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Simplified Analytical Model for a Steel Frame with Double Angle Connections
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Abstract

A steel frame is one of the most commonly used structural systems due to its resistance to various types of applied loads.
Many studies have been conducted to investigate the effects of connection flexibility, support conditions, and beam-to-column
stiffness ratio on the story drift of a frame. Based on the resulis of these studies, several design guides have been proposed.

This research has been conducted to predict the actual behavior of a double angle connection, and to establish its effect on
the story drift and the maximum allowable load of a steel frame. For these purposes, several experimental tests were conducted
and a simplified analytical model was proposed. This simplified analytical model consists of four spring elements as well as a
column member. In addition, a point bracing system was proposed to control the excessive story drift of an unbraced steel

frame.
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1. Infroduction

A double angle connection has been considered
as an adequate connection type for low-rise steel
frames due to its easiness and low cost of construction.
The moment resistance capacity of a double angle
connection depends on several parameters such as
angle thickness, bolt gage distance, and number of
bolts>. Even though the double angle connection
composed of relatively thick angles with short bolt
gage distances can transfer significant moments to
the supporting members, it has been designed as
a simple shear connection. Therefore, it is necessary
to predict the actual moment resistance capacity of
a double angle connection, and to provide some

basic data for the design of a steel frame with
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double angle connections. A steel frame with double
angle connections can be designed optimally only
when these requirements are fulfilled. The angle
thickness and bolt gage distance of a double
connection are selected as two main variables in
performing experimental tests. A simplified analytical
model is proposed to predict the actual behavior
of a steel frame with double angle connections. This
model consists of four spring elements and a column
member. A rotational spring element attached to
the top of the column member idealizes the double
angle connection and its rotational spring stiffness
can be obtained by experimental tests. By using this
simplified analytical model, the story drift of a steel
frame can be easily calculated. In addition, the
maximum allowable loads without violating the
story drift limit and reference moment limit can
also be obtained.
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2. Experimental Tests

Four experimental tests were conducted to obtain
the actual moment-rotation curves of double angle
connections. The rotational connection stiffness
obtained from each curve can be substituted for the
rotational stiffness of a spring element connected
to the top of the simplified analytical model.
L125x75x7 and L125x75x10 angle sections were
considered. The geometry of an angle section is
depicted in <Fig. 1> gl is defined as the distance
between the centerline of each bolt and the corner
of an angle section. Each angle specimen had two
different bolt gage distances such as g1=65mm,
90mm, respectively. The outstanding leg of each
angle was connected to a H400x200x8x13(equivalent
to W18x35) column with four F1I0T M20 bolts, while
the back-to-back angle leg was welded to a H350

- x350x12x19(equivalent to W14x90) beam with 0.6cm
E70xx fillet welds. Each bolt was tightened with 539
N'm corresponding to 147 kN, which is the bolt
axial tensile load. Material properties of the angle
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(Fig. 1) Geometry of an angle considered in
the analysis and test

(Table 1) Material properties of the angle
specimen and bolt

specimen used in the tests were obtained from the
coupon tests. The average values of the coupon
tests are presented in <Table 1>.

The test set-up is shown in <Fig. 2>. The shear
load was gradually applied to the tip of a beam,
which stood vertically on a horizontally laid column,
by an actuator at a speed of 1.'5mm/min‘ A special
device was introduced at both sides of the
cantilever beam to prevent lateral buckling, which
may occur in the beam. The rotation of the double
angle connection was measured by using two pairs
of LVDTs as shown in <Fig. 2>. The forces applied
to the cantilever were recorded through the load
cell in the actuator.

It is necessary to check the bolt strength and
weld strength of a double angle connection
subjected to the combined tensile and shear loads.
In addition to the maximum allowable load that a
bolt group can resist, the nominal tensile strength
R: and shear strength R, of each bolt can be
calculated as listed in <Table 2> by using the
following equation (1) to equation (5)1)’9).

LVDT
=

1,140

VDT

LVDT
o]

Column

(Table 2> Nominal tensile and shear strength of each bolt used in experimental tests

Tost Young's Yield Ultimate % Reaction wall H

speci modulus stress . siress R T

i (N/mnt) | (N/mo) | (N/oon) S [ | A0

angle 203x105 | 319<102 | 4.69x102 & a4 I 1 e
bolt 2.61x105 8.72x102 9.25x102 (Fig. 2 Test set-up

e, (mm) y(mm) | Sy (mm) £n | EN/mm)| TN P(N) R(N) R,(N)
1,140 105 49,000 8 117 142,000 40,800 98,000 5,000
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My _ 2 2
R,=A (—2) r,= (rpx+rm) +(r y+rmy)
WS 1 ' ’
<o r ,=0.75(0.6F,,, x0.707a) (©6)
mavazF’VAb:Rv (2)
where,
where, . -0 ”
M=Pe, 3) R
"'w=7
P I ®)
08T, N, 4@ Pe,c
F o= z
k=l I, ©)
Zn ®) Pe,c
T, (10)
€ : distance from an applied load to the
surface of a column flange [ : total weld lengthe
£ :load applied to the tip of a beam e, : distance from an applied load to the center
y : distance from the center of a bolt group

of a weld group

to the outermost fastener ¢, . distance from the center of a weld group

Ay : nominal unthreaded body area of a bolt to the remote point in x-direction

24, 1f : moment of inertia of the bolt areas ¢, distance from the center of a weld group

In - total number of bolts to the remote point in y-direction
F, @ maximum nominal service load shear I, : polar moment of inertial of a weld group
stress of a bolt o : normal throat size
T : nominal applied service load force ¢ : resistance factor
T : initial bolt tension force
N, : number of bolts carrying nominal applied In the experimental tests, the applied load should
service load force be less than the maximum load, P, respectively,
listed in <Table 2> and <Table 3> to guarantee the
The maximum weld strength and the maximum safety of the double angle connection.
allowable load that a weld group can resist can be As the applied load increases, the upper corner
calculated by an elastic method which uses the of each angle specimen starts to move toward the

following equation (6) to equation (10) as listed in symmetric plane of double angle connections. The
<Table 3>. stress concentrates on the edge of the bolt head and

(Table 3> Weld strength of a double angle connection under the combined tensile and shear

loads
Angle €y l C, Cy ]17 T px | T Py T e Tmy T P
specime | (mm) | (mm) | (mm) | (mm) | (mm) | [N) ™N) ) ™N) N ™)
L7990 1080 | 129 | 4730 | 1,419
L7es | 076 A6 521 MO 4986368 0 | oop | so0p) | (11op) | @aop) | OO0
L-10-90 119 | 1431 | 55 | 1574
L1065 | VW7o | 406 | 22 1 10 |5061.247) 0 (25P) | (30.0P) | (11.0P) | (33.0P) 47,70 J
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the part in which the back-to-back angle leg and
fillet meet. Stress concentration at the upper line
of the fillet of each angle specimen finally leads to
the failure of each angle specimen. Considering this
failure mode, the excessive reduction of bolt gage
distance and the further increase of angle thickness
may cause an earlier failure of each angle specimen
due to stress concentrations. <Fig. 3> represents the

deformed shape of an L-7-65 angle specimen.

{Fig. 3) Deformed shape of an L-7-65 angle
specimen

Several analytical models, proposed by Richard, Frye-
Morris, and Ang-Morris, have been commonly used
to estimate the actual moment-rotation relationship
of a double angle connection®”,

The main parameters, such as initial rotational
stiffness, plastic rotational stiffness, reference moment,
and curve sharpness parameter as shown in <Fig,
4>, are introduced in the analytical model proposed

Moment

/

/A Initial stiffness, Ke
/
=7

/ Curve sharpness parameter, n

Plastic stiffness, Kp

Mo~

Rotation

(Fig. 4> Main parameters of Richard mode

by Richard®. The curve sharpness parameter controls
the rate of decay of the curve’s slope within the
given loading conditions. It is also important because
it represents physically a measure of imperfections
in the connections. On the other hand, the curve-
fitting constants and the standardization constant
are used in analytical models proposed by Frye-
Morris and Ang-Morris. Each prediction equation

can be written as follows:

Richard model-
M(@®)= (KZ_KP)BH +K,0
(K,—Kp)8| 1n
1+ ~—~———~M0 ) (11)
where,

W : moment

D

: rotational angle
initial stiffness

K .

K, : plastic stiffness
M, : reference moment
n

: curve sharpness parameter

Frye-Morris polynomial model-

8=C(KM)' +C,(KM) +C;(KM )’ 12)
where,

K= d 24 ¢ -1.81 g 0.15 (13)
C,=3.66x10" (14)
C,=1.15x10" (15)
C,=4.57x10" (16)

C., G, G curve fitting constants

d, : angle length
t, : angle thickness
g : angle gage distance
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Ang-Morris power model-

0 _ kM | ( kM "
0,), (KM), (KM) , 17)
where,
K= d —2,2t 0.08 g —0.28 (18)
0,),=3.98x10" (19)
(KM ) ,=0.63 (20)
n=4.94 (21)

As depicted in <Fig. 5>, each moment-rotation
curve shows almost a linear relationship until its
angular change reaches to 0.005(rad.) and flattens out
rapidly as the moment increases. Main parameters
that describe the actual behavior of each double

angle connection are listed in <Table 4>,
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The initial rotational stiffness and plastic stiffness
obtained from each experimental test are smaller
than those simulated by Frye-Morris polynomial
model and Ang-Morris power model. The thicker

(Table 4) Main parameters for each double
angle connection

Specime Ke Ke Mo n
n (N-mm/rad)|(N-mm/rad) | (N-mm)
Test| 45718 246.6 148 |13
L7900 |EM| 73193 518.6 26 |18
A-M| 70973 580.8 247 |21
Test| 48412 3332 199 |16
L-765 |EM| 76911 576.8 241 |17
A-M| 65469 490.1 233 120
Test| 48706 411.6 245 |14
L1090 |[EM| 139732 9781 433 |18
A-M| 68562 6204 22 |22
Test| 62328 686 338 118
L1065 |EM | . 14,5952 1,063.3 48 |18
A-M| 63150 530.6 218 |21
—=—test
£ “2 Rsorns
g Z: : ,./"'/"/
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(Fig. 5> Moment-rotation curves of each double angle connection
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the angle and the shorter the bolt gage distance,
the larger the initial rotational stiffness obtained.
However, it is much more effective way to increase
the rotational stiffness by reducing the bolt gage
distance than by increasing the angle thickness as
shown in Table 4. When g1=90mm, the initial
rotational stiffness increases about 6.5% as the angle
thickness increase from t=7mm to t=10mm. On the
other hand, the initial rotational stiffness increases
about 5.9% as the bolt gage distance decrease from
g1=90mm to gl=65mm.

3. Simpified Analytical Model

Many studies have been conducted to predict the
effects of beam-to-column stiffness ratio, loading
and support conditions, and rotational connection
stiffness on the actual behavior of a steel frame.
Unfortunately, very limited information is available
on the behavior of a low-rise frame with double
angle connections.

Thus, a simplified analytical model as shown in
<Fig. 6> is suggested to provide some information
on the effects of connection flexibility and support
conditions on the story drift and maximum allowable
loads of a steel frame with double angle connection.

Pu=7Pv >
ﬂc,h

Elc h
w(x) <— A

Z
7

(Fig. 6) Simplified analytical model

This simplified model consists of four spring
elements as well as a column member. Two spring
elements attached to the top of the column member
represent the actual behavior of double angle
connections, while the other two spring elements
attached to the bottom of the column member
represent the support conditions of a steel frame.
The moment inertia of the column member used
in the simplified analytical model Ic is the sum of
the moment inertia of the column member used in
the actual steel frame. The vertical load applied to
the simplified model Py is the summation of the
vertical loads applied at the top of the column
member used in the steel frame.

The story drift of a steel frame can be obtained
by using the simplified analytical model as follows:

w(x)=[6{2(ﬁo AR NN ]

| 6oh(2 J;) B,hyk,” ]x

[ 30, B,h(2+ B, )k, ]xz
D

——-2060([30 + BB, + ﬂh)kH2 :]xs
D

22)

where,

aCO ﬂCO aC,h ﬁc,h
o, = z = = o, = =
° El, by El., " El., P El. (23)

- | B — Py
ko= \/ El., “a VEI, (24)

D =6hk,* {h(o B, + 0, B,) +2(ag + )}
— 4o, h* {h(B, + B,)+3}
—12(0y + &, By + B)
~128,B,h(ct, + @, ) — a0, B, B,

(2)

L : moment of inertia of a column used in the
simplified model

I . : moment of inertia of a column used in the
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steel frame

N - total number of columns used in the frame

Application feasibility of the story drift of an
unbraced frame is verified by using this analytical
model. The unbraced frame has fixed base supports
and it can have either pinned connections or rigid
connections as shown in <Fig, 7>. A horizontal load
is only applied to the upper left corner of the steel
frame in this case. For a steel frame with pinned
connections, the spring stiffnesses of the simplified
model can be assumed as ay= o, f=, a,=0,
and 3,=0. By substituting these values into
equation (22), the coefficients and story drift of the
frame can be calculated as follows:

P, _ Py

A=A=0 A,=- =
1= 4 , 3 2El, 4 6EI, (26)
3
w(x)=- Py h
6EI, . (27)

On the other hand, the spring stiffnesses of the
simplified model can be assumed as ap =, ;= >,
a,=0, and B,=c for a steel frame with rigid
connections. By substituting these values into
equation (22), the coefficients and story drift of the

frame can be obtained as follows:

Py

A =A=0 A =A,=0 A, =—"—
1 2 ’ 1 2 , D 6EIC

(28)

P, h*(2LI, . +31,h)

w(x)=—

(29)

12E1, (L1, +61,h)

El

L !

(a) Pinned connections (b) Rigid connections

(Fig. 7> A steel frame with fixed base supports

The story drifts of this unbraced frame considered
show exactly the same values as those obtained
from the previous studies”. Thus, this simplified
model can be utilized to establish the actual behavior
of a steel frame with double angle connections
under various loadings and support conditions.

Allowed to move horizontally (a,=0), a frame
connected by double angles with fixed base supports
(o= 0, By= o) has been considered to calculate
the story drift and maximum allowable loads. The
rotational spring stiffnesses obtained from the results
of the experimental tests are 3,=0.056(L-7-90), 0.060
(L-7-65), 0.060(L-10-90), and 0.077(L-10-65), respectively.
By substituting these connection stiffnesses into
equation (22), the story drifts of the frame with

double angles can be written as follows:

1P, (500+7h)
wih) = 3
12(-250E1 ; - —14hEI , . +125h* P, ;)
(L-7-90) (30)
Wiy = R*P, (200 +3h) 2
24(-50EI, . —3hEl, . +25h° B, ;)
(L-7-65), (L-10-90) 31)
1P, (4,000 + 77h)
w(h) = 2
24(~1,000EI ; . ~ TThEI ; o +500h" F, ;)
(L-10-65) (32)

The story drifts of the steel frame with lower
rotational connection stiffness are greater than those
of the frame with higher rotational connection
stiffness when the same horizontal and vertical loads
are applied to the frame. The excessive story drift
may destabilize a steel frame under horizontal and
vertical loads. To stabilize a steel frame, the steel
frame should satisfy the wind-drift limit(w(l) <
h/400) under a 50-year wind. <Table 5> represents
the maximum allowable horizontal and vertical
loads for a steel frame with dimensions h=3.5m and
L=6m, and i=I,/1;=0.588. The wind-drift limit of
this frame is satisfied only when the applied
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U Z-0l LH A
Th? El,.vF

M (h)=
® 2(-250El, . —14hEl, . +125K° B, ;)

(L7-90) (3)

M ()= I Bt Ry (L7-65), (L1090)  (34)
4(-50EI, . ~3hEl, . +25h* B, ;) ’
71h* El, .Y P,

M (h)= rc ¥y

= 4100081, , —7T7hEL, . + 50077 7, ) (L-10-65) (35)
W yB, . (500+7h)
hy=— i .
M) = B 000ET, . ~1500°F, , +500K°K +168hET, , +7H'K) (L-7-90) (36)
Ky B, ,(200+3h)
h) = s : y
) = 200ET, . ~600K°F, , + 200K°K + T2hEL, . + 3W°K) (L-7-65), (L-10-90) (37)
o By P, , (400+77h) "
w(h) =—

(24,000E , . ~12,000h>P, , +4,000h°K +1,848hEl , . +7Th*K) (L-10-65) (38)
K= ?(S—OéTh) [12 P, , (400y(500 + 7h) +1,500) - E1 , (3,000 + 168h)] (L-7-90) (39)

K= L
1* (200 +3h)

1
134,000+ 77h)

horizontal and vertical loads are less than the
maximum allowable loads listed in <Table 5>.
From the regression analysis of the moment-
rotation curves obtained from experimental tests, the
reference moments are Mo=14.8kN(L-7-90), 19.9kN (L~
7-65), 24.5kN(L-10-90), and 33.8KkIN(L-10-65), respectively.
Since the slope of each moment-rotation curve
decreases rapidly around the reference moment of
each double angle connection, the connection moment
M(h) should be less than or equal to its reference
moment. The maximum allowable horizontal and
vertical loads can be obtained from the following

(Table 5y Maximum allowable horizontal and
vertical |loads satisfying the wind-

[1>P, , {4007(200 + 3h) + 600} - EI , (1,200 + 721))

(L-7-65), (L-10-90) (40)

[hZPV, {400y(4,000 + 77h) +12,000} - EI , . (24,000 + 1,848h)] (L-10-65) (41)

equation (33) to equation (35). Table 6 represents
the maximum allowable horizontal and vertical
loads that satisfy each connection moment limit
(M(h)=My).

By comparing the maximum allowable horizontal
and vertical loads listed in <Table 5> and <Table
6>, the story-drift of a steel frame can be the
governing limit state except in the case of L-7-90.
When the combined horizontal and vertical loads,
which are greater than the maximum allowable
loads listed in <Table 5> and <Table 6>, are applied
to the steel frame, the frame should be braced to

{Table 6) Maximum allowable horizontal and
vertical loads satisfying the reference

drift limit unit @ (N) moment limit unit = (N)
T T

angle B 05 1.0 15 2.0 angle B 05 1.0 15 20

Pv,f Pv,f Pv,f Pv,f Pv,f Pv,f Pv,f Pv,f

L7900 | 0056 |221,820| 111,700 | 74,640 | 56,050 L-790 | 0.056 | 203,750 | 102540 | 68510 | 51,440
L-7-65 | 0060 | 223,680 | 112,630 | 75,260 | 56,520 L-765 | 0060 | 257,840 | 129,970 | 86,880 | 65250
1-1090 | 0.060 | 223,680 | 112,630 | 75260 | 56,520 1-1090 | 0.060 | 316,260 | 159,710 | 106,830 | 80,260
11065 | 0.077 | 231450 | 116,530 | 77,870 | 58,470 L1065 | 0077 | 356,160 | 180,000 | 120,430 | 90,490
B2 Hed M1E E3 19%, 2006. 3
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(Fig. 8> A point-braced frame with double angle
connections

prevent its instability due to excessive story drifts.

A point bracing system is introduced to control
the excessive story drifts of a steel frame as shown
in <Fig. 8>. The translational spring element acts
independently with the stiffness of §= K/EI. The
behavior of this braced frame with double angle
connections can also be predicted by using the
simplified analytical model. The braced frame has
fixed base supports, and its horizontal movement
can be restrained by the spring element attached to
the upper right corner of the steel frame(a,= o,
o=, a,=S=K/EL).

The rotational stiffness of each connection is the
same as that of the unbraced frame considered. By
substituting these connection stiffnesses into equation
(22), the story drifts of the point- braced frame
with fixed base supports can be written as follows:

The required translational spring stiffness of each
point-braced frame can be obtained by using the
above equations (36) to (38) and the wind drift limit
(w(h) <h/400).

As shown in <Fig. 9>, the story drifts of the fixed
base frame rapidly decrease as K—10°N/mm when
the maximum horizontal and vertical loads are
applied to the point-braced frame. When K—
107N/ mm, the translational spring element acts as
a pin support and no story drift can occur in the
braced frame. The translational spring stiffness
should be increased to satisfy the story drift limit

0 10 102 103 10 10°5 10°% 10°7 10°8 10°9 10MO

K(kN/m)

(Fig. 9) Story drifts of the braced frame with
fixed base supports when Paoolied=Pmax

B,=0.060
vy=1.0

P(kN)
g

T T i) T T T 1
0 10000 20000 30000 40000 50000 60000 70000

K(kN/m)

(Fig. 10> The applied load-translational spring
stiffness relationship of the braced
frame with fixed base supports when
Paoolied>Pmax

when the applied loads are greater than the
maximum allowable loads listed in <Table 5> and
<Table 6>, <Fig. 10> represents the applied load-
translational spring stiffness relationship of the
braced frame with fixed base supports when the
applied loads are greater than the maximum
allowable loads.

4. Conclusions

A frame with double angle connections has been
studied to investigate the effects of the connection
flexibility on its story drift control. Several experimental

tests were conducted to obtain rotational stiffnesses

=4 .

N>
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of double angle connections. The rotational stiffnesses
of double angle connections considered are mainly
influenced by the angle thicknesses and bolt gage
distances in this research. A simplified model composed
of spring elements is suggested to calculate the story
drifts and maximum allowable loads that a steel
frame can resist. These spring elements simulate the
actual behavior of double angle connections and
support conditions. A point-braced frame is also
suggested to control the excessive story drifts of an
unbraced frame in this research. The following

conclusions are made from this research.

1. The thicker the angle and the shorter the bolt
gage distance, the larger the initial rotational
stiffness obtained. However, an earlier failure
due to stress concentration may occur because
of the excessive reduction of bolt gage distance
and increase of angle thickness.

2. The higher the connection stiffness, the lower the
story drift of the frame considered. However, a
bracing system should be provided for a steel
frame with double angle connections since the

- rotational stiffnesses of double angle connections
are rapidly decreased around their reference
moments.

3. When the applied loads are greater than the
maximum allowable loads listed in Tables 5
and 6, the translational spring stiffness of the
point-braced frame has to be increased to satisfy
the wind-drift limit, and it can be also calculated
easily by using the suggested spring model.
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