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In recent years, the prequalified rigid connections of radius-cut reduced beam section (RBS) have been widely
used in the design and construction of steel moment frames. Despite extensive investigations performed on
the seismic performance of RBS connections, there is little research into the impact of these connections upon
the elastic story drift in steelmoment frames. In the current study, a precise formulation (partially based on a pre-
vious research) has been developed so as to evaluate the amount of stiffness variation or amplified elastic drift
introduced by radius-cut RBS connections in a story of steel moment frames. Herein, by defining a novel and ac-
curate method along with the method of virtual work, the amplified elastic drift of a 2-dimensional one-story
single-span moment frame due to utilizing radius-cut RBS connections is calculated. The reliability and accuracy
of the presented approach are validated using finite elementmodeling of themoment frame. Sensitivity analyses
are also conducted upon the RBS connection parameters to derive the most effective parameters on the amount
of elastic drift in steel moment frames. Then, by employing a statistical approach called response surface method
(RSM) and combining findings of this study with some premises considered in a previous research, rigorous am-
plification factor of elastic drift formulas based on utilizing each of IPE and HEA beams in a story (from the first to
the last one)with RBS connections are developed. Ultimately, two simple, linear, and functional amplification fac-
tor of elastic story drift formulas for each set of IPE and HEA story beams with RBS connections are proposed for
designers. The scope of these formulas will be expanded to plate girders as well.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

Typically, rigid connections play a remarkable role in providing stiff-
ness, ductility, and stability in steel moment frames. Field observations
and reports presented after 1994Northridge earthquake in California, il-
lustrated the widespread damage in the directly welded beam-to-
column rigid connections of steel structures owing to the brittle and
sudden fracture of full penetration groove welds, especially at the
lower flange of the beams. Lack of sufficient ductility in the beam near
the connection region is reckoned as one of themost important reasons
for fracture in these connections [1]. Among the proposed solutions,
providing the required ductility and controlled yielding zone through
the weakening of beam flanges at specified sections has attracted vari-
ous researchers' attention [2–7]. The mentioned solution is intended
to transfer the location of energy dissipation and yielding (structural
fuse) from the column face into the beam span as well as preventing
the destruction of full penetration groove welds in directly welded
beam-to-column connections of steel moment frames.
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By performing numerous experimental tests on sub-assembly
models of the steel framewith constant flange cut-out RBS connections
and concrete slab system in some specimens, Plumier et al. [2] investi-
gated the ductility, strength, and number of inelastic cycles in the spec-
imens subjected to cyclic loading. As reported, RBS connections are
capable of concentrating plastic deformations as well as providing ade-
quate ductility in beam span, away from column face. Iwankiw et al. [3]
and Chen et al. [4] examined the stiffness, strength, and ductility of
taper-cut (according to the slope of seismic moment diagram of the
beam) RBS connections subjected to cyclic loading, and suggested this
kind of connection to achieve a uniform and relatively large yielding
at specific locations of girders. In order to mitigate adverse conse-
quences of stress concentration at reentrant corners of RBS connections,
Engelhardt et al. [5] recommended employing radius-cut RBS as a viable
and cost-effective solution in comparison with other alternatives. Fur-
thermore, Popov et al. [6] conducted a number of laboratory experi-
ments and nonlinear finite element modeling to investigate the
fracture mode, state of triaxial loading and harmful effects of utilizing
backing bar in directly welded beam-to-column connections (pre-
Northridge earthquake connections). Based on these studies, they rec-
ommended the use of radius-cut RBS connections as an efficient way
to improve the performance of steel connections in moment frames.
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The various shapes of cutting implemented in RBS connections are illus-
trated in Fig. 1.

Montuori [7] focused on the setting up a group of design rules
that establish a correlation among the RBS locations, the geometry
of cut-out sections and vertical gravity loads with the aim of lim-
iting the formation of plastic hinges in the expected sections, i.e.
in the dog-bones and/or in the intermediate beam sections. The
philosophy of this research is based on the protection of beam-
to-column connections in any conditions. Castaldo et al. [8]
found it beneficial to employ dog-bone cut-outs in an innovative
dissipative column. The objective of their research was to obtain
further stiffness, strength, and damping that could come from
the forming lever mechanism by the dissipated reduced section
columns installed inside or outside of steel structures.

Generally, in first-order analyses, either manually or by struc-
tural design software, it is a routine and easy way to obtain the
elastic displacement of a structure, and then multiplying a coeffi-
cient to this displacement can take other factors such as nonlinear
effects into account. Although extensive studies have been carried
out by different researchers to detect the seismic performance of
radius-cut RBS connections [5–7,9], there are limited studies to
develop an accurate analytical method calculating the influence
of these connections on the elastic stiffness and drift of a story
in steel moment frames. Chambers et al. [10] derived the stiffness
matrix of a beam with radius-cut RBS connections using virtual
work method [11] in which merely flexural and axial deforma-
tions were considered, and used the obtained stiffness matrix in
the finite element modeling of six-story moment frames with
two and three spans. By taking limited ranges of 0.25d ≤ a ≤ 0.5d
and 0.75d ≤ b ≤ d (where d denotes beam depth and parameters
a, and b are shown in Fig. 1) with maximum flange reduction of
40% into account, they finally came up with a maximum 10.6% in-
crease in the elastic story drift of steel moment frames. Through
using a simplified analytical approach based on equal flange elon-
gation over the RBS region along with the portal method [12], Lee
and Chung [13] converted the radius cut RBS to a straight cut RBS
with equivalent length of beq, and then presented a set of equa-
tions to compute amplified elastic drift of a typical story in steel
moment frames with RBS connections. AISC 358–16 Prequalified
Connections [14] has suggested that instead of using analyses con-
taining details of the RBS connections which may not always be
available, the amount of effective elastic drift can be approxi-
mately estimated via multiplying the elastic drift of intended
story based on gross beam section by 1.1 for flange reduction up
to 50%. The linear interpolation may be implemented for lower
amounts of beam flange reduction. Consequently, given proposed
ranges for the RBS connection parameters in this design code,
the amount of the elastic story drift amplification starts at 4%
and ultimately reaches 10%.

It appears that introducing a precise formulation to determine
the amount elastic drift amplification or the percentage of stiff-
ness variations because of using RBS connections in a common
story of steel moment frames, can pave the way for more accurate
design and control of steel moment frames, on the other hand, it
leads to an in-depth understanding of RBS connections' elastic be-
havior. This study aims to provide an exact formulation for deter-
mining the amplified elastic drift in a typical story of steel
moment frames induced by radius-cut RBS connections. Conse-
quently, in light of this approach two simple, linear and precise
formulas are also proposed to estimate the amplification factor
of elastic story drift regarding the type of beam used in the
story. To this end, first, an exact approach alongside virtual work
method [11] is presented for calculating elastic drift of a one-
story single-span steel moment frame with radius-cut RBS con-
nections which is capable of being (and should be) solved by
existing mathematical software. Then, by performing sensitivity
analyses, some parameters of the RBS connection having by far
the greatest impact on the elastic drift response of steel moment
frames are specified. With respect to these parameters, proposed
approach in Section 2 and premises taken in a previous authentic
research, precise amplification factor of elastic story drift formulas
for each IPE and HEA profiles which are extensively used as beam
members in steel moment frames, are derived through a statistical
approach known as response surface method. Finally, two distinct
linear formulas covering all profiles of IPE and HEA (used as the
beam with radius-cut RBS connections in a story) are presented
to compute the percentage of elastic drift amplification or stiffness
reduction at the story. Also, some conditions will be offered to ex-
tend the applicability of these formulas even to built-up beam sec-
tions. These formulas can be readily implemented by engineers,
either in a manual or software design process.

2. A new procedure for calculation of elastic drift in a two-
dimensional one-story single-span steel moment frame with
radius-cut RBS connections

In this section, first, using the analytical method of virtual work
[11] in a 2-dimensional one-story single-span steel moment frame
with directly welded beam-to-column rigid connections subjected
to the lateral force of P (Fig. 2(a)), the exact amount of elastic drift
is determined. Referring to Fig. 2(b), the desired moment frame
can be turned into a half-frame with the help of structural analysis
rules relating to symmetric structures with anti-symmetric
loadings.

By using the compatibility equation for equality of rotation on
two sides of the node B, the internal moment of M is calculated
as follows:

θBL ¼ θBR→
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where P is the lateral shear force applied to the moment frame, Lc
and Lb are the column length and beam length (distances between
centerlines), respectively, E (200,000 MPa) is the elastic modulus
of used steels, Ic and Ib are the moment of inertia of the column
and beam about the bending axis (strong axis), respectively, and
M is the internal bending moment in node B in the case of directly
welded beam-to-column rigid connections. According to the
bending moment obtained from Eq. (1), the amount of elastic
drift in the intended steel moment frame with directly welded
beam-to-column rigid connections which is merely caused by
flexural deformations, is calculated by Eq. (2):

ΔBending ¼ PL3c
6EIc

−
ML2c
2EIc

ð2Þ

As the analysis of the moment frame's forces is demonstrated
in Fig. 3, amounts of the elastic drift due to shear and axial defor-
mations of the frame members regarding the selection of the same
profiles for the beam and columns, are calculated by Eqs. (3) and
(4), respectively.
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Fig. 2. Analysis of the steel moment frame through changing it into two half-frames: (a) Desired steel moment frame with directly welded rigid connections and (b) The half-frame
resulting from splitting the steel moment frame.

Fig. 1. Different configurations of RBS connection.
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ΔAxial ¼
Z
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where G ¼ E
2ð1þνÞ is the shear modulus of elasticity, ν = 0.3 is the

Poisson's ratio, Ac is the cross-sectional area of the columns, and
As is the effective shear cross-sectional area of the beam or col-
umns that for I sections is equal to the cross-section area of web
(hw. tw). Finally, by summation of Eq. (2), Eq. (3) and Eq. (4),
the total amount of elastic drift for the steel moment frame with
directly welded rigid connections under the lateral force of P, is
calculated as follows:

Δtotal ¼ ΔBending þ ΔShear þ ΔAxial ¼
PL3c
6EIc

−
ML2c
2EIc

þ P2LcLb þ 8M2

2PLbGAs
þ 8M2Lc
PL2bAcE

ð5Þ

Considering radius-cut RBS connections for the intended steel mo-
ment frame with the geometrical characteristics depicted in Fig. 4(a),
the rotation value in the right side of node B will be achieved greater
than the value calculated in Eq. (1). Thus, following reproducing a
half-frame from the moment frame with RBS connections (Fig. 4(b)),
using the virtual work method [11] via applying a unit moment to
node B (Fig. 4(c)) and the equality of internal work with external
work done in the half-beam, the amount of rotation in the right side
of node B with regard to employment of RBS connections, θBR

′, is
expressed in Eq. (6).
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Fig. 3. Distribution and analysis of the steel moment f
where I(x) is the moment of inertia of the half-beam varying along the
half-beam length,M′ is the internal bending moment in node B consid-
ering RBS connections for the frame. Given the geometry and location of
the RBS connection in the half-beam span, the integral of Eq. (6) is re-
written as follows:

θ0BR ¼ θ01 þ θ02 þ θ03 ð7Þ

θ01 ¼ 4M0

ELb
2Ib

Z Lb
2−a−b

0
x2dx ð8Þ

θ02 ¼ 4M0

ELb
2

Z Lb
2−a

Lb
2−a−b

x2

I xð Þdx ð9Þ

θ03 ¼ 4M0

ELb
2Ib

Z Lb
2

Lb
2−a

x2dx ð10Þ

where:

Ib ¼ 1
12

bf hw þ 2t f
� �3− bf−tw

� �
h3w

h i
ð11Þ

I xð Þ ¼ 1
12

b xð Þ hw þ 2t f
� �3− b xð Þ−twð Þh3w

h i
ð12Þ

b xð Þ ¼ bf þ 2R−2c−2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2− x−

Lb
2
−a−

b
2

� �� �2
s

ð13Þ

The parameters of the RBS connection (a, b, c, and R) and the geo-
metrical characteristics of the I beam section (bf, hw, tf, and tw) are illus-
trated in Fig. 4(a). Incorporating Eqs. (11)−(13) into Eqs. (7)–(10)
rame's internal forces under the lateral force of P.

Image of Fig. 3
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Fig. 4. Geometrical characteristics of radius-cut RBS connections and analysis of the half-beam with the RBS connection using the virtual work method: (a) Details of radius-cut RBS
connections, (b) The half-frame resulting from splitting the steel moment frame with RBS connections and (c) Moment diagrams of the half-beam with the RBS connection used in the
virtual work method.
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regenerates the constituent terms of Eq. (7) as follows:
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Fig. 4 (continued).

Fig. 5. Defining specific geometric notations for a typical radius-cut on the beam flange.
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θ03 ¼ 4M0
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Despite the employment of a theoretically routine and simple
approach to obtain the value of θ2′, it was found that the integral
in Eq. (15) has no numerical solution even by assigning numbers
to all parameters (except for the independent variable of x) in
powerful mathematical software such as Maple [15] or Matlab
[16]. This problem is circumvented through adopting the following
method to achieve a numerical response from Eq. (9). As observed
in Fig. 5(a), the amount of c(α) along the radius cut can be calcu-
lated as:

c αð Þ ¼ R: cosα− R−cð Þ ¼ b2 þ 4c2

8c
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8c

 !
ð17Þ

Consequently, the variation of the beam flange width over the RBS
cut, b(x), is redefined by Eq. (17) and Fig. 5(a):
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According to Fig. 5(b), cosα can be taken as a function of x, as fol-
lows:
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Combining Eqs. (9), (12), (18), and (21) results in the following
equation for calculation of θ2′:

θ02 ¼ 4M0
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By replacing Eqs. (14), (16) and (22) in Eq. (7), and assigning num-
bers to all parameters (except for the moment ofM′), the exact value of
θBR

′using Maple mathematical software [15] can be assessed as a func-
tion of M′. Maple software [15] is a powerful mathematical software
for solving mathematical problems as well as engineering calculations
and has the outstanding capability of solving integrals. Following deter-
mination of M′ by applying the compatibility equation as shown in
Eq. (23), the elastic drift of the steel moment frame with RBS connec-
tions considering only flexural deformations, ΔBending′, is expressed as
follows:

θ0BL
¼ θ0BR

→

P
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The shear and axial deformations affected by RBS connections in the
intended steel moment frame are achieved by means of replacing the
bending moment of M′ instead of M in Eq. (3),Eq. (4), respectively.
Therefore, the summation of these two equationswith Eq. (24) provides
the following formula to determine the total elastic drift of the desired
steel moment frame with RBS connections under the lateral load of P,
with respect to having the same sections for the beam and columns:

Δ0
total ¼ Δ0

Bending þ Δ0
Shear þ Δ0
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6EIc

−
M0L2c
2EIc

þ P2LcLb þ 8M02

2PLbGAs
þ 8M02Lc

PL2bAcE
ð25Þ

Ultimately, the amplification factor of elastic drift due to the use of
RBS connections in the one-story single-span steelmoment frame is cal-
culated as follows:

Ampf−1 ¼ Δ0
total

Δtotal
¼

PL3c
6EIc

−
M0L2c
2EIc

þ P2LcLb þ 8M02

2PLbGAs
þ 8M02Lc

PL2bAcE

PL3c
6EIc

−
ML2c
2EIc

þ P2LcLb þ 8M2

2PLbGAs
þ 8M2Lc
PL2bAcE

ð26Þ

It should be noted due to the existence of the direct relationship be-
tween themoments ofM andM′with the force of P, this force has no in-
fluence on the amplification factor of elastic drift and can be omitted
from Eq. (26).

3. Finite element modeling and verification

The finite element analyses by ABAQUS software [17] were con-
ducted to evaluate the reliability and accuracy of Eq. (26). To this end,
two one-story single-span steel moment frames under the lateral
force of P which is equal to 25 tons, in cases of with and without RBS
connections were modeled (shown in Fig. 6(a) and (b)). The story
height and span length (centerline to centerline distances) of the mo-
ment frames are equal to 350 cm and 600 cm, respectively. The same
I-shaped built-up profiles with the geometric parameters presented in
Table 1 were used as the beams and columns. To prevent any instabil-
ities in the frames members in the forms of local and global buckling
caused by the lateral force of 25 tons, the built-up profile conforms to
AISC 360 and AISC 341 seismic design procedure [18,19]. Moreover,
due to the examination of inter-story drift only in the elastic stage of
the steel moment frames, yielding stresses of the members were
taken extremely large amounts to ensure their elastic behavior in the fi-
nite element modeling. The values of the RBS connections parameters
are listed in Table 1 and selected using AISC 358–16 prequalified con-
nections [14] proposed ranges, as follows:

0:5bbf ≤a≤0:75bbf ð27Þ

0:65d≤b≤0:85d ð28Þ

0:1bbf ≤c≤0:25bbf ð29Þ

where d = hw + 2tf is the height of the beam. Eurocode 8 [20] has also
provided some limits for the RBS connection parameters, but these
limits originate from AISC 358–16 prequalified connections [14] limited
ranges, thus there is no significant difference between these two codes.

The steel moment frames in two cases of with andwithout RBS con-
nections were modeled using 4-node shell elements (S4R). This ele-
ment has 6 degrees of freedom per node and is capable of predicting
the behavior of slender members precisely, especially I-shaped steel
profiles, in the light of using the reduced integration in time-saving
analyses. Assuming that the desired moment frames are two-
dimensional, out of plane displacement of the frames was completely
restrained in the finite element modeling. The base plates were also
completely fixed by modeling clamped supports. In the finite element
analyses, geometrical nonlinearities effects have been ignored because
of the theoretical premises adopted in calculating the elastic drift of
the frames. Utilizing structured quad elements and partitioning tech-
niques led to generatingmeshes that are completely regularwith a suit-
able aspect ratio in all members of the frames and helped to achieve
desirable responses (Fig. 6(c)). Force control static general analyses
alongside Maple software [15] were utilized to draw a comparison be-
tween the amplification factor of elastic drift resulting from thefinite el-
ement modeling of the frames with that resulting from Eq. (26), in
Table (2).

As reported in Table 2, the percent error between the elastic drifts
derived from the developed equations in this study and the numerical
modeling results is 1.17% in the case of using RBS connections and
1.53% in the case of without using the RBS connections. These very
small amounts of error are negligible and indicate the correctness as
well as the adequate accuracy of the developed theoretical formulas
for predicting the exact value of elastic drift or stiffness changes in a
one-story single-span steel moment frame in states of with or without
RBS connections. It should be pointed out that the source of this negligi-
ble story drift discrepancy between the finite element simulation re-
sponses and those of the presented formulas for the one-story single-
span modeled frame is mainly due to the panel zone deformations
which will be thoroughly addressed in Section 5 as well as common
and inevitable errors normally occurred in the finite element software.
In addition, the aforementioned comparison shows justification of uti-
lizing the variable moment of inertia along the RBS region (I(x)) for cal-
culating the amplification factor of elastic drift in a typical story (every
desired story) of steel moment frames with radius-cut RBS connections
in subsequent sections.

4. Sensitivity analysis of RBS's parameters

Selected values for the geometric parameters of RBS connections (a,
b, and c) have influence on the elastic drift and lateral stiffness of story,



Fig. 6. Modeled steel moment frames in the finite element software: (a) with direct beam-to-column rigid connections (without RBS connections), (b) with RBS connections and
(c) Typical FEM mesh on a model.
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but the impact magnitude of each parameter is different from the other
ones. With the purpose of creating accurate and optimal formulas for
determining the amplification factor of elastic drift or percentage of
stiffness reduction in a story of steel moment frames with RBS connec-
tions, first, it is attempted to specify the minimum number of RBS con-
nection parameters having the greatest impacts on the elastic drift for
utilizing in the RSM method. In this section, by conducting sensitivity
analyses upon the a, b, and c parameters using Maple software [15]
and Eq. (25), the effect of each parameter on the elastic drift of the
one-story single-span steel moment frame with RBS connections
(used in the previous section, Fig. 6(a)), subjected to the lateral force
of P = 25 tons is discussed. For this purpose, two beams of IPE profiles
(300, 600) and two beams of HEA profiles (500, 1000) are selected to
explore the effects of variation in each of the RBS connection parameters
on the elastic drift of the desiredmoment frame regarding the described
ranges in Eqs. (27)–(29). During sensitivity analyses, all other parame-
ters except the intended parameter are kept constant in the mean
value of their range. Note that profiles of the beam and columns are
Table 1
Geometrical characteristics of the beams, columns and RBS connections.

Built-up profiles' geometry parameters RBS's parameters

hw (cm) bf (cm) tf (cm) tw (cm) a (cm) b (cm) c (cm)

42 32 3 1.5 20 40 7.5
considered the same in the frame. The results of the sensitivity analyses
in Figs. 7-10 show that the increase in the RBS connection parameters
values in all cases changes the elastic drift of the desired steel moment
frame in an approximately linear procedure. By comparing the slopes
in the linear graphs of elastic lateral drift depicted in Figs. 7-10, it is con-
cluded that the parameter c has the greatest effect on the elastic drift of
steel moment frames, and then the parameter b, but the parameter a ef-
fect is negligible. In addition, by increasing the height to width ratio of
the beam profiles, the effect of the parameter c on the elastic drift pro-
gressively increases compared with the effect of the parameter b. Thus
in the remainder of this study, only two parameters b and c will be ad-
dressed in the formulas that determine the amplification factor of elastic
drift in a story of steel moment frames with RBS connections.

5. Derivation of formulas in order to calculate the amplification fac-
tor of elastic drift in a story based on using HEA or IPE beams with
RBS connections

The objective of this section is to derive simple and functional for-
mulas for computing the amplification factor of elastic drift induced
by RBS connections in a typical story of steelmoment frames. To achieve
this, two widely used groups of IPE and HEA beams, which are wide-
spread in the steel structure industry in various countries, are selected
to be used in a subassembly proposed by Lee and Chung [13] but with
the same beam and column, as displayed in Fig. 11. With the help of
the portal method [12] (formation of plastic hinges in the mid-span of
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Table 2
Comparison of numerical results with developed formulas results.

Analysis type Flexural deformations (mm) Shear deformations (mm) Axial deformations (mm) Elastic drift (mm)

Theoretical (with RBS connections) 3.617 1.053 0.016 4.686 1.025 1.022
Theoretical (without RBS connections) 3.491 1.062 0.017 4.57
ABAQUS (with RBS connections) _ _ _ 4.741
ABAQUS (without RBS connections) _ _ _ 4.64
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beams and columns) accompanied by panel zone distortion theory [21],
they formulated the elastic story drift of steelmoment frames consisting
of simultaneous contribution of the column (δc), the panel zone (δpz),
and the beam (δb) to the drift:

δtotal ¼ δc þ δpz þ δb ð30Þ

δc ¼ Vc Hc−dbð Þ3
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ð31Þ
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Where Vc and Vb are the column shear force and the beam shear
force, respectively, Lb is the beam span length andHc is the story height,
dc and db are the height of the column and beam, respectively, Ic is the
moment of inertia of the column, and tpz is equal to the panel zone thick-
ness. Outside of the RBS connection region, I(x) is equal to the moment
of inertia of the beam (Ib), otherwise inspired by the presented method
for calculating the variable moment of inertia along the RBS region in
Section 2, I(x) is calculated as follows:
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Finally, by considering Eqs. (30–34), the amplification factor of elas-
tic drift in a story of steel moment frames having RBS connections is
computed by Eq. (35).
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Note that the incorporation of Eqs. (12) and (13) into Eqs. (35) and
(36) yields no numerical solution even by assigning numbers to all pa-
rameters in powerful mathematical software. Then, through the imple-
mentation of a statistical approach known as the response surface
method, along with using Eq. (35), Maple [15] and Design Expert [22]
software, distinct formulas are developed to calculate the amplification
factor of elastic drift in a story of steelmoment frameswith RBS connec-
tions based on the type of used beam in this story. It should be noted
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Fig. 7. Results of the sensitivity analyses on the RBS connection parameters when using IPE300 profile as the beam: (a) The parameter a, (b) The parameter b and (c) The parameter c.
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that the story height and span length are equal to 350 cm and 600 cm,
respectively, since being similar to a common story. The response sur-
face method, as a reliable empirical modeling method, by designing a
limited number of experiments can explore the relationship and inter-
action between explanatory variables and a response variable or, in gen-
eral, describe overall system behavior in an optimal way. This method is
generally applied to solve complex problemswith numerous influential
independent variables with the aim of achieving a reliable response re-
garding time and cost. Utilizing thismethod to estimate and identify the
response surface requires designing an experiment. In this study de-
signing the experiment is performed via the central composite design
method (CCD), because this well-knownmethod is appropriate to esti-
mate second order polynomial responses. The Design Expert software
[22] is one of the most versatile and rigorous software in designing
the experiment for the RSM method, which has the ability to design
an experiment in different ways, including the CCD method. Further-
more, this software has the capability of presenting an optimal formula-
tion for a product or process. Given the sensitivity analyses performed in
Section 4 and the limited ranges provided in Eqs. (27)–(29), the two pa-
rameters c and b which have the greatest effects on the elastic drift of
steel moment frames, are used as explanatory variables and the ampli-
fication factor of elastic story drift in Eq. (35), Amp, is used as the re-
sponse variable in the Design Expert software [22]. Subsequently, by
designing 13 tests through the CCDmethod for each ofHEA and IPE pro-
files as the story beam (collectively 546 tests), second-order formulas
have been provided for calculating the amplification factor of elastic
drift in a story of steel moment frames based on the used beam, in
Tables 3 and 4. The unit of the parameters c and b in these formulas is
centimeter. According to the statistical tests conducted in Design Expert
software [22], all these second-order formulas have adjusted R-square
of about 0.99, minimum coefficient of variation and minimum standard
deviation. In addition, the pure error and lack of fit values are approxi-
mately equal to zero in all presented formulas.

After obtaining the equations for calculating the amplification factor
of elastic story drift based on the use of each of HEA and IPE beam pro-
files, the amplification factor of elastic story drift, Amp, versus the pa-
rameter c (in cm) which has the greatest effect on the story drift in
steel moment frames, are plotted in different ratios of b/d for each of
the mentioned beam profiles. The relationship between Amp and the
parameter c in some selective samples of the IPE profiles, is depicted
in Fig. 12. The corresponding graphs are constantly ascendingwith con-
vex curvature in all IPE profiles.

In contrast to IPE profiles, the amplification factor of elastic story
drift curves in HEA profiles have two different trends. The first trend
consists of profiles up to the HEA300 having the height to flange
width ratio of approximately one, and concave curves, as shown in
Fig. 13. Also in these profiles, with the increase in the parameter c and
approaching its value to the parameter R in the curves corresponded
to the ratio of b/d=0.65, the amount of the amplification factor of elas-
tic story drift tends toward a constant number. The second trend in-
cludes profiles from the HEA320 to the HEA1000. As the height to
flange width ratio of these profiles progressively increases from one,
the amplification factor of elastic story drift curves gradually change
from concave curvature to a linear state and then to the quadratic
graphs with convex curvature.

After plotting all the amplification factor of elastic story drift curves
as functions of the parameter c and the ratio of b/d for all IPE and HEA
beam profiles, the curves with ratio of b/d = 0.85 are chosen as domi-
nant curves which have the position above the other curves in each of
the mentioned beam profiles. These curves are put together in Fig. 14.
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Fig. 9. Results of the sensitivity analyses on the RBS connection parameters when using HEA500 profile as the beam: (a) The parameter a, (b) The parameter b and (c) The parameter c.
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Fig. 8. Results of the sensitivity analyses on the RBS connection parameters when using IPE600 profile as the beam: (a) The parameter a, (b) The parameter b and (c) The parameter c.
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Fig. 11. Subassembly configuration for calculating inter-story drift induced by RBS connections by Lee and Chung [13]
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Fig. 10. Results of the sensitivity analyses on the RBS connection parameters when using HEA1000 profile as the beam: (a) The parameter a, (b) The parameter b and (c) The parameter c.
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Table 3
Amplification factor of elastic story drift formulas for each IPE profile as the story beam with RBS connections.

Profile type Amplification factor of elastic drift formula

IPE80 Amp = 1.00352–2.56996 × 10−4b − 9.66230 × 10−3c + 2.97159 × 10−3bc − 2.31891 × 10−5b2 + 3.20818 × 10−3c2

IPE100 Amp = 1.00411–1.27737 × 10−4b − 9.64648 × 10−3c + 2.36728 × 10−3bc − 1.87123 × 10−5b2 + 2.91458 × 10−3c2

IPE120 Amp = 1.00460–1.41466 × 10−4b − 9.44517 × 10−3c + 1.92319 × 10−3bc − 1.54152 × 10−5b2 + 2.59600 × 10−3c2

IPE140 Amp = 1.00503–1.55015 × 10−4b − 9.20802 × 10−3c + 1.60293 × 10−3bc − 1.31677 × 10−5b2 + 2.31139 × 10−3c2

IPE160 Amp = 1.00546–7.28814 × 10−5b − 9.03088 × 10−3c + 1.37864 × 10−3bc − 1.19568 × 10−5b2 + 2.07907 × 10−3c2

IPE180 Amp = 1.00581–6.98999 × 10−5b − 8.78844 × 10−3c + 1.19154 × 10−3bc − 1.07346 × 10−5b2 + 1.87172 × 10−3c2

IPE200 Amp = 1.00616 + 2.34157 × 10−5b − 8.61559 × 10−3c + 1.05449 × 10−3bc − 1.01646 × 10−5b2 + 1.70506 × 10−3c2

IPE220 Amp = 1.00645 + 1.11123 × 10−6b − 8.30618 × 10−3c + 9.22531× 10−4bc − 9.31956 × 10−6b2+ 1.51048 × 10−3c2

IPE240 Amp = 1.00677 + 8.33061 × 10−5b − 8.09677 × 10−3c + 8.25710 × 10−4bc − 9.03014 × 10−6b2 + 1.36214 × 10−3c2

IPE270 Amp = 1.00692 + 7.09948 × 10−5b − 7.50459 × 10−3c + 6.90097 × 10−4bc − 8.05643 × 10−6b2 + 1.13229 × 10−3c2

IPE300 Amp = 1.00699 + 6.35095 × 10−5b − 6.98094 × 10−3c + 5.86236 × 10−4bc − 7.28032 × 10−6b2 + 9.56983 × 10−4c2

IPE330 Amp = 1.00712 + 1.33396 × 10−4b − 6.86275 × 10−3c + 5.23972 × 10−4bc − 6.88237 × 10−6b2 + 9.27391 × 10−4c2

IPE360 Amp = 1.00716 + 1.19077 × 10−4b − 6.69672 × 10−3c + 4.66471 × 10−4bc − 6.27270 × 10−6b2 + 8.90527 × 10−4c2

IPE400 Amp = 1.00702 + 1.85161 × 10−4b − 6.50387 × 10−3c + 4.12714 × 10−4bc − 5.84738 × 10−6b2 + 8.70305 × 10−4c2

IPE450 Amp = 1.00664 + 1.89992 × 10−4b − 6.23131 × 10−3c + 3.57923 × 10−4bc − 5.17312 × 10−6b2 + 8.53069 × 10−4c2

IPE500 Amp = 1.00623 + 1.92171 × 10−4b − 5.97620 × 10−3c + 3.13493× 10−4bc − 4.65243 × 10−6b2 + 8.30389 × 10−4c2

IPE550 Amp = 1.00573 + 2.40817 × 10−4b − 5.68632 × 10−3c + 2.78103 × 10−4bc − 4.38915 × 10−6b2 + 7.98351 × 10−4c2

IPE600 Amp = 1.00523 + 2.35596 × 10−4b − 5.43067 × 10−3c + 2.46805 × 10−4bc − 4.01941 × 10−6b2 + 7.69027 × 10−4c2
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By drawing envelopes of the two curves groups shown in Fig. 14
(a) and (b), two independent second-order formulas are developed to
predict the amplification factor of elastic drift in a story having IPE or
HEA beam and RBS connections. These prediction formulas are only in
terms of the parameter c (in cm). In addition, so as to provide simple,
practical and conservative equations which account uncertainties as
well, two extra linear design formulas are proposed to estimate the am-
plification factor of elastic story drift based on using IPE or HEA beam.
The prediction and design formulas for IPE profiles and HEA profiles
are presented by Eqs. (37)–(40). Corresponding curves are depicted in
Fig. 15 as well.

AmpIPE;Prediction ¼ 1þ 0:0143c−0:0004c2 ð37Þ

AmpIPE;Design ¼ 1þ 0:015c ð38Þ

AmpHEA;Prediction ¼ 1þ 0:0088cþ 0:0003c2 ð39Þ
Table 4
Amplification factor of elastic story drift formulas for each HEA profile as the story beam with

Profile type Amplification factor of elastic drift

HEA100 Amp = 1.00603–5.78942 × 10−4b
HEA120 Amp = 1.00668–5.59598 × 10−4b
HEA140 Amp = 1.00724–5.39093 × 10−4b
HEA160 Amp = 1.00782–4.48366 × 10−4b
HEA180 Amp = 1.00819–4.35334 × 10−4b
HEA200 Amp = 1.00863–3.62523× 10−4b −
HEA220 Amp = 1.00888–3.54333 × 10−4b
HEA240 Amp = 1.00914–3.00029 × 10−4b
HEA260 Amp = 1.00928–2.44616 × 10−4b
HEA280 Amp = 1.00941–2.31997 × 10−4b
HEA300 Amp = 1.00953–1.92780 × 10−4b
HEA320 Amp = 1.00908–1.43533 × 10−4b
HEA340 Amp = 1.00882–1.02015 × 10−4b
HEA360 Amp = 1.00863–6.82051 × 10−5b
HEA400 Amp = 1.00834–1.19286 × 10−5b
HEA450 Amp = 1.00795 + 3.52323 × 10−5

HEA500 Amp = 1.00754 + 7.04571 × 10−5

HEA550 Amp = 1.00707 + 1.04451 × 10−4

HEA600 Amp = 1.01437–9.75063 × 10−5b
HEA650 Amp = 1.00591 + 1.58831 × 10−4

HEA700 Amp = 1.00516 + 1.72092 × 10−4

HEA800 Amp = 1.00364 + 2.37996 × 10−4

HEA900 Amp = 1.00193 + 2.64777 × 10−4

HEA1000 Amp = 1.00007 + 2.88034 × 10−4
AmpHEA;Design ¼ 1þ 0:011c ð40Þ

As displayed in Fig. 15, the maximum value of the amplification fac-
tor of elastic story drift between the beam profiles starts at about 0.8%
and will eventually reach about 8%. Furthermore, from this figure it
can be assured that an adequate safety margin is considered even in
the worst-case scenario while using design Eqs. (38) and (40). Thus,
these easy-to-use equations have the capability of utilizing by engineers
or incorporating in steel structures design codes.

6. Expanding the application of the developed linear design formu-
las to plate girders

The primary purpose of this section is to evaluate the impact of web
and flanges plates' thickness of built-up sections having some dimen-
sional similarity to the rolled profiles used in this study (IPE and HEA
profiles), on the amplification factor of elastic story drift. Then, accord-
ing to the obtained results, a discussion toward extending the
RBS connections.

formula

− 5.36874 × 10−3c + 2.02188 × 10−3bc − 4.71652 × 10−5b2 − 1.49952 × 10−3c2

− 4.92893 × 10−3c + 1.59404 × 10−3bc − 3.92267 × 10−5b2 − 1.23082 × 10−3c2

− 4.61152 × 10−3c + 1.28818 × 10−3bc − 3.27379 × 10−5b2 − 1.00143 × 10−3c2

− 4.38970 × 10−3c + 1.08043 × 10−3bc − 2.85599 × 10−5b2 − 8.44935 × 10−4c2

− 4.11427 × 10−3c + 8.99608 × 10−4bc − 2.43626 × 10−5b2 − 7.02413 × 10−4c2

3.92950 × 10−3c + 7.78143 × 10−4bc − 2.18872 × 10−5b2 − 6.10727 × 10−4c2

− 3.72352 × 10−3c + 6.64300 × 10−4bc − 1.89910 × 10−5b2 − 5.13836 × 10−4c2

− 3.55837 × 10−3c + 5.77899 × 10−4bc − 1.69675 × 10−5b2 − 4.41633 × 10−4c2

− 3.37271 × 10−3c + 5.02217 × 10−4bc − 1.51662 × 10−5b2 − 3.79384 × 10−4c2

− 3.21500 × 10−3c + 4.44547 × 10−4bc − 1.37475 × 10−5b2 − 3.34402 × 10−4c2

− 3.07164 × 10−3c + 3.95106 × 10−4bc − 1.25743 × 10−5b2 − 2.95008 × 10−4c2

− 3.17887 × 10−3c + 3.55586 × 10−4bc − 1.05135 × 10−5b2 − 2.03157 × 10−4c2

− 3.31276 × 10−3c + 3.28031 × 10−4bc − 9.15688 × 10−6b2- 1.29342 × 10−4c2

− 3.44612 × 10−3c + 3.06064 × 10−4bc − 8.15022 × 10−6b2 − 6.59131 × 10−5c2

− 3.69411 × 10−3c + 2.74056 × 10−4bc − 6.81002 × 10−6b2 + 3.74028 × 10−5c2

b − 3.91277 × 10−3c + 2.40435 × 10−4bc − 5.62913 × 10−6b2 + 1.40399 × 10−4c2

b − 4.07786 × 10−3c + 2.15408 × 10−4bc − 4.85605 × 10−6b2 + 2.20687 × 10−4c2

b − 4.18573 × 10−3c + 1.97150 × 10−4bc − 4.35112 × 10−6b2+ 2.83558 × 10−4c2

− 5.08706 × 10−3c + 1.97558 × 10−4bc − 2.48135 × 10−6b2 + 3.45208 × 10−4c2

b − 4.25330 × 10−3c + 1.68857 × 10−4bc − 3.66765 × 10−6b2 + 3.77419 × 10−4c2

b − 4.19493 × 10−3c + 1.57912 × 10−4bc − 3.40000 × 10−6b2 + 4.09822 × 10−4c2

b − 4.03271 × 10−3c + 1.38623 × 10−4bc − 3.10113 × 10−6b2 + 4.63788 × 10−4c2

b − 3.75889 × 10−3c + 1.22140 × 10−4bc − 2.79244 × 10−6b2 + 5.00731 × 10−4c2

b − 3.38437 × 10−3c + 1.07808 × 10−4bc − 2.54393 × 10−6b2 + 5.23493 × 10−4c2
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Fig. 12. Effect of the parameter c upon the amplification factor of elastic story drift when IPE profiles used as the story beam:) a(IPE80.)b(IPE100.)c(IPE300.)d(IPE330.)e(IPE550 and)f
(IPE600.
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application of the linear design formulas presented in the previous sec-
tion to the desired built-up sections is conducted. Eventually, a method
will be proposed for complete assurance of applicability of these equa-
tions to plate girders.

It is a generally held view that built-up sections are usually used in
the building industry because of the unavailability of required rolled
profiles or the limitations in the capacity and configuration of similar
rolled profiles. In the following, four plate girder sections with RBS con-
nections are analyzed using Eqs. (35), (38) and (40) to identify the in-
fluence of flanges and web plates' thickness on the amplification
factor of elastic story drift. Two of these sections have the same height
and flange width as IPE 300 and IPE 600 profiles, and the other two
have the same height and flange width as HEA 300 and HEA 1000 pro-
files, but with various flanges and web plates thicknesses.

AISC Seismic Provisions for Structural Steel Buildings [19] requires
specific ranges of width to thickness ratio for web and flanges plates
of the sections used in intermediate steel moment resisting frames
(IMRFs) in which utilizing RBS connections are allowable. The maxi-
mum acceptable compactness ratios for flanges and web plates in an
IMRF are defined by Eqs. (41) and (42), respectively.

λmd: f ¼
bf

2t f
¼ 0:4

ffiffiffiffiffiffiffiffiffiffiffi
E

Ry Fy

s
ð41Þ
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Fig. 13. Effect of the parameter c on the amplification factor of elastic story drift when HEA profiles used as the story beam:) a( HEA100. )b (HEA120. )c) EA320. (d) HEA340. (e (HEA900
and )f) EA1000.

524 N. Fanaie et al. / Journal of Constructional Steel Research 160 (2019) 510–527
λmd:w ¼ hw
tw

¼ 1:57

ffiffiffiffiffiffiffiffiffiffiffi
E

Ry Fy

s
ð42Þ

where, Fy and Ry are uniaxial yield stress and yield strength ratio of used
steel, respectively. In the following parametric study, the steel grade
used in the built-up beam sections is considered ASTM A36. Moreover,
one of the thicknesses of flange and web plates is kept constant having
minimum usable values which satisfy Eqs. (41) and (42), respectively;
meanwhile, 3 different values are assumed for the other thickness
based on these equations. The geometric parameters of these sections,
as well as the amplification factors of elastic story drift resulting from
Eqs. (35), (38) and (40) are illustrated in Table 5.
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Fig. 14. Putting together all curves of the amplification factor of elastic story drift whose b/d=0.85:)a(IPE profiles curveswhose b/d=0.85 and)b(HEA profiles curveswhose b/d=0.85.
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As can be seen in Table 5, the maximum variations in the maximum
amplification factor of elastic story drift are between 0.9% and 1.6%
among the plate girders. Given utilizing the IPE and HEA profiles with
specific flanges and web plates' thickness to develop the linear design
formulas alongwith the conservative and reasonable safetymargin pro-
vided in this process, it is evident that the effects of web and flanges
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Fig. 15. Diagrams of the amplification factor of elastic story drift formulas for design and
prediction purposes when:) a(IPE profiles are used as the story beam and)b(HEA
profiles are used as the story beam.
plates' thickness in built-sections dimensionally similar to the IPE and
HEA profiles, can be neutralized by these formulas.

At a rough estimate, due to the conspicuous effect of parameter c
(0.1bf ≤ c ≤ 0.25bf) in comparison with the parameter b (0.65d ≤ b ≤
0.85d), and capability of the linear design formulas so as to neutralize
the impact of the beamweb and flanges plates' thickness on the ampli-
fication factor of elastic story drift, it can be stated that if the flange
width of a built-up beam is in the flange width range of IPE profiles (bf
IPE80 = 4.6 cm ≤ bf≤ bf IPE600 = 22 cm) or HEA profiles (bf HEA100 = 10
cm ≤ bf ≤ bf HEA1000 = 30 cm), Eqs. (38) and (40) may offer a correct re-
sponse to the built-up beam, respectively. However, in the following, a
fully guaranteed method is suggested for applying these equations to
plate girders.

With respect to the effects of the parameters c and b on the amplified
elastic story drift, flange width and total height of a beam with RBS
Table 5
Geometrical characteristics of the built-up sections and their influence on the maximum
amplification factor of elastic story drift.

Built-up sections' geometrical parameters Maximum amplification factor of
elastic story drift

d (cm) bf (cm) tf (cm) tw (cm) Amp AmpDesingn

30 15 0.8 0.8 1.039
30 15 1.5 0.8 1.042
30 15 2.5 0.8 1.040 AmpIPE design= 1.056
30 15 0.8 1.2 1.036
30 15 0.8 1.5 1.033
30 30 2 0.8 1.024
30 30 3 0.8 1.021
30 30 4 0.8 1.019 AmpHEA design= 1.0825
30 30 2 1.2 1.028
30 30 2 1.5 1.030
60 22 1.2 1.5 1.055
60 22 1.5 1.5 1.058
60 22 2.5 1.5 1.062 AmpIPE design= 1.0825
60 22 1.2 2 1.050
60 22 1.2 2.5 1.046
100 30 2 2.5 1.066
100 30 3 2.5 1.073
100 30 4 2.5 1.075 AmpHEA design= 1.0825
100 30 2 3 1.062
100 30 2 3.5 1.059
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connections used in each story of a steel moment frame, are two geo-
metrical parameters with the great effects on the maximum amplifica-
tion factor of elastic story drift correspondingly. By examining the
relationship between IPE and HEA profiles' flange width and total
height, regarding that the linear design formulas are able to neutralize
the effects of web and flange plates' thickness, the application of these
formulas can also be extended to plate girders. Fig. 16 depicts the rela-
tionship between the flange width and section total height in HEA and
IPE profiles. According to the diagrams, if the considered plate girder
can fulfill the conditions presented in Eqs. (43) and (44) it can be surely
stated that using the Eqs. (38) and (40) respectively, yields the right an-
swers for this plate girderwith an acceptablemargin of safety. But, if the
mentioned conditions are not satisfied, the parameter c or b value may
exceed the ranges investigated in this research and Eqs. (38) and (40)
may not respond properly.

7. Conclusions

In this study, a precise and improved approach using mathematical
procedures along with structural analysis rules is adopted to determine
the amount of amplified elastic drift or the percentage of stiffness vari-
ations in a typical story of steelmoment frameswith RBS connections as
well as proposing practical formulas in this field. Following verification
of the accuracy of proposedmethod for calculating the variablemoment
of inertia along the RBS connection region by numerical modeling, nu-
merous sensitivity analyses have been conducted to determine the
most effective RBS connection parameters on the elastic drift of steel
moment frames, and then by using a statistical approach known as re-
sponse surfacemethod accompanied by premises considered in a previ-
ous authentic research and the developed method, two linear formulas
are derived for computing the amplification factor of elastic story drift
based on the use of IPE or HEA beam with RBS connections in the
intended story. In the last section, the application of these formulas
has become more general and expanded to built-up beam sections as
well. The most important results of this research are as follows:

1. In this paper, an improved analytical method and simple linear for-
mulas are proposed for determining the actual value of amplified
elastic drift and the amplification factor of elastic drift in a story of
steel moment frames with RBS connections, respectively. According
to the obtained results, the percentage of stiffness reduction or am-
plification of elastic drift induced by RBS connections in a story of
steel moment frames is negligible, however, a proper evaluation of
the exact amount of these factors helps to come upwith an optimum
design of the structure and better identification of RBS connections'
elastic behavior.

2. The sensitivity analyses to determine effects of the RBS connection
parameters on the elastic drift regarding the use of IPE or HEA pro-
files as the beam, showed that the parameter a has a very small effect
on the elastic drift response. Theparameters b and chave been recog-
nized as the most influential parameters in the elastic drift of steel
moment frames, but their effects are not the same. Generally, the pa-
rameter c has a greater effect than the parameter b on the elastic
inter-story drift. Note that by increasing the height of the beam pro-
file relative to its flange width, the effect of the parameter c on the
elastic inter-story drift gradually increases compared with the effect
of the parameter b.

3. The quadratic formulas obtained via the RSMmethod to compute the
amplification factor of elastic drift in a storywith each of IPE andHEA
beams and RBS connections, have the lack of fit and pure error ap-
proximately equal to zero and curve fitting about 99%. This denotes
the high accuracy and reliability of these formulas derived from the
suggested method in this research. Moreover, the linear design for-
mulas proposed in this study are easy-to-use and have adequate con-
servative consideration with regard to uncertainties. This issue is
concluded from the linear design formulas diagrams which have po-
sitions upper than the envelopes of the curves whose b/d=0.85. The
results of this research also illustrated that the values of the amplifi-
cation factor of elastic drift in a story having IPE or HEA beams with
RBS connections, are approximately from0.8% to 8%. All in all, regard-
ing the simplicity of the use, accuracy and conservative estimation of
the linear design formulas, they can be utilized by designers and
codes.

4. Proposed linear formulas are capable of calculating the amplification
factor of elastic drift or the percentage of stiffness reduction in a typ-
ical story of steelmoment frameswith RBS connections in the case of
using IPE or HEA beams in the story, but these formulas can also be
utilized when having a story beam (rolled or plate) with the similar
size and shape as the profiles used in this research.

5. The method of calculating the variable moment of inertia along the
RBS connection region presented in this research is capable of
adopting in future studies in order to compute flexural rigidity vari-
ations whenever RBS connections are used as part of a system such
as double RBS connections or combination of RBS connections with
the steel plate shear wall in a dual system.

6. According to the parametric analyses carried out in this study on the
plate girders dimensionally similar to HEA and IPE profiles (i.e. in
height and flangewidth) and having RBS connections, themaximum
effect of flanges and web plates' thickness on the maximum amplifi-
cation factor of elastic story drift was between 0.9% and 1.6% among
these profiles.

7. Application of the linear design formulas proposed for calculating
the amplification factor of elastic story drift while using HEA and
IPE profiles as the story beam, can even be expanded to the plate
girders. Considering the appropriate safety margin of these formu-
las, they are capable of entailing the effects induced by changes in
the thickness of flanges and web plates provided that the plate
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girder's height and flange width would be similar to IPE and HEA
profiles. At a rough estimation, these formulas may result in the
correct response for a plate girder when the flange width of this
profile is in the flange width range of IPE or HEA profiles. But meet-
ing the requirements demonstrated in Eqs. (43) and (44) assures
the validity of applying Eqs. (38) and (40), respectively; to plate
girders.
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