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Abstract

This paper deals with a time-dependent analysis of reinforced concrete (RC) frame structures considering the construction

sequences. Because of the non-mechanical deformations induced by the time-dependent deformations of concrete, concrete

structures usually present different behaviors when the construction sequences are changed, despite having the same structural

configurations. Therefore, the time-dependent effects of concrete such as creep and shrinkage must be taken into consideration to

simulate the actual behavior of RC frame structures. The material nonlinearity including the cracking of concrete is taken into

consideration, and geometric nonlinearity due to the P-D effect is also taken into account by using the initial stress matrix. In

addition, the creep deformation of concrete is described in accordance with a first-order algorithm based on the expansion of a

degenerated kernel of the compliance function. Finally, correlation studies with previous numerical results and experimental data

are conducted to verify the validity of the proposed model. An analysis of a 10-story RC frame structure is carried out to assess the

differences in structural responses according to the construction sequences.

r 2005 Published by Elsevier Ltd.
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1. Introduction

In the structural analysis of multistory buildings,
there are two important factors that have very
significant effects on the accuracy of the analysis but
are usually ignored in practice [1]. They are: (1) the
effect of sequential application of dead loads due to the
sequential nature of construction; and (2) differential
column shortening due to the different tributary areas
that the exterior and interior columns support.

Structural members are added in stages as the
construction of a building proceeds and hence their
dead load is carried by the part of the structure
completed at the stage of their installation. Therefore,
e front matter r 2005 Published by Elsevier Ltd.
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it is clear that the distribution of displacements and
stresses in the part of the structure completed at any
stage due to the dead load of members installed by that
stage does not depend on the sizes, properties, or the
presence of members composing the remainder of the
structure. The correct distribution of the displacements
and stresses of any member can be obtained by
accumulating the results of analysis of each stage.
Ignoring this effect may lead to seriously incorrect
analysis results, particularly at the upper floors of the
building.

The exterior column in a building is loaded with
roughly one-half of the gravity load to which the interior
column is subjected. In many design practices, however,
there is a tendency to design the exterior columns so as
to have cross-sectional areas nearly equal to the interior
ones, since additional cross-sections are required in
the exterior columns to resist the forces induced by

www.elsevier.com/locate/buildenv


ARTICLE IN PRESS
H.-G. Kwak, J.-K. Kim / Building and Environment 41 (2006) 1423–14341424
overturning moments due to lateral loads such as winds
and earthquakes. Therefore, there exists a substantial
inequality between the ratio of the applied dead load to
the cross-sectional area of an exterior column and that
of an interior one. This inequality may cause a
differential shortening between the exterior and interior
columns in the frame. Moreover, this differential short-
ening is enlarged in RC frame structures since additional
time-dependent deformations of concrete, which have a
magnitude of more than two times the elastic deforma-
tion, are accompanied.

Because of the aforementioned two factors, consider-
able amounts of differential column shortening are
accumulated in the members of the upper floors of a
multistory building and cause larger bending moments
and shear forces than when the dead load analysis for
the frame is performed by a conventional method, such
as a finite element analysis where the entire frame is
assumed to resist all the applied loads instantaneously.
In spite of the importance of considering the construc-
tion sequence and differential column shortening, and
that the seriousness of this issue has long been
recognized among many practicing engineers, only
limited attention has been directed toward this problem
in the current literature [2–4].

Accordingly, to simulate the structural behavior and
to predict the exact structural responses, a rigorous
numerical analysis considering the time-dependent
deformations of concrete and construction sequence
must be conducted. Upon these considerations, a
numerical model that can consider all these influencing
factors is introduced in this paper. The layer approach is
adopted to simulate the different material properties
across the sectional depth. Material nonlinearity due to
the cracking of concrete and yielding of reinforcing bars,
and geometric nonlinearity due to the P-D effect are
taken into account. Concrete creep is evaluated by the
first-order algorithm based on the expansion of the
compliance function [5], and the aging effect of concrete
properties is included in the evaluation. The validity of
the numerical model introduced in this paper is
established by comparing the analytical predictions with
results from previous analytical and experimental
studies [6–9], and numerical analyses for RC frame
structures are conducted. On the basis of the obtained
numerical results, the necessity of rigorous nonlinear
analysis is emphasized for more accurate prediction of
the structural response of RC frame structures.
2. Material properties

2.1. Concrete

Based on the principle of superposition, total uniaxial
concrete strain �cðtÞ at any time t is assumed to be
composed of the mechanical strain �mc ðtÞ caused by
short-term service loads, and the nonmechanical
strain �nmc ðtÞ consists of creep strain �crc ðtÞ and shrinkage
strain �shc ðtÞ.

�cðtÞ ¼ �
m
c ðtÞ þ �

nm
c ðtÞ ¼ �

m
c ðtÞ þ �

cr
c ðtÞ þ �

sh
c ðtÞ. (1)

Shrinkage strain can be evaluated directly by utilizing
the shrinkage model proposed in the ACI318 design
code [10], since it is defined as the volume change that
occurs independently of imposed stresses. On the other
hand, creep is defined as an increase in strain under
sustained stress. Introduction of an analytical model to
calculate the creep strain is required, and many studies
have been performed to this end [11,5]. In this paper, the
first-order algorithm based on expansion of creep
compliance, proposed by Kabir and Scordelis [5], has
been adopted because this model can simulate the stress
history effectively in spite of its simplicity in application.

The increment of creep strain from time tn�1 to time tn

for uniaxial stress state can be expressed as follows [11]:

D�cn ¼
Xm

i¼1

Ain�1 ð1� e�liDtnÞ,

Ain
¼ Ain�1

e�liDtn þ aiðtÞDsn, ð2Þ

where D�cn is the increment of creep strain, li are inverse
retardation times, aiðtÞ are constants depending on the
age at loading t;m is the number of time steps, and Ai

with initial values Ai1 ¼ aiðt1Þ � Ds1 at n ¼ 1 represent
hidden state variables by which the effects of past time
steps are considered.

Before starting the calculation of creep strain by
Eq. (2), parameters such as m, aiðtÞ, and li must be
determined. Since the use of the compliance function
ðJðt; tÞ ¼ 1=EðtÞ þ Cðt; tÞÞ in the form of a Dirichlet
series induces some numerical difficulties caused by not
considering a separate term to represent the instanta-
neous deformation, the creep compliance ðCðt; tÞÞ is used
directly in this study, as shown in Eq. (3). Accordingly,
m ¼ 4 is taken, and the assumed corresponding retarda-
tion times are 8:0; 80:0; 800:0, and 8000.0, respectively.
In addition, the values of aiðtÞ are determined by the
method of least squares using Kabir’s Dirichlet series
creep compliance [5]. After determination of nonmecha-
nical strain increments, the concrete stress at each layer
corresponding to the mechanical strain can be calculated
by using the stress–strain relation of concrete.

Cðt; tÞ ¼
Xm

i¼1

aiðtÞ � ½1� e�liðt�tÞ�. (3)

The response of RC columns under loads depends to
a large extent on the stress–strain relation of the
constituent materials and the magnitude of stress. Since
concrete is used mostly in compression, the stress–strain
relation in compression is of primary interest. Among
the many mathematical models currently used in the
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analysis of RC structures, the monotonic envelope curve
introduced by Kent and Park and later extended by
Scott et al. [12] is adopted in this paper because of its
simplicity and computational efficiency. In this model,
as shown in Fig. 1(a), the monotonic concrete stress–
strain relation in compression is described by three
regions, where �c0 is the concrete strain at maximum
stress, K is a factor which accounts for the strength
increase due to confinement, and Z is the strain
softening slope.

On the other hand, it is assumed that concrete is
linearly elastic in the tension region. Beyond the tensile
strength, the tensile stress decreases linearly with
increasing principal tensile strain (see Fig. 1(b)).
Ultimate failure is assumed to take place due to
cracking, when the principal tensile strain exceeds the
value �0 ¼ 2Gf =f t lnð3=bÞ=ð3� bÞ in Fig. 1(b), where b is
the element length. Gf is the fracture energy that is
dissipated in the formation of a crack of unit length per
unit thickness and is considered to be a material
property. The value of �0 is derived from the fracture
mechanics concept of equating the crack energy release
with the fracture toughness of concrete Gf [13]. The
experimental study by Welch and Haismen [14] indicates
(a)

0

2 . Gf . In (3/b) 

ft . (3–b) 
ε =

(b)

Fig. 1. Stress–strain relation of concrete. (a) Compressive region [12];

(b) Tensile region [13].
that for normal strength concrete, the value of Gf =f t is
in the range of 0.005–0.01mm. If Gf and f t are known
from measurements, �0 can be directly determined from
the equation in Fig. 1. More details for the concrete
model can be found elsewhere [13,15].
2.2. Steel

Reinforcing steel is modeled as a linear elastic, linear
strain hardening material with yield stress f y. The
reasons for this approximation are: (1) the computa-
tional convenience of the model; and (2) the behavior of
RC members is greatly affected by the yielding of
reinforcing steel when the structure is subjected to a
monotonic bending moment [16,17]. Thermal strain is
the only nonmechanical strain expected for steel.
However, it is not considered in this study, and thus
the mechanical strain can be directly calculated from the
total strain of steel ð�sðtÞ ¼ �ms ðtÞÞ.
3. Determination of neutral axis

In order to formulate the constitutive relationships in
the section of an RC column, the following simplified
assumptions have been made: (1) the section of an
element is divided into imaginary layers to describe the
different material properties; (2) plane sections remain
plane to represent the linearity in the strain distribution
on any section at any loading history; (3) a perfect bond
between the concrete matrix and reinforcing bars is
assumed; and (4) the constitutive materials are assumed
to carry uniaxial stress only. In addition, shear
deformation is not taken into account in the formula-
tion because the shear effect is expected to be very small
in slender RC columns.

Unlike a beam element subjected to a bending
moment only, a column element is subjected to both
axial force and bending moments and hence the neutral
axis of a column section cannot be calculated directly by
the equilibrium condition of normal force only. To
determine the neutral axis while considering bending
effects, the occurred mechanical strains of concrete ð�mc Þ
and steel ð�ms ¼ �

t
sÞ need to be partitioned into an axial

strain ð�mca, �t
sa) and a bending strain ð�mcb; �

t
sbÞ, as

represented in Fig. 2.
Since the axial strain is constant across the section

and the bending strain vanishes at the neutral axis, the
bending strains of concrete and steel at any layer can be
calculated by �mcb ¼ �

m
c � �

m
ca ¼ �

t
c � �

nm
c � �

m
ca, and �t

sb ¼

�t
s � �

t
sa, respectively. Based on the assumed neutral axis,

the corresponding stress to the mechanical bending
strain can be calculated from the stress–strain curves of
the constitutive materials, and iterations using the
bisection method are repeated until errors for the axial
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Fig. 2. Strain components at a section. (a) An RC column section, (b) Strain components.
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Fig. 3. Time variation of strain caused by a stress increment Dsc.
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force and bending moment calculated by the axial strain
and bending strain are within the given tolerances [18].

In addition, time rate in a stress increment has been
considered. If a stress increment Dscðt0Þ is introduced at
time t0 and sustained without a change in magnitude,
the time variation of strain in concrete follows the
continuous line ABC in Fig. 3, and the total strain at
time t, instantaneous plus creep, can be represented by

D�crc ðtÞ ¼
Dscðt0Þ

Ecðt0Þ
ð1þ fÞ, (4)

where f ¼ fðt; t0Þ is the creep coefficient.
On the other hand, when a stress increment DOcðt; t0Þ

is gradually introduced between t0 and t, the strain
variation with time can be represented by the dashed
line in Fig. 3. The total strain produced during the
period t0�t can be obtained by

D�crc ðt; t0Þ ¼
Dscðt0; t0Þ

Ecðt0Þ
ð1þ wfÞ, (5)

where w is the concrete aging coefficient which accounts
for the effect of aging on the ultimate value of creep for
stress increments or decrements occurring gradually
after the application of the original load. It is found that
an average value of w ¼ 0:82 can be used for most
practical problems where the creep coefficient lies
between 1.5 and 3.0 and t0 is greater than 5 days. An
approximate value of 0.8 has frequently been used for w,
and a value of w ¼ 0:82 is adopted in this study [19].
4. Formulation of equilibrium equations

The equilibrium equations are derived on the basis of
the assumed displacement field. As shown in Fig. 4, the
nodal displacement vectors of a two-dimensional beam
element in its local coordinate system can be expressed
by u ¼ fu1; u2g

T; v ¼ fv1; v2g
T, and h ¼ fy1; y2gT and the

nodal displacements of an element may be expressed as
the column vector r ¼ fu; v; hgT.

Assuming that the independent axial displacement
U0ðxÞ varies linearly with x, and that the small rotation
hi at each node can be calculated by derivation of the
vertical displacement vi with respect to x, the displace-
ments, U0ðxÞ and V ðxÞ at any point within the element
can be represented by

U0ðxÞ ¼ f � u; V ðxÞ ¼ c �
v

h

( )
, (6)

where f ¼ ½ð1� pÞ; p� and c ¼ ð1� 3p2þ
�

2p3Þ; ð3p2 �

2p3Þ;Lðp� 2p2 þ p3Þ;Lð�p2 þ p3Þ� represent the displa-
cement shape functions. The non-dimensional para-
meter p denotes x=L.

The displacements Uðx; yÞ and V ðxÞ can be expressed
at any point as

Uðx; yÞ ¼ U0ðxÞ � y
dV ðxÞ

dx
¼ f � u� y � c;x

v

y

( )

¼ ½f;�yc;x� � r,

V ðxÞ ¼ ½0;c� � r, ð7Þ

where c;x is the first order derivative of c with respect
to x.
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Fig. 4. Displacement components in a beam element.
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In addition, the axial strain �ðx; yÞ can be defined by

�ðx; yÞ ¼
dUðx; yÞ

dx
þ

1

2

dV ðxÞ

dx

� �2

, (8)

where the second term represents the nonlinear dis-
placement effect.

A finite change in the joint displacement Dr induces
the corresponding changes in the strain D� such that

D� ¼
dDU

dx

¼ f;x;�yc;xx

� �
� Drþ

1

2
DrT � ½0;c;x�

T � ½0;c;x� � Dr

¼ B � Drþ
1

2
DrT � cT � c � Dr, ð9Þ

where

B ¼ ½f;x;�yc;xx�

¼ �
1

L
;
1

L
; yð1� 2pÞ

6

L2
; yð�1þ 2pÞ

6

L2
;

�

yð2� 3pÞ
2

L
; yð1� 3pÞ

2

L

�
.

Moreover, the incremental strain–displacement relation-
ship of de ¼ B � drþ drT � cT � c � Dr ¼ drT � ðB þ cT � c �
DrÞ can be developed by taking the differential from
Eq. (9).

Applying the virtual work principle of drT � ðRj þ

DRjÞ ¼
R

V
d� � ðsþ DsÞdV to a finite element on the

basis of the virtual displacement dr and neglecting a
higher order incremental term, the incremental of nodal
force vector DRj applied at node j can be written from
Eq. (9) as

DRj ¼

Z
V

BTDsdV þ

Z
V

cTscdV � Dr

¼

Z
V

BTEðd�t � d�nmÞdV þ

Z
V

cTsc dV � Dr

¼

Z
V

BTEB dV þ

Z
V

cTscdV

� �
� Dr

�

Z
V

BTE d�nm dV , ð10Þ

where E is the tangent modulus of the constitutive
material.
Finally, the equilibrium equations can be rewritten in
differential form as

dR ¼ dRj þ dRnm ¼ ½K � � dr, (11)

where ½K � ¼ ½Ke� þ ½Kg� ¼
R

V
BTEB dV þ

R
V

cTscdV ;
½K e� ¼

R
V

BTEB dV ; ½Kg� ¼
R

V
cTscdV ;dRnm ¼

R
V

BTE

d�nm dr,

½Kg� ¼

EA=L �EA=L 0 0 0 0

EA=L 0 0 0 0

12EI=L3 �12EI=L3 6EI=L2 6EI=L2

12EI=L3 �6EI=L2 �6EI=L2

sym: 4EI=L 2EI=L

4EI=L

2
6666666664

3
7777777775
,

(12)

½Kg� ¼

0 0 0 0 0 0

0 0 0 0 0

6P=5L �6P=5L P=10 �P=10

6P=5L �P=10 �P=10

sym: 2PL=15 �PL=30

2PL=15

2
6666666664

3
7777777775
.

(13)

while calculating the elastic stiffness ½Ke� and the
geometric stiffness ½Kg�, the value of E at each layer is
assumed to be held constant along the element length,
and thus the volume integration in Eq. (10) can be
represented by the inner product of the line integration
along the element length and the area integration across
the sectional depth. Moreover, since the layer approach
is employed, wherein a typical section is divided into
imaginary layers, the sectional stiffness terms of EA

and EI in Eq. (12) can be evaluated by summation over
all layers. EA ¼

R
A

E dA ¼
Pnc

i¼1 Eci
Aci
þ
Pns

i¼1 Esi
Asi

and EI ¼
R

A
Ey2 dA ¼

Pnc

i¼1 Eci
y2

ci
Aci
þ
Pns

i¼1 Esi
y2

si
Asi

,
where nc and ns denote the number of concrete and
steel layers respectively, Ai and Ei are the sectional area
and elastic modulus of the ith layer, yi is the distance
from the centroid, and P refers to the applied force.
5. Solution algorithm

Every nonlinear analysis algorithm consists of four
basic steps: the formation of the current stiffness matrix,
the solution of the equilibrium equations for the
displacement increments, the state determination of all
elements in the model, and a convergence check. These
steps are presented in some detail in the flow diagram of
Fig. 5. Since the global stiffness matrix of the structure
depends on the displacement increments, the solution of
the equilibrium equations is typically accompanied by
an iterative method through the convergence check. The
nonlinear solution scheme selected in this paper uses the
tangent stiffness matrix at the beginning of each load
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Fig. 5. Solution procedure.

Table 1

Comparison of ultimate load of RC columns with test results by Kim

et al. [9]

f 0cðkgf=cm
2Þ L=r Test results

Pu;t (Ton)

(Kim et al.)

Analysis results

Pu;a (Ton)

(This study)

Pu;a=Pu;t

259.9 60 6493 6600 1.02

6697 0.99

100 3894 3780 0.97

3568 1.06

647.3 60 10,479 10,400 0.99

11,570 0.90

100 4608 4840 1.05

4852 1.00

878.7 60 12,446 11,840 0.95

12,610 0.94

100 5535 5520 1.00

5596 0.99
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step and each time step in combination with a constant
stiffness matrix during the subsequent correction phase;
that is, an incremental-iterative method.

The criteria for measuring the convergence of the
iterative solution are generally based on the accuracy of
satisfying the global equilibrium equations or on the
accuracy of determining the total displacements. The
accuracy of satisfying the global equilibrium is con-
trolled by the magnitude of the unbalanced nodal forces.
Hence the convergence criteria for the unbalanced
nodal forces are used in this paper, and these can be
expressed as

jFmax
unbal:jpTol:F ; jM

max
unbal:jpTol:M , (14)
where jFmax
unbal:j and jM

max
unbal:j, are the absolute values for

the ratios of the maximum unbalanced axial force and
bending moment to the internal axial force and bending
moment, respectively, and Tol:F and Tol:M are the
specified tolerances corresponding to the axial force and
bending moment. Tol:F ¼ Tol:M ¼ 0:02 is adopted in
this study, and more details for the solution procedures
can be found elsewhere [18].
6. Analytical and experimental verification

6.1. Short-term loading

The experimental results from several hinged RC
columns tested by Kim et al. [9] are adopted to
investigate the validity of the analytical model intro-
duced in this paper. More details of the material
properties used and the experimental procedure for
each specimen can be found elsewhere [9].

The ultimate loads of columns measured experimen-
tally are compared with those obtained by the analytical
model in Table 1. Good agreement is obtained for the
individual columns, regardless of the compressive
strength of concrete and the slenderness ratio, and thus
it is concluded that the introduced numerical model can
accurately predict the ultimate loads of hinged RC
columns. In addition, Fig. 6, representing a typical
relation between the axial force and lateral deflection at
the mid-span, shows that the introduced numerical
model not only gives accurate predictions for the
ultimate load but also effectively simulates the nonlinear
behavior of slender RC columns as the axial force
increases.

An additional comparison with numerical calcula-
tions introduced by Bazant et al. [6,20] is conducted to
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verify the proposed numerical model. The steel ratio and
cross-section dimensions of the adopted columns with
slenderness ratios of L=r ¼ 10; 70, and 100 are repre-
sented in Fig. 7. The same material properties of
concrete and steel with those used in the previous
analytical study [6] are used and have the following
values: f 0c ¼ 5000 psi ð352 kg=cm2Þ;Es ¼ 29� 106 psi
ð2:04� 106 kg=cm2Þ and f y ¼ 60 000 psi ð4220 kg=cm2Þ.

For the design of slender RC columns, ACI-318 [10]
recommends a simple approximate formula based on the
moment magnification factor. When a column is
subjected to ultimate loads of Pu and Mu ¼ Pu�e, the
load and moment used in the design of the column
section are assumed to be Pu and d �Mu, where d is the
moment magnification factor and is represented by d ¼
Cm=ð1� Pu=fk � PcrÞX1;Pcr is the elastic buckling load;
and Cm is an equivalent moment correction factor
(Cm ¼ 1 in this example) [10].

Moreover, as noted in a previous study [21], the
stiffness reduction factor fk, designed to consider the
inevitable random variability of the materials, has not
been incorporated for the purpose of comparison with
the numerical results (fk ¼ 1:0 is assumed).

As shown in Fig. 7, the numerical results obtained
represent good agreement with those obtained by
Bazant et al. [6], leading to the conclusion that the
proposed numerical model can accurately predict
the ultimate loads of slender RC columns. From the
numerical results for this example structure, the follow-
ing can be inferred: (1) as the slenderness ratio increases,
the difference between the ACI envelopes and the
numerical results gradually increases; (2) the ACI
method may underestimate the resisting capacity of
slender RC columns; and (3) the ACI method does not
achieve the objective of a uniform safety margin, that is,
the uniform difference between the results predicted by
the ACI method and the results calculated by a rigorous
analysis over an entire eccentricity [6].
6.2. Long-term loading

To verify the efficiency of the introduced numerical
model for long-term behavior, correlation studies
between analytical and experimental results by Drysdale
et al. [8] are conducted. The geometry and cross-section
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Fig. 9. A simply supported RC beam. (a) Elevation and (b) cross

section.

Table 2

Material properties and cross-section dimensions in RC beams

Beam A1 A2 B1 B2

bðcmÞ 10.0 10.0 10.0 10.0

d 0ðcmÞ 2.0 2.0 2.0 2.0

dðcmÞ 13.2 13.0 13.0 13.2

hðcmÞ 15.4 15.2 15.2 15.4

Asðcm
2Þ 1.6 1.6 1.6 1.6

A0sðcm
2Þ — — 1.6 1.6

PðkgÞ 510.2 510.2 510.2 510.2

Mðkg-cmÞ 35,714.3 35,714.3 35,714.3 35,714.3

f 0cðkg=cm
2Þ 213.9 213.9 213.9 213.9

Ecðkg=cm2Þ 2:2� 105 2:2� 105 2:2� 105 2:2� 105

Esðkg=cm2Þ 2:1� 106 2:1� 106 2:1� 106 2:1� 106

f1 2.26 2.26 2.26 2.26

Table 3

Comparison of the analytical results

Beam A1 A2 B1 B2

Short-term

deflection

(mm)

This Study 4.77 4.96 4.41 4.20

Test [23] 4.89 5.09 4.78 4.30

Long-term

deflection

(mm)

Branson [24] 13.96 14.58 9.87 9.45

Mayer [25] 7.85 8.22 5.94 5.69

BS 8110 [26] 7.80 8.11 5.89 5.67

Clarke et al. [7] 8.75 9.08 7.07 6.82

This Study 9.30 9.74 7.01 6.73

Test [23] 9.28 9.37 8.15 7.93
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dimensions of the tested columns are represented in
Fig. 8, and the columns have a slenderness ratio of
L=r ¼ 107. Moreover, the following material properties,
which have the same values with those used in the
experiments, are adopted: f 0c ¼ 4000 psi ð282 kg=
cm2Þ;Es ¼ 29� 106 psi ð2:04� 106 kg=cm2Þ, and f y ¼

56 000 psi ð3940 kg=cm2Þ. To trace the time-dependent
behavior of RC columns, creep and shrinkage of
concrete are considered with the aging effect of concrete,
and an ultimate creep coefficient of cu ¼ 3:0 and an
ultimate shrinkage strain of �1sh ¼ 600� 10�6 are
assumed on the basis of the ACI model.

Fig. 8 shows a plot of Pou=Put versus bd where bd ¼

PD=ðPD þ PLÞ ¼ the ratio of dead load to total load,
Pou ¼ short-term failure load, and Put ¼ long-term
failure load. When an RC column is subjected to a
small, sustained load, which means that bd has a
relatively small value, the points of failure caused by
the subsequent sudden overload generally indicate a
substantial increase in strength. This phenomenon,
however, is almost nonexistent in the tests of Drysdale
et al. because drying prevents the increase of concrete
strength due to hydration. This means that the
analytical results may represent lower values of
Pou=Put than those from the experimental data along
the whole range of bd , because the increase in concrete
strength can effectively be considered in the numerical
analyses by implementing the age effect. In this aspect,
the two models proposed by the ACI and Bazant et al.
give slightly conservative results and underestimate the
resisting capacity of slender RC columns as bd increases.
Moreover, since the dead load takes possession of 50%
of the total design load in most RC columns ðbdX0:5Þ,
direct application of the ACI model or the Bazant model
may result in a conservative design.

On the other hand, the numerical results from the
introduced analytical model agree well with the experi-
mental results. Particularly at bd ¼ 1, the numerical
result shows a 30% reduction in the ultimate resisting
capacity for the axial load. This coincides well with the
experimental results, which represent reductions ranging
from 20% to 40%.

More correlation studies between analytical results
and experimental values from simply supported RC
beam tests are conducted. These beams are specimens
A1;A2;B1, and B2 tested by Clarke et al. [7] and are
subjected to concentrated loads and bending moments
at the one-third points of the structure. The geometry
and configuration of the adopted beams are presented in
Fig. 9, and the material properties and cross-section
dimensions are summarized in Table 2. The loads act at
age t ¼ 28 days, and the long-term deflection at mid-
span are investigated at age t ¼ 180 days after applica-
tion of the loads. Table 3 compares the analytical results
with the measured mid-span deflections and with those
of earlier analytical studies.
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The long-term deflections obtained in the previous
studies show significant differences from the experi-
mental results, while very satisfactory agreements
between analyses using the proposed numerical ap-
proach and experiments are obtained. Nevertheless,
there is still some discrepancy between the experimental
and analytical results for the long-term deformations.
These differences seem to be caused by not considering
the shrinkage effect in the analysis. Since material
properties related to the shrinkage of concrete were not
tested in the experiments, it may be almost impossible to
exactly consider the shrinkage of concrete in the
analysis. Through these correlation studies between
analytical and experimental results, we found that the
proposed numerical approach can be used effectively to
trace the long-term behavior of RC frame structures.
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Fig. 10. Configuration of a 10-story RC frame.

Table 4

Dimensions of RC members

Floor Member Width�Depth ðB�HÞ ðcmÞ

10 Beam 22:5� 57:5
7–9 22:5� 60:0
4–6 25:0� 62:5
1–3 25:0� 65:0

7–10 Column 25:0� 40:0
6 25:0� 42:5
5 25:0� 47:5
3–4 27:5� 50:0
2 27:5� 52:5
1 32:5� 60:0
7. 10-Story RC building frame

Unlike a conventional analysis on the basis of a
completed frame structure, a real structure is sequen-
tially constructed while accompanying continuous
changes in the structural system with an increase in
the number of degrees of freedom as a floor is
constructed. Assuming that the building is constructed
one floor at a time, a floor is constructed on the top of
the frame that was completed at that particular stage of
construction and in which the column shortening due to
the dead weight already took place before construction
of the floor commenced. Moreover, since each floor is
leveled at the time of its construction, the deformations
that occurred in the frame below are of no consequence.

In order to explain the structural behavior caused by
the differences in the frame analysis procedures, a 10-
story RC frame subjected only to gravity loads is
analyzed. The same structure was also analyzed by Choi
et al. [22]. The configuration for the frame is shown in
Fig. 10, and the member dimensions for beams and
columns are given in Table 4. The thickness of slabs is
assumed to be 120mm. Unlike the previous study [22],
however, the long-term deformations of concrete are
also taken into account in this paper. The compressive
strength of concrete f c ¼ 400 kg=cm2, the yielding
strength of steel f y ¼ 4000 cm2, and the steel ratios for
columns rsc ¼ 4% and for beams rsb ¼ 2:3% are
assumed. The ultimate creep coefficient f1cr and the
ultimate shrinkage strain �1sh of concrete are assumed to
be 3 and 300� 10�6 for the interior members and 2 and
200� 10�6 for the exterior members, respectively.
Construction of each floor is sequentially constructed
with a five-day interval and the self-weight of slabs acts
on the frame structure after 20 days when the slab
concrete is pored.

The curves in Fig. 11 show that there is virtually no
difference between the results from the gravity analysis
of the complete frame and the method of this study
considering the construction sequence at the floors near
the ground level and the discrepancy increases gradually
Gross area of concrete ðAcÞ ðcm
2Þ Steel area ðcm2Þ

1293.8 Ast ¼ Asc ¼ 29:8
1350.0 Ast ¼ Asc ¼ 31:1
1562.5 Ast ¼ Asc ¼ 35:9
1625.0 Ast ¼ Asc ¼ 37:4

1000.0 As ¼ 40:0
1062.5 As ¼ 42:5
1187.5 As ¼ 47:5
1375.0 As ¼ 55:0
1443.8 As ¼ 57:8
1950.0 As ¼ 78:0
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Fig. 12. Relative contribution of each deformation to column short-

ening at t ¼ 65 days.

(a) (b)

Fig. 11. Column shortening at a 10-story RC frame. (a) Without time-dependent deformations of concrete. (b) With time-dependent deformations of

concrete.
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to reach a maximum value at the top floors. More
differences occurred in the interior columns where more
gravity loads act, but the difference is not exactly
proportional to the magnitude of the applied loads. In
particular, the column shortenings at the top floor
obtained by the method proposed in this study at t ¼ 65
days are only fractions of those obtained by the gravity
analysis of the complete frame. The column shortening
in the interior columns is divided into each deformation
component, and the result is shown in Fig. 12. Since the
column is subjected to sequentially increased gravity
loads, creep deformation of concrete is accompanied,
and many design codes [2,3] require consideration of the
creep deformation of concrete.

However, consideration of the shrinkage deformation
of concrete is still not clearly mentioned in all design
codes [2,3]. Fig. 12 shows that the shrinkage deforma-
tion increases the column shortening along the floor and
may cause an increase of the bending moments in beams
produced by the different column shortening. Accord-
ingly, exact calculation of structural behavior must be
based on a rigorous time-dependent analysis considering
the long-term deformations of concrete.

The differential vertical column shortenings between
interior and exterior columns and the bending moments
induced in the beams of the frame are shown in Fig. 13.
The analytical results from the gravity analysis of the
complete frame are represented with those obtained by
considering the construction sequence only without
additional consideration for the time-dependent defor-
mations of concrete and those obtained using the
method proposed in this paper for ease of comparison.
From Fig. 13, the following can be inferred: (1) as
shown in Fig. 11, the frame analysis considering the
construction sequences represents remarkable differ-
ences in the column shortenings. In spite of such
large differences in column shortenings, the differential
column shortenings between the interior and exterior
columns show relatively small differences between
the two analysis methods; (2) greater differential column
shortenings and bending moments are developed when
the construction sequence and the time-dependent
deformations of concrete are considered; (3) the
time-dependent deformations of concrete increase the
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Fig. 13. Differential column shortenings and bending moments.
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structural responses, but the magnitudes of the bending
moments are not greatly varied. This means that the
bending moments are still governed by the gravity loads;
(4) in contrast to the bending moment distributions in
the beams, the differential vertical column shortenings
are increased even in this low-rise building structure due
to the time-dependent deformations of concrete. This
implies that more differential column shortenings will
occur in the high-rise building structures, and there will
be greater serviceability problems in the non-structural
members located between interior and exterior columns,
such as cracking in the masonry walls and windows. The
results obtained in this paper have shown that differ-
ential column shortening should not be neglected in the
analysis of frame structures, even in low-rise buildings.
Some additional computational efforts in conducting a
rigorous nonlinear analysis for more exact prediction of
the structural responses can be justified.
8. Conclusions

A numerical model to simulate the time-dependent
behavior of a RC frame structure considering the
construction sequence is proposed in this paper, and
the efficiency of the introduced model is verified by
comparison with results from previous analytical and
experimental studies. Moreover, on the basis of the
numerical results in this limited investigation, the
following conclusions are obtained: (1) greater differ-
ential column shortenings and bending moments are
developed when the construction sequence and the time-
dependent deformations of concrete are considered; and
(2) greater serviceability problems in the nonstructural
members located between interior and exterior columns
are induced by the differential column shortenings while
the bending moments in beam members due to the
column shortenings are not significant.

A complete frame analysis without consideration of
the construction sequence and time-dependent deforma-
tions of concrete usually underestimates the structural
responses. Therefore, to cope with the serviceability
problems in nonstructural members, a rigorous time-
dependent nonlinear analysis considering the construc-
tion sequence must be performed at the final design
stage of a building structure. As such, sophisticated
numerical methods considering all the nonlinearities
will play an increasingly important role and will become
the standard for final design checks in a high-rise
building structure.
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