EFFECT OF AXIAL DEFORMATION OF COLUMNS
ON DYNAMIC BEHAVIOR OF REINFORCED CONCRETE BUILDING FRAMES

by
Koji Yoshimural and Kenji KikuchiX

SUMMARY

The static and dynamic analyses of medium and low-rise reinforced con-~
crete building frames with framed shear walls which are subjected to hori-
zontal and vertical components of ground motions are performed. And the
effects of inertias in the vertical directions and the axial deformations of
columns on dynamic behavior of the model frames are investigated in the
elastic range.

INTRODUCTION

In the current aseismic design method in Japan, the effects of the ver-
tical component of ground motion and the axial deformation of columns in the
medium and low-rise building frames ‘are not taken into consideration. In
the present paper, the effects of inertias in the vertical direction and
axial deformation of columns on dynamic behavior of the reinforced concrete
model frames are investigated. In the analysis, forty-five different model
frames in which framed shear walls are provided in. the various patterns, are
selected. And for these frames, both static and dynamic response analyses
are performed in the elastic range. Special emphasis is placed on dynamic
analysis of the six-~story reinforced concrete frames with soft and hard
stories in case when these frames are subjected to horizontal and vertical
components of ground motions. In the recent studies on dynamic analyses in
which building structures are subjected to horizontal and vertical simul-
taneous ground: motions, simplified structural models were frequently adopted
except for a few studies?. In the present study, stiffness of the beams,
columns and framed shear walls are evaluated as precise as possible.

METHOD OF ANALYSIS

Model Frames. Three-bay-six-story reinforced concrete plane frames in which
framed shear walls are arranged apart in the various patterns were selected
as the typical model frames. Fig. 1 shows over—all dimensions and distribu-
tion of weights of the model frames used in the analysis. Dead plus live
loads at each floor level were lumped at the beam-to-column connections.
Fig. 2 shows the details of the framed shear walls provided in the frames.
Cross—sectional dimensions of this framed shear walls are the same with those
of the illustrative example in 1979 AIJ (Architectural Institute of Japan)
Standard for Structural Calculation of Reinforced Concrete Structures.
Schematic elevations of the model frames are given inFig. 3. Cross-sectional
dimensions of all columns and beams are respectively the same as those of
the boundary frames of the framed shear walls in Fig. 2, except that the
depth of footing beams is 1.0 meter.
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Fig. 3 Arrangement of Shear Walls in Model Frames

Stiffness of Beam, Column and Shear Wall Elements. Stiffness matrices of
the beam and column elements were determined by taking into account of the
flexural and shear deformations. Because each floor was assumed to act as a
rigid horizontal diaphragmin its own plane, beams have no axial deformation.
It was assumed, however, that the columns have axial deformation. Presence
of rigid zones in the beam~to-column connections was also taken into account.
Stiffness matrix determined by using Airy's stress function was used in order
to evaluate the rigidity of the framed shear wall. This stiffness matrix
proposed by M. Tomii, T. Yamakawa and H. Hiraishi is only applicable to the
linear elastic analysis of reinforced concrete structures with framed shear
walls arranged apartz)’a).

Analytical Models. In order to ex— Table 1 Nodal Displacements
amine the effects of axial deforma- and Inertias

tion of columns and vertical inertias

on dynamic behavior of the model Model (DgvIav) | (DrvIr) | (DuIn) (DvIv)
frames, four different models were Node 4 u u

selected according to the directions Nodal - > | 1 ?1"
of nodal displacements and inertias Displacements v t'ﬂ,, Yu-o 0 u=0
which were taken into consideration. Columa rmation

Table 1 shows the schematic drawings Dixection of | {7, l —a —x v
of nodal displacements and directions Inertias

of inertias considered in each model.

Symbols "D" or "I" in the table denote the nodal displacement or inertia
respectively, and the subscripts "H" or "V" represent that the horizontal or
vertical inertias at each node are taken into account. In Model (DgvIgpv),
nodal displacements and inertias in both horizontal and vertical directions
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are taken into consideration, and therefore this model is the most realistic
among the four analytical models. While in Model (DyyIy), the nodal displace-
ments in both horizontal and vertical directions are taken into account put
the inertias are considered only in the horizontal direction. In Model
(DgIlg) or Model (DyIy), nodal displacements and -inertias only in the hori-
zontal or vertical directions are considered respectively. Models (DgyIn)
and (DgIly) were selected to examine the effect of vertical inertias and
axial column deformations on dynamic response of the model frames which are
subjected touni-directional horizontal ground motioms, and Model (Dyly) was
to investigate the dynamic characteristics in the vertical direction. In
all models, however, the rotations of nodes are not restricted but rotatiomal
inertias are not considered. Stiffness matrices of these four different
models have the following relationship. By using the assumptions that the
floor slabs are rigid in their own planes and moment acting at each node are
equal to zero, static relations between forces acting at each floor level or
node and the corresponding displacements can be expressed as

where {X} = horizontal forces acting at the floor levels,
{Z} = vertical forces acting at the nodes,
{&@} = horizontal displacements of the floors,
{v} = vertical displacements of the nodes,

[Kzz] = horizontal forces at each floor level caused by a unit hori-
zontal displacement at a particular floor level,
[Kyp] = vertical forces at each node caused by a unit vertical dis-
placement at a particular node,
[Kipy] = horizontal forces at each floor level caused by a unit ver-
tical displacement at a particular node and
[Ky;] = vertical forces at each node caused by a uuit horizonmtal
displacement at a particular floor level.
The stiffness matrix of Model (DyvInv) is given by the matrix in Eq. 1. And
the stiffness matrices of Models (Dyyly), (Dyly) and (Dyly) are respectively
represented by the matrices given in Egqs. 2, 3 and 4.

X} = [Kgzl{u} R ¢3)|
{Z} = [va]{v} - essevescsscsssssnee (3)
X} = ([Kgzl - [KgpllKyl KDl ... R ()]

Static Analysis. Static analysis-in case when model frames are subjected to
lateral forces and gravity loads were performed to obtain the nodal displace-
ments and member forces including axial forces in the columns. Analytical
results obtained were compared with those from dynamic analysis. Two differ-
ent lateral seismic coefficient distributions were used in the static analy-
sis; one is a nearly rectangular dis-

tribution which is specified in the 4§ Zl;:g'_ii E: k:}};?z';?
current Japanese Building Standard Law 3 g ks=0.20 &3 k5=0.234
(IBS) and the other isa triangular one 4 4 k4=0.20 u & k4=0.175
specified in the Uniform Building Code o3 k3=0.20 2 3 k3=0.117
(UBC) in USA. The values of seismic 2 k2=0.20 2 L/ka=0.059

coefficient, k;, used in the analysis (IBS) (UBC)
are shown in Fig. 4. The triangular
distribution was determined so that its  Fig. 4 Lateral Seismic Coefficients
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base shear coefficient has the same value with the rectangular ome. Axial
forces in the columns in case when those frames are subjected to dead plus
live loads were determined by using the current practical method in Japan.

Dynamic Analysis. When a model frame is subjected to both horizontal and
vertical components of ground acceleration, the equation of motion becomes

Fﬁi?.] {ﬁ . [Cﬁzg 921)_] E} . {Kﬁu“uv}{ﬁ} - . [.EE'L‘I_] {XG} e ()
Oimj | ¥ Coz!Cow) |V Ko Kpp ) |V 0im ZG

where [f], [m] = mass matrices, [C] = damping matrices and {XG} , {ZG_} = hori-
zontal and vertical ground accelerations. The computations of dynamic re-
sponse to ground acceleration were performed by using the normal mode method
and the equation of motion was solved by using a step-by-step integration
method. The modes of wvibration which are higher than 10t mode were ignored.
The time interval of a given earthquake accelerogramis 0.002 seconds. Damping
ratios were assumed to be 5 percent of the critical damping in each mode of
vibration. In the dynamic analysis, digitized data of both horizontal and
vertical compoments of three different strong motion earthquake records shown -
in Table 2 were used. Table 3 shows the components of input ground motions
and the peak accelerations adopted in the analysis.

Table 2 Earthquake Records Table 3 Input Peak Acceleration (Gals)
Earthquake | - CENTRO [ pypr 1952 | o1ta 1975 Horizontal Vertical
1940 Component Component
t::otiu;net:tl N-6 (341.7) | 869E (175.6) | E-W (70.6) Horizontal Direction 200 0
et | vexe. 206.3) [ vear, 102.9) | vemr. (29.3) Vertical Direction 0 100
Horizontal and
Duration 10 Sec. 15 Sec. 10 Sec. Vertical Direction 200 ¥

Note :[Recotded Peak Acceleration (Gals) in Parenthesis = Recorded Peak Acceleration of Vertical Component %200

Recorded Peak Acceleration 6f Horizontal Compoment

RESULTS OF ANALYSIS AND DISCUSSIONS

Fundamental Periods. Eigen values of all model frames were determined by
using the Q-R method. The relations between fundamental periods of Models
(DpvIpy) and (Dyly), which are designated by yTj and yIj respectively, are
given in Fig. 5. All of the first modes of vibration in Model (DyxyIhy) are
horizontal modes. The figure shows that the values of gT1 in six-story
model frames are widely scattered between 0.19 and 0.95 seconds, while those

of yT1 are within the o110 Y P ™|
range between 0.079 o r 2 w o0 ‘
and 0.099 seconds. As 0.8 o2 & ®u 4 Bo om

a result, yTp are not -

remarkably affected by S o006k Bty Toman | pinaremmteny xamar

the manner of arrange- 3 | o Typen o onehw

ment of shear walls. fo"o‘_ - R o

Similar tendency can 9 | = bt d O TypeE Two-story Frames

be observed in the low- z & @ ®  Type ¥ © one-bay

rise model frames. §°'°2L: ° S mmee " Dby

Open circles in Fig. 6 I :

represent the compari- % Y, TS o io
son of fundamental (Horizontal Mode) wTi (Sec)
periods of horizontal Fig. 5 Fundamental Period of Vibration
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- modes between two Models, Type O p—A— —B—
(DgyIgy) and (DHVIH) . This
figure shows that most of
the fundamental periods in
Model (DgyIg) have a good
agreement with those in
Model (DgyIp). On the con-
trary, fundamental periods
of vibration inModel (Dylg)
are compared with those in
Model (DgyIzy) by wusing
solid circles in Fig. 6. Fig. 6 Fundamental Periods of Horizontal Modes
It 18 noted that in case v
when axial deformations of columns are ignored, fundamental periods of frames
of Type D in Fig. 2 or frames, in which framed shear walls are provided all
over the stories (Types A-1, B-1 and C), are comsiderably shortly evaluated.

[e]
®

HTt{Dsv IH)/HT1(Duv Inv)
HTI(DH In) ZWTH{OHV IHV)

Approximate Solution of Fundamental Period of Vertical Modes. In determining
the fundamental period of vibration approximately, Geiger's equation is fre-
quently used. This equation is practically applicable to determine the funda-
mental period of the horizontal modei if horizontal stiffness of the whole
structure can be evaluated acculately . In the present section, validity of
Geiger's equation to determine the fundamental period of vertical modes is
investigated. In this case, a simple model in which rigid floor slabs can
be allowed to move only in the vertical direction was adopted (refer to Fig.
7). Vertical stiffness of the framed shear walls in the adopted model, how-
ever, was determined in accordance with the exact solution proposed by M.
Tomii et al. as shown in Fig. 8. Fig. 9 shows the comparison between funda-
mental period of vertical modes determined from the exact solutions, yT1, and
approximate ones, yT;', determined from Geiger's equation. It is understood
from the figure that the fundamental period of vertical modes can be evalu-
ated by the approximate method within the errors less than + 8 percent, if
the value of constant in Geiger's equatlon is choosen adequately.

Type O k—A——f ——B—=f FC~ F—D— F—E~—i —F— 1G{
ke ke 123456123456 123123456 (23481234812
o e 7 "3? o8-t ANRERENREN NENREENREEN
C C C :
4 3 il vy wu
]
Fig. 7 Simplified Vertical 5 100
. Springs E
'y peg g
vl ¥ Lomm e A ¥ ver E 0.93
! Framed > ‘
Shear Wail OQOT In Case of Constant, C=5.3 in Geiger's Equation
veg T Commm==mmiy Toml : .
v ty Fig. 9 Approximate Solutions of Fundamental
Fig. 8 ky in Shear Wall Period in Vertical Modes

Maximum Story Shears and Story Drifts. Fig. 10(a) shows typical examples of
the envelops of maximum story shear coefficients caused by El Centro 1940
ground motions. Note that the envelops of maximum story shear coefficients
in model (Dgylpy) caused by the horizontal and vertical simultaneous ground
motions are nearly coincide with those caused by the uni-directional horizontal
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in case when the model frames are subjected

only to the horizontal component of ground motion, story shear coefficients
of Model (DHVIH) almost agree with those of Models (DyyIgy) and (Dgly). And
also it can be seen from the figure that values of story shear coefficients
of Model (DyyIgy) caused by the vertical ground motlion are quite small and
are 0.05 at the most. Fig. 10(b) shows typical examples of maximum story
drifts in Model (DHVIHV). Again, the maximum story drifts caused by the
simultaneous ground motions are almost the same as those caused by the hori-
zontal greund motion. In addition, those values are nearly equal to those in
Model (DyyIy) caused by the same horizontal ground motion. Similar tendency
was observed when Taft 1952 ground motions was used. As the results, the ver-
tical component of ground motions and inertias in the vertical direction have
not large effects on maximum story shears and story drifts of the model frames.

ground motions. In additionm,
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Fig. 10 Maximum Story Shear Coefficients and Maximum Story Drifts

Maximum Compressive Stresses in First Story Columns. For the fourteen model
frames in which framed shear walls are not provided inm the lower stories,
maximum values of axial compressive stresses in the first story columns were
examined by using Model (DgyIlpy). Fig. 11 shows the results calculated from
dividing the values of (pN+N;y) by (gN+Np), inwhich pN and gN are the axial
compressive stresses caused by dynamic motions and JBS static lateral forces
respectively, and Ny, is the axial stresses caused by static dead plus live
loads. It can be seen from the figure that the values of (pN+Ny) are con-
siderably greater than (5N+NL). Moreover, large axial stresses are induced
in some interior columns in case when model frames are subjected to vertical
and horizontal simultaneous ground motions. InFig. 12, maximum axial stresses
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Fig. 12 Maximum Axial Stresses in First Story Columns Caused
by Vertical Ground Motions

in the first story columns caused by a vertital ground motion, pN', are com-
pared with the values of Nj. The abscissa of the figure represents the fun-
damental period of vertical modes, yTj. This figure shows that the vertical
ground motions with peak acceleration of 100 Gals have a large effect on axial
stresses in the first story columns and the values of pN' are about 10 to 40
percent larger than those of Nj. As a result, the effect of vertical compo-
nent of ground motion on axial stresses in the first story columns could not
be ignored.

Relation between Maximum Base Shears and Axial Stresses in Columns. Fig. 13
shows the relation between maximum base shear coefficients, pCj, and maximum
axial compressive stresses in the first story columms, pN, when Model (DuvInv)
is subjected to N-S component of E1 Centro 1940 with 200 Gals peak acceleratiom.
These values are given by dimensionless forms using the values of gCj and gN
respectively, where gCj and gN are the corresponding values caused by static
lateral forces. It can be seen from the figure that the values of pN/gN are
nearly proportional to pC1/sCi. Thisséact shows that the value of pN can be




approximately estimated fromthe value pN U801 o gtEOm
of pC1. It isnoteworthy that in case gN| e Gromd Woriom lh‘f ]
when the values of gN are determinmed = | EL CENTRO 1940 K-S a |
from the static lateral forces spec- 25k | o ® wes 5
ified in JBS, all of the values of |7 we 9 {
pN/gN fall upper than the line along [t interior coiumn ]
the level 45 degrees. On the contrary, [
if the values of gN are determined from i ® ﬁ
UBC, most of the values of pN/gN fall i s 4
lower than the same line. As the re- 29 . o? .
sult, in case when the value of pN is i &, g
estimated from the value of pCj, the - s
value of pN determined by UBC would - o
become more conservative than by JBS. - &, v
15k &/ J
CONCLUDING REMARKS ! v v i
| ¥ !
(1). The effect of the manner of ar- i v
rangement of framed shear walls on fun-
damental perlod of vertical modes in | A
reinforced concrete frames with framed "So 18 20 25
shear walls can be neglected. bCl
(2). Fundamental period of vertical Fig. 13 gCi
modes can be approximately evaluated by Relation between Maximum ‘Base
Gelger's equation. Shears and Axial Stresses in
(3). If the axial deformations of col- First Story Columns

umns are not taken into analysis, fun-

damental periods of horizontal modes in some frames are considerably shortly
evaluated.

(4). The effect of vertical ground motions on maximum story shears and max-
imum story drifts can be neglected.

(5). The effect of vertical ground motions on maximum axial stresses in the
first story columns cannot be disregarded. It is worthy of note that con~
siderably large axial stresses are induced in some interior columns in case
when model frames are subjected to vertical and horizontal ground motions.
(6). Vertical inertias of nodes caused by uni-directional horizontal ground
motions have not a large effect on dynamic responses of the model frames.
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