of non-structural elements on the fundamental period of buildings is often
ignored in current building code formulas. Their effects were studied analytically, using
the structures described earlier. Specifically, the effect of wall thickness, the number of
bays containing infill walls (or length of the infill) and the strength of infill material have

been examined.

The increase in stiffness is expressed in terms of the wall-area-to-floor-area ratio, R. As
this ratio (R) increased, the fundamental period of the frame decreased. Table 3.4
summarizes fundamental periods obtained with the different infill wall thickness® and
masonry strengths for the 5-, 10- and 15-storey buildings. Also shown in this table are the

corresponding R-values for each case.

Figure 3.8 shows the effect of infill walls in a S-storey building. The building with 8.6
MPa masonry strength is denoted by a dotted line, while that of 15.2 MPa masonry is
denoted by a solid line. Also shown in this figure is the calculated period based on the
NBCC-95 formula. Similar comparisons are presented in Figures 3.9 and 3.10 for 10-
storey and 15-storey buildings, respectively. The fundamental periods of 5-, 10- and 15-
storey buildings with wall thickness of 100 and 200 mm, are compared in Figures 3.11
and 3.12, respectively. The effect of each parameter is discussed as follows based on

these analytical results:

a. Effect of infill wall thickness: The fundamental period was reduced significantly by
adding a single bay infill wall panel in all buildings, even if it was only 100 mm thick.
For the 5-storey building, the reduction in period was 47%, as compared to that of bare
frame building. The reduction was 40% in the 10-storey building and 34% in the 15-
storey building. When the wall thickness was increased by a factor of 2 (t=200 mm), the
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period for the 5-storey building was reduced by additional 6% down to 53%. Similarly,
small shortening was observed in the periods of 10- and 15-storey buildings when the
wall thickness was increased to 200 mm, resulting in 44% and 36% reductions in period,
respectively, as compared to those of bare frame buildings. These comparisons indicate
that a change in wall thickness does not translate in proportional changes in the
fundamental period.

b. Effect of masonry strength: The effect of masonry strength on structural period was
investigated by considering two different types of masonry. In the case of 100 mm thick
infill walls, when 8.6 MPa masonry units were used in a single bay of the 5-storey
building. the computed period was 0.92 seconds. When 15.2 MPa units were used
instead. the computed period was 0.83 seconds. This indicates only a 10% reduction in
the fundamental period. The 5-storey building infilled in two and three bays with 15.2
MPa masonry units resulted in period reductions of 13% and 14%, respectively, as
compared to the corresponding building with 8.6 MPa units. For the 10-storey building
the fundamental period reductions were 5%, 8% and 10% when the frames were infilled
in one, two and three bays, respectively. The corresponding reductions for the 15-storey
building were 3%, 3% and 7%, respectively. Similar results were obtained with 200 mm
thick infill walls of different strengths. The effect of masonry strength is depicted in
Figures 3.8, 3.9 and 3.10. The masonry strength appears to have only a small impact on

the fundamental period and therefore, it can be neglected for period computation.

c. Effect of number of bays infilled with masonry walls: The major impact on period
occurred when a single panel was used, corresponding to R=0.0021 and R=0.0042 for
100mm and 200mm thick walls. This is shown in Figures 3.8, 3.9 and 3.10. As this ratio
increased the building period decreased by about 60% to 70% as compared to bare frame
structure. For the 5-storey building, the period of vibration was reduced by 44% to 46%,
depending on the thickness or strength of the infill. For the 10-storey building the
reduction was about 40% to 46%, while for the 15-storey buildings was from 34% to
38%. When two bays were filled with masonry walls, a reduction of 61% to 70%

occurred in the 5-storey building. However, this reduction is only about 15% more than
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where only one bay was infilled. The reduction in the 10- and 15-storey buildings was
about 16%. Similarly, when three bays were infilled, the fundamental periods were
reduced by 9% and 10% for the 10- and 15-storey buildings, respectively.

d. Comparison with NBCC-95: There is a very good agreement between the NBCC-95
predictions and the analytical fundamental periods for buildings of 40 to 60 m. height
range when exterior frames are fully infilled with masonry walls (R=0.0062 and
R=0.0124 in the current research). The computed values vary only 3% to 10% compared
to the code periods. As expected, the observed trend indicates that when the computed
periods approach the code’s estimation, further stiffening of the structure would not
affect the fundamental period considerably (Figs. 3.8 to 3.10). However, verification of
the fundamental period of analytical models with existing building models is still

required.

3.6 Improved Expressions to Estimate the Fundamental Period of

Moment-Resisting Frame Buildings

Masonry walls are frequently used in exterior enclosure and interior partitioning of
residential, commercial and industrial buildings. Recent earthquakes have demonstrated
that the presence of masonry infills affects the seismic performance of reinforced
concrete buildings. Experimental investigations, as well as actual field observations
clearly indicate that masonry infills provide diagonal compression struts and contribute to

the overall strength and stiffness of frame structures, reducing the period of vibration.

From the analytical study presented previously in this chapter, it was shown that infill
panels with a wall-to-floor-area ratio of R=0.0021 were sufficient to reduce the
fundamental period by 40%. Therefore, in this study, an empirical expression has been
developed for the computation of the fundamental period, with due considerations given

to the effects of non-structural elements.
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As described previously, 39 analytical models were considered to study the effect of the
infilled masonry walls on the fundamental period of the frames. First the fundamental
periods of the bare frames were calculated and then the periods of the infilled frames
were obtained. The computed periods for the 5-, 10- and 15- storey buildings are shown
in Table 3.4. The comparison of the results of each building is depicted in Figs. 3.11 and

3.12.

From the analytical study performed in the current research, it was shown that the
thickness of the infill wall and the masonry strength used had little effect on the
fundamental period of the moment-resisting frame. Therefore, by ignoring these
parameters, the fundamental period of an infilled frame could be expressed as a function
of the height of the building (H) and the wall-to-floor-area ratio only, T= f (H, R).

Using the linear regression method, an equation was found to express the fundamental

period of the infilled frame. The suggested equation is given as:

T = 0.008H'” (1 - 40R) (4.4)

where 0.002 <R <0.012

In this equation R is the wall-to-floor-area-ratio calculated as explained previously and H
is the height of the building, in meters. The comparison between the suggested equation
and the analytical models are shown in Figure 3.13. As it can be seen in this graph, there
is a very good correlation between the computed values the suggested values indicating

that this equation can be used to estimate the fundamental period of the infilled frames.

Although 1t is essential to validate the suggested equation by using measured data, this
could not be done since the layout and numbers of infills in the frames for instrumented
buildings were not available. Therefore, this portion of the current investigation was

based entirely on the analytical results.
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CHAPTER 4

Conclusions

4.1 Reinforced Concrete Shear Wall Buildings

Based on the investigation carried out in this research, the following conclusions can be

drawn:

1. The fundamental period of shear wall buildings can be expressed for design purposes
in terms of the H/I®? ratio. The proposed equation: T = 0.13 H/I ®%° — 0.4 provides a
better approximation of the period than those suggested by current building codes. In
this formulation, the moment of inertia of the building is calculated as the summation

of the moments of inertia of all individual walls. The H/I%? ratio is dimensionless.

!\)

Based on the comparison of field measured periods of 34 shear wall buildings, with
those computed on the basis of UBC-97 and NBCC-95, it can be concluded that a
better estimation is obtained when coefficient C, that relates the fundamental period
to building height in metres is 0.0488. This coefficient was found to produce more
accurate results than those obtained using the detailed alternative approach presented

in UBC-97, where C= 0.1/VA.. In general, the values obtained by UBC-97
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expressions showed better correlation with measured data than those ccomputed based

on NBCC-95.

. The equation proposed by Goel and Chopra (Eq. 2.5) for shear wwall structures,

provided improved results as compared to any of the code-suggested exxpressions.

. The expression in NBCC-95, which is a function of the length of lateraal load resisting
system (Ds), is difficult to use since Ds is not easily identifiable in: most practical
applications. In some cases this approach resulted in non-conservativve estimation of
fundamental period. Several alternative approaches were considered to identify the
appropriate length for Ds in the current research project. The best estinmation of period
values was obtained when the length of lateral load resisting system wwas taken as the
summation of individual shear wall lengths of all frames divided by - the number of

frames containing these shear walls.

Ignoring the coupling effect of shear walls when calculating the fundlamental period
using the expression given in NBCC-95, resulted in the underestimatioon of the actual
stiffness of the building. Considering the shear walls to be coupled whaen the distance
between them is equal or less than one half the length of the shorter vwall, and using
the length of the entire coupled wall system in establishing Ds, improved the

fundamental period calculation.

Reinforced concrete shear walls can be modelled as continuous widle columns and
analysed for period determination, provided that the wall stiffness is rreduced to 70%
of the gross value. The results obtained from such analysis agree very ~well with those
obtained from field data.
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4.2 Reinforced Concrete Moment-Resisting Frame Buildings

The following conclusions can be made based on the research conducted on moment-

resisting frame buildings:

W

W

The empirical expression given in UBC-97 and NBCC-95, in the form of T= C, H**
with C= 0.075 (when H is in meters), produces better estimation of the fundamental

period than the alternative simple formula T= 0.1N, where N is the number of storeys.

The computation of fundamental period with UBC-97 and NBCC-95 equation was
improved when the coefficient Ci= 0.086 (0.035 in imperial system) was used instead
cf C= 0.075 (0.03 in imperial). This also improved the estimation of periods for
buildings of more than 70 m, which were underestimated with C~= 0.075. The
improved coefficient produced results that were similar to those obtained by the
expression proposed by Goel and Chopra (Eq. 3.4) up to 60 meter height. However,
the period values produced by Goel and Chopra’s expression produced better results

in the 60 m to 90 meter height range.

Non-structural elements, in the form of masonry infill walls, have a significant effect
on fundamental periods of moment-resisting frames. For buildings in the 20 to 60
meter height range, the fundamental period was shortened by 35% to 75% because of
the stiffening effect of infill walls. In this research, the effects of infill walls were
incorporated in terms of wall area-to-floor area ratio (R). It was found that the effect
of infill walls could be introduced through Eq. 3.9.

The stiffness of infilled frame is affected by wall thickness and masonry strength. As
the wall area-to-floor area ratio (R) increases, the stiffening effect of infill walls
becomes more significant. The increase in stiffness due to wall thickness has little
effect on fundamental period. This effect was found to be slightly more significant on
low-rise buildings. The impact of masonry strength on building stiffness and hence
period, was found to be negligible. The masonry strength plays slightly more

important role on periods of low-rise buildings.
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No. of |Height] Width |Length| Period T (s) \

Building ID stories| (m) (m) (m) ng; Transv.,, Earthquake
-Reinforced C;ncrete Shear Walls
Belmont C58262 2 850 | N/A | NJA | 0.13 0.20 |Loma Prieta
Burbank C24385] 10 266 | 227 | 650 | 0.60 0.56 |[Northridge
Burbank C24385| 10 266 | 22.7 | 650 | 0.57 0.51 |Whittier
Burbank * C24385| 10 266 | 227 | 650 | 0.62 0.57 |Northridge
Burbank C24385| 10 266 | 227 | 65.0 | 0.69 0.63 |Northridge
El Centro, ICSB N/A 6 248 | 258 | 414 | MRF | 0.50 |Imperial Valley
El Centro, ICSB N/A 6 248 | 258 | 414 | MRF | 044 [Impenal Valley
Goleta C25213 3 100 | N/A | NJA | 0.30 0.35 |Santa Barbara
Hayward C58488 4 150 | N/A | N/A | 0.15 0.22 {Loma Prieta
Long Beach C14311 5 215 ] 245 | 62.0 0.17 0.34 |[Whittier
Los Angeles ATC-3 12 48.1 18.2 | 49.0 1.15 | MRF |San Fernando
Los Angeles * C24468 8 385 ] 19.0 | 46.6 1.54 1.62 |[Northridge
Los Angeles * C24601 17 453 | 242 | 68.7 1.18 1.05 [Northridge
Los Angeles C24601 17 453 | 242 | 68.7 1.00 1.00 |Sierra Madre
Los Angeles C24601 17 453 242 | 68.7 0.80 1.00 |Northidge
Los Angeles N253-5 12 | 49.0 | 23.0 | 47.0 1.07 1.13 |San Fernando
Los Angeles N253-5 12 490 | 23.0 | 470 1.19 1.14 |San Fernando
Los Angeles * C24665 6 185 | 78.0 | 92.5 0.40 0.50 [Northridge
Newport Beach | C13589| 11 445 | 233 | 466 | 0.82 0.87 |Northridge
Oakland C58483 | 24 66.3 | 23.6 | 64.0 232 3.23 |Loma Prieta
Palm Desert * C12284 4 15.8 18.0 | 545 0.50 0.60 {Palm Spring
Pasadena N264-5 10 430 | 21.0 | 227 0.71 0.52 |Lytle Creek
Pasadena N264-5 10 430 | 21.0 | 227 0.98 0.62 |San Fernando
Piedmont * C58334 3 11.0 | 21.7 | 344 | 0.18 0.18 |Loma Prieta
Pleasant Hill * C58348 3 123 | 233 | 39.7 0.38 0.46 |Loma Prieta
Pleasant Hill C58348 3 123 | 233 39.7 0.38 0.56 {Loma Prieta
San Bernardino 1| C23285 5 203 | 413 62.0 0.49 0.64 |Northridge

/A refers to data not available; MRF=Moment Resisting Frame
* Indicates the selected shear wall buildings
T Indicates selected buildings for which the shear wall thickness was assumed

Table 2.1 Measured fundamental periods of vibration of buildings (Continues...)
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No. of |Height| Width | Length} Period T (s) I

l Building ID | stories| (m) (m) (m) | Long. [Transv. Earthquake
[San Bernardino | C23287] 6 | 155 ] 17.6 | 520 | 053 | 0.25 [Northridge
SanBrumo * | C58394| 9 | 315 | 254 | 580 | 120 | 130 |LomaPrieta |
San Bruno cs8394] 9 | 315 254 | 580 | 1.00 | 1.45 |LomaPrieta “
San Bruno Css394| 9 | 315 | 254 | 580 | 086 | 1.07 |LomaPrieta
IlSan Francisco + | C58479 6 240 203 55.0 0.50 0.22 |Loma Prieta

San Jose * C57355| 10 | 375 | 248 | 575 | MRF | 0.75 |LomaPrieta |
San Jose C57355| 10 375 | 248 | 575 | MRF | 0.70 {Loma Prieta "
San Jose C57355| 10 | 375 | 248 | 575 | MRF | 061 |MorganHill |
San Jose Cs7355| 10 | 375 | 248 | 575 | MRF | 061 |MountLewis |
San Jose Cs7356| 10 | 290 | 194 | 636 | 073 | 043 |LomaPrieta |
San Jose * cs7356| 10 | 200 | 194 | 636 | 070 | 0.42 |Loma Prieta “
San Jose cs7356| 10 | 200 | 194 | 636 | 065 | 0.43 |[Morgan Hill

San Jose C57356| 10 | 290 | 194 | 636 | 063 | 0.41 |MountLewis |
Saratoga Css235| 1 | 100 | 370 | 466 | 031 | 0.18 |LomaPrieta |
Watsonville + | C47459| 4 | 200 | 21.5 | 227 | 024 | 035 |LomaPrieta |
Whittier NA | 10 | 273 | 194 | 555 | MRE | 0.60 |Whittier

Whittier + N/A 10 27.3 19.4 55.5 | MRF | 0.60 [Whittier Narrows
Whittier + NA | 10 | 273 ] 194 | 555 | MRE | 0.60 |Whittier Narrows
Masonry Shear Walls

Concord C58492 8 227 | N/A | N/A 0.74 0.38 |Loma Prieta
Lancaster + C24517 3 12.6 | 21.0 39.0 0.21 0.20 |Whittier

Palo Alto css264| 2 | 72 | A | nwa | 027 | 034 |LomaPrieta
Whittier + clas06| 8 | 23.0 | 157 | 212 | 068 | 0.55 |Northridge

MRF and Reinforced Concrete Shear Walls

Richmond cseso3| 3 | 113 | WA | nwa | 027 | 029 |N/A

Santa Rosa C68489| 14 | 375 | 242 | 260 | 050 | 059 [N/A l
Santa Rosa C68489| 14 | 375 | 242 | 260 | 101 | 1.19 |N/A J
[Walnut creek | €58364| 10 | 39.0 | 31.5 | 448 | 051 | 0.72 [N/A |

N/A refers to data not available; MRF=Moment Resisting Frame

* Indicaies the selected shear wall buildings

+ Indicates selected buildings for which the shear wall thickness was assumed

Table 2.1 Measured fundamental periods of vibration of buildings (...Continued)
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H Transverse Longitudinal
(m) D,(m) | Tneccos(S) | Tmeasurea (5) | Dsm) | Tnpccos(S) | Tmeasured (5)
ILos Angeles, Administration building C24468
191" 2.51
5.78 % 1.44
3850 | 241° 2.23 1.62
| 1157¢ | 102
16.40 ° 0.86
Los Angeles, Parking building C24655
. 9.80' 0.53 21.80" 0.36
18.47 | 29.40° | 031 0.50 21.80° 0.36 0.40
29.40° 0.31 21.80° 0.36
Piedmont, School building C58334
490" 0.44 490 0.44
1090 | 980° | 031 0.18 9.80° 0.31 0.18
9.80° 0.31 9.80° 0.31
Pleasant Hill, Commercial building C58348
580' | 046 6.00' 045
12.30 5.80° 0.46 0.46 12.00° 0.32 0.38
5.80°° 0.46 12.00 ° 0.35

Description of D, .

1. Total length of shear walls in plan over the total number of shear walls

2. Toral length of shear walls in plan over the total number of shear walls, excluding the shear walls

between gridlines F-G and 1-23 (refer to appendix A-1 for plan details)
. Summation of the length of shear walls in all frames over number of frames containing shear walls
. Summation of the length of shear walls in all frames over number of frames containing shear walls,

Hw

exlcuding the shear walls between gridlines F-G and 1-23 (refer to appendix A-1 for plan details)

th

. Largest sum of the length of shear walls in any frame

Table 2.2 Comparison of measured periods and the NBCC-95's considering different
approaches to estimate D; in buildings with isolated shear walls
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Lonﬁudinal "

H Transverse
(m) D,m) | Tneccos(S) | Tmeasurea(s) | Ds(m) | Tnmccos (SUMI
Burbank, Residential building C24385
7.81"' 0.86 8.60 ' 0.82
14.372 0.63 12.06 2 0.69
26.60 14.06 * 0.64 0.57 30.15° 0.44 0.62
15.81 ¢ 0.60 30.15¢ 0.44
19.50°° 0.54 38.00° 0.39
Los Angeles, Residential building C24601
~9.02"' 1.36 9.61" 1.32
13.37% | 1.12 19.19° 0.93
45.30 19.45° 0.92 1.05 | 23.06° | 0.85 1.18
1581* | 1.03 26.86* 0.79
22.25° 0.86 47.60° 0.59
San Jose, Residential building C57356
21901 056 730° | 097
2550° | 052 _730% | 097
29.00 | 14.09° | 070 0.42 21.90° |  0.56 0.70
15.30* 0.67 25.50* 0.52
1746° | 0.2 2190° | 056

Description of D;.

1. Total length of shear walls in plan over the total number of shear walls

2. Total length of shear walls (coupled shear wall definition taken into account where applicable)
in plan over the total number of shear walls

3. Summation of the length of shear walls in all frames over number of frames containing shear walls

4. Summation of the length of shear walls (coupled shear wall definition taken into account where
applicable) in all frames over the number of frames containing shear walls

5. Largest sum of the length of shear walls in any frame (coupled shear wall definition taken into
account where applicable)

Table 2.3 Comparison of measured periods and the NBCC-95's considering different
approaches to estimate D; in buildings with coupled shear walls
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H Transverse W'
L_m D;m) | Tnpccos(S) | Tmeasurea(S) | D5 m) | Tnmccys (S)J_J_ Tmeasured (5) |
Palm Desert, Medical building C12284 l
- 480" 0.62 3.87" 0.70 “
1520 | 4.80° 062 0.60 9.03° 0.46 0.50
6.70° 0.53 14.5° 0.36
San Bruno, Office building C58394
5750 ) LIS 460' | 132 |
31.50 575 | 118 1.30 11.50° 0.84 1.20
5.75° 1.18 14.50° 0.74

Description of Dy

. Total length of shear walls in plan over the total number of shear walls

1
2. Summation of the length of shear walls in all frames over number of frames containing shear walls
3

. Largest sum of the length of shear walls in any frame

Table 2.4 Comparison of measured periods and the NBCC-95's considering different
approaches to estimate D; in buildings with shear walls in a central core
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Height Measured Period (s)— Computed Period (s)
Building ID (m) Transverse | Longitudinal| Transverse | Longitudinal
Burbank C24385 26.60 0.57 0.62 0.71 0.52 I
Los Aﬁgeles C2<;468— 38.50 1.62 1.54 1.06 1.63
Los Angeles Cé4~16071a_ 45.30 d 1_65 _1.1 8 - 1.21 o 1.11
Palm Desert C1‘22874— | 15.20 0.60 : 0.50 _6.37 N 0.42
Piedmont C58334 e IO;(; | 0.i8 6.18 ——__(E;—-— i —02-5_——
Pleasant Hill C57834§ | 12_30 _ 0.46 0.38 - 0.38 o E)iti_.—
San Bruno C58§94 e 31.50 1.30 o 1.20 B ‘I.36 o 1.07 o
San Bruno C583_94 31.5(; 1.45 V’IBO —;.36 1?07
San Jose C5735é ] 37.50 B —0.45 MRF - 0.68 ‘ MRF
SanJoseC57355 | 2000 | 042 | o070 | o064 | 117 |
lLos Angeles C24665_ 1820 ) 0.50 0.26 | _(;.A6~3“_“ ) (3.:2—-

MRF= Moment Resisting Frame

Table 2.5 Fundamental periods for selected shear wall buildings computed with SAP2000
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Localtion Level Beam size Column size (mm x mm)

(mm X mm) Interior Exterior

Interior | All floors except roof 300 x 450 500x 500 450 x 450
Frame o _Rc;(_)t—' 300 x 400 500x 500 45(7x 450_—_

Exterior | All floors except roof 300 x 450 400 x 400 350 x 350

Frame - VE;;f 300 x 400 400 x 400 350 x 350

Table 2.6 Typical beam and column cross-sectional dimensions used in the analytical models
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Shear wall | 5- storey building 10- storey building 15- storey building |
layout ¥ 0.7, | osr? | e7L' | os? | o7r' | o05L°

a 0.46 0.54 1.55 1.75 2.99 3.30
b ) (734 0.40 1.15 -‘1.32 2.23 2~46_ :
c : w(;.3~0‘_ ) 0.35 B 1.06 MIT2~3 2.28 2.60
d | (;35*_ 041 1.24 1.42 2.50 2.80
e | (;2—2 o 0.26 0.72 0.81 1.72 1_.97 ﬁ
f 1 0—:10~~— 0.10 0.39 - —0.46 “—0.85 1—00

i)

* Refer to Figure 2.12 for details

. Fundamental periods computed using the reduced flexural stiffness as 70% and 35% of the gross
flexural stiffness for columns and beams, respectively

. Fundamental periods computed using the reduced flexural stiffness as 50% and 35% of the gross
flexural stiffness for columns and beams, respectively

Table 2.7 Effect of the reduced flexural stiffness on the fundamental period of
shear wall buildings
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No. of | Height “Period T (s)

ll Building ID Stories (m) Long. Transv. Earthqugke_l
[Emeryvile | N/A 30 90.0 2.80 280 |Loma Prieta

Los Angeles N/A 9 36.0 1.40 1.30 San Fernando

Los Angeles N/A 14 48.0 1.80 1.60 San Fernando

Los Angeles N/A 13 50.0 1.90 2.40 San Fernando
flLos Angeles ATC-12 10 42.0 1.40 1.60  [San Fernando

Los Angeles ATC-14 7 18.0 0.90 1.20 San Fernando

Los Angeles ATC-2 7 21.0 1.00 1.00 San Fernando

Los Angeles ATC-3 12 48.0 SW 1.33 San Fernando

Los Angeles ATC-5 19 60.0 2.15 222 San Fernando

Los Angeles ATC-6 11 37.5 1.43 1.60 San Fernando

Los Angeles ATC-7 22 62.0 1.90 2.20 San Fernando

Los Angeles ATC-9 16 46.0 1.10 1.80 San Fernando

Los Angeles ATC-8 N/A 65.0 1.00 1.62 San Fernando
uLos Angeles ATC-10 | N/A | 500 1.10 1.30  |San Fernando

Los Angeles ATC-11 N/A 36.0 0.70 1.22 San Fernando

Los Angeles ATC-13 N/A 420 0.60 0.92 San Fernando

Los Angeles C24236 14 450 N/A 2.28 Northridge

Los Angeles C24236 14 45.0 1.69 227 |Northridge

Los Angeles C24463 5 36.0 1.61 1.46 Northridge

Los Angeles C24463 5 36.0 1.40 1.30 Whittier

Los Angeles C24463 5 36.0 1.46 1.37 Northridge

Los Angeles C24569 15 83.0 3.11 3.19 Northridge I
Los Angeles C24579 9 43.0 1.39 128 |Northridge u
Lcs Angeles C24579 9 43.0 1.71 1.28 Northridge

Los Angeles N220-2 | 20 | 600 | 227 2.09 [SanFemnando |
Los Angeles N220-2 20 60.0 2.27 2.13 San Fernando

Los Angeles N220-2 20 60.0 224 -1.98 San Fernando “
' Los Angeles N4468 | 22 | 620 | 194 2.14  |San Fernando l
IEOS Angeles N446-8 22 62.0 1.84 2.17 San Fernando J

N/A= not available; SW= Shear Walls

Table 3.1 Fundamental periods of vibration for reinforced concrete moment-resisting

frame buildings (Continues...)
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l No. of | Height Period T (s)

Building ID Stories (m) Long. Transv. Earthquake
[North Hollywood | C24464 | 20 | 510 | 2.60 2.62  [Northridge
North Hollywood | C24464 | 20 | 510 | 2.15 2.21  |Whittier |
North Hollywood | C24464 | 20 51.0 2.20 2.60 [Northridge I
Pomona C23511 2 9.0 0.28 0.30 Upland
‘ Pomona C23511 2 9.0 0.27 0.29 Whittier
Pomona C23511 2 9.0 0.70 0.80 Whittier
San Bruno Cs8490 | 6 24.0 0.85 1.10 |LomaPreta |
San Bruno C58490 6 240 0.85 1.02 Loma Prieta
San Jose C57355 10 37.0 1.01 SW Loma Prieta
San Jose C57355 10 37.0 0.91 Sw Morgan Hill
San Jose N/A 5 20.0 0.83 0.83 Morgan Hill
Sherman Oaks ATC-4 13 380 1.20 1.40 San Fernando "
Sherman Oaks c24322 | 13 | 560 1.90 2.30  |Whittier I
Sherman Oaks C24322 13 56.0 N/A 2.44 Whittier
Sherman Oaks C24322 13 56.0 2.60 2.90 Northridge ,’
\'an Nuys ATC-1 | 7 200 | 0.79 0.88 |San Fernando |
Van Nuys C24386 7 20.0 1.40 1.20  |Whittier |
Van Nuys C24386 7 20.0 1.40 1.30  [Northridge |
Van Nuys C24386 | 7 20.0 2.08 1.94  [SanFernando ||

N/A= not available; SW= Shear Walls

Table 3.1 Fundamental periods of vibration for reinforced concrete moment-resisting
frame buildings (...Continued)
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Masonry Infill wall dimensions oh oL Equivalent diagonal
strength | thickness| height length strut width
(MPa) (mm) (m) (m) | (m) (m) (m)
— — *__I
100 1.85 4.21 2.30
8.6 - 3.55 5.60
200 1.55 3.54 1.93
2.00
15.2 - I_QO__ 3.55 5.6 1.60 3.67 —_
200 1.35 3.07 1.68
Table 3.2 Equivalent diagonal strut properties calculated using Eq. 3.8
Masonry Infill Stafford-Smith Holmes New Zealand Code
Strength wall strut T strut T strut T
thickness| width width width
(MPa) (mm) (m) (s) (m) (s) (m) (s)
100 2.30 2.21 2.22 2.32
8.6 ) o T -1 221 - 1.66 [~——1
200 1.93 2.10 2.08 2.14
152 100 2.00 2.09 591 2.07 1.66 2.14
200 1.68 2.02 1.98 2.03

Table 3.3 Fundamental periods for the 10-storey moment resisting frame building using
different infill equivalent strut widths
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No. of Infill wall Infill wall R=A,/ A, Fundamental period
infilled frames (s)
Storeys location thickness (mm) fn=8.6 MPa | f_ =152 MPa
o o | 17 174
lbay 100 | —00021 | 092 | " o3
2 bays 0.0042 | _0.68 0.59 i
5 3 bays 0.0062 0.56 0.48
H=20 m. o “QO____ __L73 o 1.73 o
lbay | 0.0042_| 082 0.5
2 bays 00083 | 059 | 052
3 bays 0.0124 0.48 0.41
_ T T ¥
1 bay o0 [.00021 | 23 209
2 bays 0.0042 | 162 149
1C 3 bays 0.0062 1.29 1.16
H=40 nm. 0o 1 37 .37 L
! bay 200 00042 | 209 | 201
2 bays 0.0083 . L5 . 141 ]
3 bays 0.0124 1.17 1.08
SR T 2
1 bay 100 00021 | 375 363
2 bays 00042 | 28 | 273
15 3 bays 0.0062 2.29 2.14
H=60 m. _“0*_“ __57 Jd__ 57 L
! bay 500 _00042 | 364 | 356
2 bays 0.0083 i 2.76 _2.66
3 bays 0.0124 | 217 207

Table 3.4 Fundamental periods of the moment resisting frame models with infi]] masonry walls
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Fig. 2.1a Definition of dimension D_ for coupled shear walls in this research

©
N OTIIIIS S

Gridline 1: Di1=D;+D,
Grid line 2: Da=Dy
Grid line 3: D3;=D.
Grid line 4: Ds=Dg + D,
Number of grid lines: 4

Average of length of shear walls per grid line:
D; = (D1+D2+Ds+Ds) / 4

Fig. 2.1b Definition of dimension D, for isolated shear walls
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Fig. 2.2 Comparison between measured periods and the NBCC-95 estimated periods
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Fig. 2.3 Comparison between measured periods of selected shear wall buildings and
the NBCC-95 estimated periods
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Fig. 2.4 Comparison between measured periods and the NBCC-95's estimated values when
D; is taken as the total length of all shear walls over the number or shear walls
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Fig. 2.5 Comparison between measured periods and the NBCC-95's estimated values when
D; is the sum of wall lengths in all frames over the number of frames containing

these walls
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Fig. 2.7 Comparison between measured periods and the UBC-97 alternative formula to
estimate the fundamental period of shear wall buildings
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Fig. 2.8 Comparison between measured periods and Goel and Chopra's estimation
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Burbank, 10-Story Residential Building C24601

Height 266 m
Plan area 1687 m®

Transverse direction

Number | Length | Thickness Moment of ina'-;ia 0.25
4 I=% Iwall H/1
of walls (m) (m) Toan (M)

[ 2 2.31 0.20 0205 x 2 = 0411

: 164.178 7.43
16 8.50 0.20 10.235 x 16 = 163.767

Longitudinal direction

Number | Length | Thickness Moment of inertia _ 25
4 I=X Iwall H/1
of walls (m) (m) Iyan (m”)
2 5.40 0.20 - 2.624 X 2 = 5.249
4 10.50 0.20 19294 x 4 = 77.175f 164.307 7.43
8 8.50 0.20 10235 x 8 = 81.883

A-l.1a Moment of inertia calculation, Burbank Building
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Los Angeles, 8-Story Administration Building C24468

Height
Plan area

385 m
2957 m?

Transverse direction

Number | Length | Thickness Moment of inertia [= 025
IL)f walls | (m) (m) L. (m% =2 Lo | HX
[ 23 0.90 0.25 0015 x 23 =  0.349
1| 397 0.25 1304 x 1 = 1304
1| s | o2s 3879 x 1 = 3879
1 365 | 025 1013 x 1 = 1013 40908 | 1522
1 625 | 025 508 x 1 = 5086
1 440 | 025 1775 x 1 =  1.775
1 1097 | 025 | 27503 x 1 = 27.503
Longitudinal direction
Number | Length | Thickness Moment of inel;tia =21, | 1t
of walls (m) (m) Lyvan (m)
1 1.52 0.25 0073 x 1 = 0073
1 11.40 0.25 30.866 x 1 30.866
1 267 | 025 0397 x 1 0.397| 32.064 | 16.18
1 1.30 0.25 0.046 x 1 0.046
1 | 320 0.25 0683 x 1 = 0683
A-1.2 Moment of inertia calculation, Los Angeles Building
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Los Angeles, 10-Story Residential Building C24601

Height
Plan area

453 m
1687 m>

Transverse direction

Number | Length | Thickness Momt?n-tt of inertia 035
4 I =2 Iwall H/I
of walls (m) (m) Lyan (m’)
2 78.80 0.20 11358 x 2 = 22.716
8.5 .20 10.235 16 = .
16 830 1 0 x 16 163.767) 62967 | 11.04
4 11.30 0.20 24048 x 4 = 96.193
2 2.06 0.20 0.146 x 2 = 0.291
Longitudinal direction
Numb h | Thi M t of inerti >
umber | Lengt ickness oment o me4 ia I1=SL,, | B1%s
of walls (m) (m) Lyan (m?)
.13 2 17.325 1 = .
H 1013 3 020 | 17325 x 11 = 190577 o000 | 1215
1 5.40 0.20 2.624 x 1 = 2.624

A-1.3 Moment of inertia calculation, Los Angeles Building
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Los Angeles, 6-Story Parking C24655

Height
Plan area

185 m
7231 m?

Transverse direction

Number | Length | Thickness Moment of inertia 025
4 1= Iqan | H/I
ofwalls | (m) | (m) Tyan (')
6 9.90 0.35 28300 x 6 = 169.802| 169.802 5.12
Longitudinal direction
Number | Length | Thickn t of inerti
gt ickness Moment of ine " a I=S1,,, | B1%
of walls (m) (m) Loan (M)
2 21.80 0.40 345341 x 2 = 690.682| 690.682 3.61

A-1.4 Moment of inertia calculation, Los Angeles Building
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Palm Desert, 4-Story Medical Building C12284

Height
Plan area

158 m
1003 m?

Transverse direction

Number | Length | Thickness Moment of inertia 0.25
I=X Iwall H/1 2
of walls (m) (m) Tyan (m*)
% 73.00 0.25 0563 x 2 = 1.125 13.657 827
2 6.70 0.25 6.266 x 2 = 12.532
Longitudinal direction
Number | Length | Thickness Moment of mel;tla I=S1,,, |H/1%
of walls (m) (m) Tan (M)
4 5.00 0.25 2.604 x 4 = 10.417
Lo oas2 028 | oo x 1= 1ol |
1 0.43 | 025 0.002 x 1 = 0.002
2 1.30 0.25 0.046 X 2 = 0.092

A-1.5 Moment of inertia calculation, Palm Desert Building
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Piedmont, 3-Story School Building C58344

Height
Plan area

1lm
754 m>

Transverse direction

Number | Length | Thickness Moment of inertia ] 025
I=2 Ly | HX
of walls (m) (m) Loant (m4)
4——_—-_——'——’.__—__
4 5.00 0.30 3125 x 4 = 12.500f 12.500 5.85
Longitudinal direction
Number | Length | Thickness Moment of inel;tia =51, | Ba®®
of walls | (m) (m) Lyan (M)
4 5.00 0.30 3.125 Xx 4 = 12.500] 12.500 5.85J

A-1.6 Moment of inertia calculation, Piedmont Building

8s



Pleasant Hill, 3-Story Commercial Building C58348

Height
Plan area

Transverse direction

123 m
937 m?

Number | Length | Thickness Moment of inertia
ofwalls | (m) (m) Ty (m*)
2 5.80 0.23 3.740 x 2 =

Longitudinal direction

Number | Length | Thickness Moment of inertia =51 0.25
4 =2 Iyan | HA
of walls (m) (m) Iyan (M) _
4 6.10 0.23 4.350 x 4 = 17.402| 17402 6.02

A-1.7 Moment of inertia calculation, Pleasant Hill Building
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San Bruno, 9-Story Office Building C58394

Height
Plan area

315m
1498 m*

Transverse direction

Number Length= Thickness Moment of inertia 025
I=2Tyan | HA
of walls (m) (m) Lan (m®)
[ 5 5.80 0.30 4878 x 5 = 24389| 24.389 14.17 '
Longitudinal direction
Number | Length | Thickness Moment of mel;tla I=S1L. | 1%
of walls (m) (m) Iyan (M)
1 12.20 0.30 45396 x 1 = 45396
3 2.54 0.30 0410 x 3 = 1.229| 47.697 | 11.99
1 3.50 0.30 1.072 x 1 = 1.072

A-1.8 Moment of inertia calculation, San Bruno Building
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San Francisco, 6-Storey School Building C58479

Height 24 m
Plan area 1118 m®

Transverse direction*

Number | Length | Thickn inerti
umber engt hickness Moment of mel;tla [=XL. | pg®
of walls (m) (m) Tan (M) ]
1 18.40 0.20 103.825 x 1 = 103.825 543.249 6.08
1 20.30 0.20 139424 x 1 = 139.424

* shear wall thickness was assumed

Longitudinal direction: N/A

A-1.9 Moment of inertia calculation, San Francisco Building
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San Jose, 10-Storey Commercial Building C57355

Height 375 m
Plan area 1589 m’

Transverse direction

Number | Length | Thickness Moment of inertia T I
I=2 I, | HA

of walls | (m) (m) Lo (m*)

025
2 25.00 0.30 390.625 x 2 =  781.250] 781.250 7.09 I

Longitudinal direction: MRF

A-1.10 Moment of inertia calculation, San Jose Building
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San Jose, 10-Storey Residential Building C57356

Height 29m
Plan area 1249 m?
Transverse direction
Number | Length | Thickness Moment of inertia ] 025
I=X Iwall H/T
of walls (m) (m) Loan (m4)
1 - 5.50 0.28 3882 x 1 = 3.882
4 8.20 0.28 12865 x 4 = 51.461| 210.650 7.61
13 8.00 0.28 11.947 x 13 = 155.307
Longitudinal direction
Number | Length | Thickness Moment of inel;tia I1=S1L., | 5%
of walls (m) (m) Lyan (M)
6 7__"1() 0.28 9.077 X 6 = 54462 174.664 708
hJ 10.10 0.28 24040 x 5 = 120.202

A-1.11 Moment of inertia calculation, San Jose Building
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Saratoga, 1-Storey School Gym C58344

Height
Plan area

10 m
1723 m®

Transverse direction *

Number | Length | Thickness Moment of inertia 0.25
I=% Iwull HA
of walls (m) (m) Tqu (m*)
2 4.80 0.30 2765 x 2 = 5.530
1- - 6.880 6.17
16 1.50 0.30 0.084 x 16 = 1.350
Longitudinal direction *
Numb - . R
umber | Length | Thickness Moment of mel;tla =L | 1%
of walls (m) (m) Loy (M) _
4 4.80 0.30 2.765 x 4 = 11.059
— - - 12.409 5.33
16 1.50 0.30 0.084 x 16 = 1.350

A-1.12 Moment of inertia calculation, Saratoga Building
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Watsonville, 4-Storey Commercial Building C47459

Height 20 m
Plan area 484 m>

Transverse direction*

( Number | Length Thickness Moment of inertia
ofwalls | (m) (m) L, (m*)
1 7.00 035 10004 x 1 = 10.004
3| 330 035 1048 x 3 =  3.144
1 2140 | 035 285843 x 1 = 285843
1 410 | o025 | 1436 x 1 =  1.436| 307.906 | 4.77
1 700 | 025 7146 x 1 =  7.146
4 1.10 025 | 0.028 x 4 =  0.111]
1 220 | 025 | 0222 x 1 = 0222

* shear wall thickness was assumed

Longitudinal direction *

Number | Length | Thickness Moment of inertia

of walls (m) (m) Loy (m%)
1 3.30 0.25 0749 x 1 =  0.749
4 2.60 0.25 0366 x 4 = 1465
4 150 | 025 0070 x 4 = 0281
3 110 | 025 0028 x 3 = 0083
1 3.00 0.25 0563 x 1 = 0563
3 3.40 0.25 0819 x 3 = 2457

* shear wall thickness was assumed

A-1.13 Moment of inertia calculation, Watsonville Building
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Newport Beach, 11-Storey Hospital C13589

reight 445 m

Plan area 1086 m’

Transverse direction *

Number | Length | Thickness Moment of inertia n 035

4 I=Z 1y | HA

of walls (m) (m) Lyay (m)
I 2 23.30 0.25 263.528 x 2 =  527.056| 527.056 9.29 ]
* shear wall thickness was assumed
Longitudinal direction *

Number | Length | Thickness Moment of inertia =1 s

- wall
of walls (m) (m) | . (m4) )
2 46.60 0.25 2108223 x 2 = 4216.446| 4216.446 5.52

* shear wall thickness was assumed

A-1.14 Moment of inertia calculation, New Port Beach Building
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San Bernardino, 5-Storey Library (23285

Height
Plan area

10 m
1723 m?

Transverse direction*

Number | Length | Thickness Moment of inertia 0.5
I =X Iwall H/I
of walls (m) (m) Iy (Mm%
2 =
2 4.80 0.30 2.765 x 2 5530 ceg0 | 617 '
16 1.50 0.30 0.084 x 16 = 1.350
Longitudinal direction *
Number { Length | Thickness Moment of inet;tia =1, | BT
of walls (m) (m) Lyan (M)
4 f80 1 _973_0-_ 2.765 X 4 = 11.059 12.409 5.33
16 1.50 0.30 0.084 x 16 = 1.350

* shear wall thickness was assumed

A-1.15 Moment of Inertia calculation, San Bernardino Building
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San Bernardino, 6-Storey Hotel C23287

Height
Plan area

155 m
918 m>

Transverse direction*

Number | Length Thickness-_-T Moment of inertia 02
[=Z1T,m | HA%*
ofwalls | (m) (m) Lyan (m*)
2 . 2 . = 1
6~5_0._ 0.20 4577 x 2 9 Si 214.793 4.05
26 7.80 0.20 7909 x 26 = 205.639
* shear wall thickness was assumed
Longitudinal direction *
Numb L i i i
umber ength | Thickness Moment of mer;tla 1=31.,, | /1%
of walls (m) (m) Lwan (M)
14 4.24 0.20 1.270 x 14 = 17.786| 17.786 7.551

* shear wall thickness was assumed

A-1.16 Moment of inertia calculation, San Bernardino Building
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Lancaster, 3-Storey Office Building C24517

Height
Plan area

12.6 m
827 m>

Transverse direction*

T~ umber | Length | Thickness Moment of inertia 25
I=X Iwnll H/A 0
ofwalls | (m) (m) Lya (m)
3 21.20 0.20 158.802 x 3 = 476.406] 476.406 2.70_]
* shear wall thickness was assumed
Longitudinal direction *
Number | Length | Thickness Moment of inertia 0.25 I
4 I=X Iwall H/1
of walls (m) (m) Lyan (m?)
2 6.67 0.20 4.946 2 = 9.
A I e i *r 2 T 1 15287 | 637
2 5.45 0.20 2.698 X 2 = 5.396

* shear wall thickness was assumed

A-1.17 Moment of inertia calculation, Lancaster Building
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Whittier, 8-Storey Hotel C14606

Height
Plan area

23
1117

m
2
m

Transverse direction*

Number | Length | Thickness Moment of inertia 025
4 I=% I\»vnll H/
of walls (m) (m) Tan (M)
6 6.67 0.25 6.182 x 6 = 37.093
12 5745 0.25 3372 x 12 = 40.470
1 ?iOO i 0.21 0563 x 1 = 0.563 82 050 7 64
1 4.80 7 0.25 2304 x 1 = 2.304
1 4.14 7 0.25 1478 x 1 = 1.478
1 1.90 0.25 0143 x 1 = 0.143
* shear wall thickness was assumed
Longitudinal direction *
Number | Length | Thickness Moment of mel;tla 1=S1L., |H/1%5
of walls (m) (m) Lyan (M)
21 5.80 0.25 4.065 x 21 = 85.362
9 2.90 0.25 0.508 9 = 4.573
=T X 95.118 | 7.36
3 4.14 0.25 1.478 x 3 = 4435
1 3.30 0.25 0.749 x 1 = 0.749

* shear wall thickness was assumed

A-1.18 Moment of inertia calculation, Whittier Building
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Burbank, 10-Story Residential Building

CSMIP Station No. 24601
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A-1.1 Sketch of shear walls, Burbank Building
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Los Angeles, 8-Story Administration Building

CSMIP Station No. 24468
o P hdoad Rem '
-] e
- S
= %
s - s
a 3
0
L od
]
L
e
|
1
2 .
.
g
2 = ﬂ
o —%

A-1.2 Sketch of shear walls, Los Angeles Building
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Los Angeles, 10-Story Residential Building
CSMIP Station No. 24601

A-1.3 Sketch of shear walls, Los Angeles Building
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Los Angeles, 6-Story Parking Building
CSMIP Station No. 24655
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A-1.4 Sketch of shear walls, Los Angeles Building
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Palm Desert, 4-Story Medical Building
CSMIP Station No. 12284
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A-1.5 Sketch of shear walls, Palm Desert Building
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- Piedmont, 3-Story School Building
CSMIP Station No. 58344
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A-1.6 Sketch of shear walls, Piedmont Building
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Pleasant Hill, 3-Story Commercial Building
CSMIP Station No. 58348
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A-1.7 Sketch of shear walls, Pleasant Hill Building
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San Bruno, 9-Story Office Building
CSMIP Station No. 58394
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A-1.8 Sketch of shear walls, San Bruno Building
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San Francisco, 6-Story School Building

CSMIP Station No. 58479
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A-1.9 Sketch of shear walls, San Francisco Building
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San Jose, 10-Story Commercial Building
CSMIP Station No. 57355
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A-1.10 Sketch of shear walls, San Jose Building
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San Jose, 10-Story Residential Building
CSMIP Station No. 57356
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A-1.11 Sketch of shear walls, San Jose Building
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Saratoga, 1-Story School Gym
CSMIP Station No. 58235
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A-1.12 Sketch of shear walls, Saratoga Building
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Watsonville, 4-Story Commercial Building
CSMIP Station No. 47459
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A-1.13 Sketch of shear walls, Watsonville Building
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