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ABSTRACT

The seismic design process is detailed for a spatial V-braced three-bay three-story steel frame.
In the case of a 3D frame, the seismic forces should be multiplied by a factor prescribed in
Eurocode 8. In this way, the spatial frame can be regarded as a plan one. The V-bracing rods of
circular hollow section (CHS) should absorb the seismic energy, but their overall buckling
resistance should be smaller than the seismic rod force. The interstory drift is so small that the
braced frame can be designed as a hon-sway one. The beams of rolled UB profile are designed
for normal force and bending moment, including the effect of the unbalanced force due to the
buckling of braces. The columns of CHS profile are designed for compression force. The design
of a bolted beam-to-column connection and a bolted joint of a brace is also treated. MathCAD
algorithms are used to fulfil the design constraints.

IIW-Thesaurus keywords braced steel frames, seismic design of frames, seismic energy absorption by
buckling, bolted joints:

1 Introduction

The aim of the present study is to show by a numerical problem the seismic design process of a
spatial steel frame including the effect of concentric V-bracings. In the design of braces the energy
absorbing capacity is also considered using the developed own formulae.

In the design of braces, beams and columns MathCAD algorithms are used in order to exactly fulfil the
constraints, i.e. to obtain the most economic structure. The rules of Eurocodes 3 and 8 are applied.
Circular hollow sections are used for braces and columns and rolled UB profiles are applied for
beams.

The design of the 3D frame is reduced to a planar one multiplying the seismic forces by a factor of 1.3.
The beams and columns are designed as parts of a non-sway frame. The braces are designed to
allow the overall buckling and to absorbing the seismic energy. In the design of beams the unbalanced
force due to buckling of the compression brace is also considered.

The beams are subject to compression and bending and the columns are loaded by compression. In
the design of beams and columns the actions due to seismic forces should be multiplied by a factor of
1.25. The design of beam-to-columns connections and the joints of braces is included.

A brief literature survey of V-braced steel frames is given as follows.

Medhekar and Kennedy [1,2] have investigated the seismic design of a concentrically braces single-
and two-storey building using hollow section braces and W-section columns.

Mualla and Belev [3] have shown a new friction damper device used for V-bracing.

Moghaddam et al. [4] have treated the design of concentrically braced steel frames. The cross
sections of beams and columns were unchanged during the optimization process and the braces have
been designed to minimize the story drift.

Longo et al. [5] have desighed a V-braced 3 bay 4 story 3D building frame. HE European wide flange
beam profiles have been used.

Ragni et al. [6] have proposed analytical expressions for dissipative bracings and used them for the
design of 5-bay 4- and 8-storey frames.
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Roeder et al. [7] have elaborated a simple design procedure for concentrically braced gusset plate
connections considering the yield mechanism of such joints. In the appendix a detailed numerical
example is given.

The design steps of the present study are as follows.

1. Main dimensions of the given frame

Calculation of non-seismic and seismic loads

Design of circular hollow section (CHS) V-bracings

Design of rolled I-section beams

Design of CHS columns

Design of the beam-to-column connections and joints of braces

gk

1. Main dimensions of the given frame

The investigated frame is 3D symmetric in plan, three-bay three-story frame with V-bracings (Figure
1).

h
h
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| |

|

| : L

| |

| |
L

Figure 1. Elevation and ground-plan of the investigated frame. V-bracings are used in the outer plans,
the central field is not loaded. L=6 m, h=3.6 m

2. Loads
2.1. Vertical loads

Dead load (G): roof 5.5 kN/m?, floors 5.0 kN/m?, live load (Q) 2.0 kN/m?,
G+yQw =oy,,w, =0.3, forroof ¢ =1, forfloors ¢, =0.5.
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Roof: 5.5+ 0.3x2 = 6.1 kN/m? floors: 5+ 0.15x2 = 5.3 kN/m”.
For the whole area of 8x6x6 = 288 m” and for all storeys
W = 6.1x288 + 2x5.3x288 = 4809.6 kN.

2.2. Seismic load

According to Eurocode 8 the horizontal seismic force can be calculated as
Fb = Sd (Tl)mﬂ“ :

For a centrally braced frame of height 3x3.6 = 10.8 m
T, = 0.050x10.8°" =0.298,q = 2.5.

For a subsoil of class C S=1.15, Tz =0.2, Tc =0.6, Tp = 2.

For Tg < T, < T¢, calculating with a = 0.4 m/s?,

Sq =a,5%x2.5/q=0.4x1.15=0.46 and 1 =0.85,
F, = 0.46x0.85x4809.6 =1880 kN.

Distribution of the seismic force for roof and floors
ZiWi

izw!

> zZW, =3.6x288(3x6.1+ 2x5.3+5.3) = 35458 kNm,

F

F =18803.6x3x6.1x288 1006 KN,
35458
Fﬂoorz:18802x3.6x5.3x288::583k’\L

35458
F,. . —1880>0X03%288 501 1
35458

XV-1409-12, XV-F-88-12

1)

(2)

®3)

(4)

These horizontal seismic forces should be multiplied by 1.3 for the symmetric 3D frame and divided by
2 for a braced plane. Thus, for a braced plane the following horizontal seismic forces are acting

(Figure 2): F; =654, F, =379, F; = 189 kN.
3. Design of CHS V-bracings

3.1. Constraint on tensile stress

S, <Af,, f, =235\,

where

(6)
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S, =Fs/L, (6)

is the tensile/compression force in a brace, F is the sum of horizontal seismic forces acting above the
brace.

3.2. Constraint on overall buckling

1

f,<S,, y=—"F—=,
SN ESe X )

since the compression brace should buckle to absorb the seismic energy.

$=05[1+a(Z -0.2)+ 1?| @ =034, ®)

ks f
=2 ©)
r'

k = 0.7 for 1b brace, k = 1 for 2b and 3b braces (see Fig. 6),
= /1 f
A=— (20)
Ae

3.3. Constraint on strut slenderness for seismic zone
A1<80. (11)

3.4. Absorbed energy of CHS and SHS braces cyclically loaded in tension-compression

Braces play an important role in the earthquake-resistant design of frames. The efficiency of bracing is
characterized by the absorbed energy which can be obtained as the area of the hysteretic loop.

Studies have shown that the first critical overall buckling strength decreases during the second and
third cycle, but after a few cycles, the hysteretic loop becomes stable. This degradation is caused by
the Bauschinger-effect and by the effect of residual camber as explained by Popov and Black [8].
Unfortunately, these effects cannot be considered by analytical derivations; thus, the characteristics of
the stable hysteretic loop will be taken from the experimental data published in the literature.

The aim is to derive simple closed formulae for the calculation of the area of the stable hysteretic loop.
The derived formulae enable designers to analyze the effect of some critical parameters such as the
yield stress of steel, end restraint and cross-sectional shape, and to work out aspects of optimization,
i.e. the increasing of the energy-absorbing capacity of braces.

The stable hysteretic loop is shown schematically in Fig.1l. The characteristics obtained by
experiments are summarized in Table 1. It can be seen that, for 77 and z; the approximate value of

0.5 is predominantly obtained. The sum of relative axial shortenings X +|X1| varies in range of 5 -

14. On the basis of these data we consider the values 7=2, =05 and x,=1, x;=-5.
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<

Figure 2. Characteristics of a stable hysteretic loop

Table 1 Characteristics of the stable hysteretic loop according to Fig.2.

Reference Xo X1 n Z1 cross-section
Jain [9] 2 -12 0.5 1 SHS
Liu [10] 2 -10 0.5 0.5 RHS
Matsumoto [11] 2 -10 0.5 0.5 CHS
Nonaka [12] 4 -4 0.5 0.8 Solid square
Ochi [13] 1 -10 0.5 0.5 CHS
Papadrakakis [14] 1 -4 0.5 0.5 CHS
Prathuangsit [15] 1 -12 0.5 0.5 I
Shibata [16] 5 -5 0.5 0.5 |

Another fundamental problem is the local buckling. According to many authors, e.g. Lee and Goel [17],
it is recommended to avoid local buckling. Unfortunately, one can find extremely few proposed values
for the limiting D/t or b/t ratios, in the case of cyclic plastic stress. For CHS Zayas et al. [18] proposed
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(D/t). = 6820/f, where f, is the yield stress in MPa, thus, for yield stress of 235 and 355 MPa one
obtains 29 and 20, respectively.

For SHS or RHS Liu and Goel [10] proposed (b/t). =14 for f,= 371 MPa, thus, we take for 355
MPa the value of 15 and for 235 MPa 15(355/235)%° = 19.

The limitation of the strut slenderness plays also an important role. API [19] proposed KL/r<80 (Eq.
11).

The relationship axial force - axial shortening (P —A) (Fig.3) has been derived for CHS struts by
Supple and Collins [20] using the simple plastic hinge method:

The bending moment at the middle of the rod is M = a,P, thus ay = M/P. The plastic axial
shortening is caused by curvature, so (Fig.3)

Figure 3. Post-buckling behaviour and the related specific areas

L L 2 2 2
Ay = I(dS —dx) = lj(d—y) dx since E = (ﬂ) +1~1+ l(d—y) (12)
g 2 5 \dx dx dx 2 \.dx

Taking y = a, Sin(ﬂX/ L) we obtain

P

L 2.2 2,2 2 2
_1I7zao 2%dx r*ag n(M). 3)

=—|——Cos = =—
ool 2 4L 4L

0
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7
/ 4

Figure 4. Plastic stress distribution

t

The squash load is F’y = 2R7ztfy. The plastic stress distribution shown in Fig.4 can be divided into

two parts, one of them is caused by the compressive force, the second is caused by the bending
moment. The plastic compressive force is

P:2fyR7zt—2fyR®:Py(1—9j, a4)
T
from which
® 7 P
= (14a)
2 2 2 Py
The bending moment of the plastic zone is
0/2 @
M zszcos,gp(zfthdgo):4fyR2tsin? (15)
0
where
. 0 7P
sin— =cos| — | . (15a)
2 2 Py
2
D? Py P
Thus, A, =—|—COS| — ||, (16)
4L P 2Py
and

—+
AE 4L | P

A=A, +A, = P
y

2
PL aD?| P, (;zpj
S , (16a)

where o is the end restraint factor, for pinned ends « =1, for fixedends o =4.
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Using notations X =A/A , z=PIPy, z,=Pu/Py, X, =Ay/A, =P, /P =2, Eq.(16) can

be written in the form

cos?(mz /2 aD*E
X_X0=C1|: (22 )_Cz] C1:4L2f :
y

For z<0.4 the following approximation is acceptable

XV-1409-12, XV-F-88-12

_ cos?(nz,/2)
73—

2
Z0

cos(nz/2) ~1-7°2*18 and  cos®(mz/2)~1-rx*z%14.

and Eq.(17) takes the form

1 7
X — X, :Cl(z_z_T_Czj’

from which one obtains

2
Cr

=12
z:Cj’z(x—xo+ +C1C2J :

The areas shown in Fig.3 can be calculated as follows:

a, =2212,

el

and

X 2 12
a, = jzdx =2C/"? (xl — X + Cf + Clch —[

It is possible to derive similar formulae for SHS struts. The results are as follows.

A anz(sz aﬁzbz(B jz
ol = _ = ——7Z ,
4L \ P 16L \4z

and

A 2 212
X—XO:—DIZC3(3—Z] +C4; Cg—ﬂ-

A

y 47

16L° 1,

Expressing z from Eq.(13) we obtain

7=
2C)?
and the area in the post-buckling range is
X
a, = .[ zdx =
Xo

3Ccr?

2
Cr

i[(x— X, +3C, +C, )" —(x=xq +C4)ﬂ2],

12
+ ClCzj

[(xl — X +3C, +C,)* = (x, =%, +C,)* = (3C, + C,)*? +cf’2].

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)
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_ 10.5 i

Figure 5. Area of the stable hysteretic loop

We consider the stable hysteretic loop according to Fig.5. The whole specific absorbed energy as the
area shown in Fig.5 is

Y a =a, +a, +10x0.5/2-10.5z,;, /2. 27)

For ag and a, we use EQgs(21),(22) or (26), but instead of Xx,=zo we calculate with
Xy = 12y, 11 =05, zyn is calculated using Eq.(20) or (25) taking x=10 and instead of X, taking
0.5Xo.

The energy absorbing capacity of a strut is

Foo = (Z a; j f A, (27a)

3.5 Constraint on energy absorption capacity

S, <F, = (ZaijAh f,. (28)

and Egs (17), (21),(22), (27) are used.
The CHS dimensions are taken according to EN10210-2.
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Fr 3B
>
3C
Fs 3b 2B h
>
2C
Fs 2b 1B h
/. \ [1C
1b s h
P 4 V4
L

Figure 6. Horizontal seismic forces: F; = 654, F, = 379, F; = 189 kN. b - braces, B - beams,

C-columns. s=+/h?+(L/2)

3.6 Design results
Summary of the calculation results are given in Table 2.

Table 2. Characteristics of bracings. Dimensions in mm, forces in kN

Brace F S, D. Abz Tension A S For
mm
Eq.(5) Eq.(11) Eq.(7) Eq.(12)

1b 1222 955 193.7x8 4670 1097 71.4 822 4647
2b 1033 807 177.8x8 4270 1003 71.4 709 3995
3b 654 511 177.8x5 2710 637 76.7 455 2558

It can be seen that the braces fulfil the constraints. Fy, is much higher than F, since the decrease of
the brace dimension is limited by the prescription of A .« = 80.

Let us calculate the deformation of the compressed brace 3b during the overall buckling. Using Eq
(16a)

A=A, +Ap, =

=4 —| — — +
AE 4s 2710x2.1x10°  4x4686\ 511  2x637

2
S,s D2(S, 75, 455000x4686 177.8° (637 7z511j2
0S = cos . (29)
S, 2S,

A=215+0.24 =239 mm.

The interstory drift is the projection of the above value

A=At =239-3 _153 mm. (30)
25 4.69
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This small value of the interstory drift shows that the braced frame can be designed as a non-sway
one.

4. Design of beams

Beams of UB profile are designed according to Eurocode 8 [21] for vertical and seismic loads as
members of a non-sway frame neglecting the support effect of bracings. The seismic forces are
multiplied by 1.25.

Design of the beam 1B (Figure 6).
fy = 335 MPa.
Compression force is
N = 1.25x1222 = 1528 kN.
Vertical load
p =5.3x3 = 15.9 kN/m.
Bending moment from vertical load as a beam built-up at the ends
M = pL%12 = 71.55 kNm. (31)

According to Eurocode 8 [21] the beam should be designed also for the unbalanced force due to the
overall buckling of the compression brace. For the beams built-up at the ends

V =Fh/L,M, =VL/8. (32)
Stress constraint for N and M+M,, considering also the lateral torsional buckling

N K M+M,

+k, — V<1, (33)
ZyAfy Y ZLTWyfy
Nk, MMy gk =0k, (34)
X Af, w, f,
ﬂizk,ﬂ_ﬁ:ﬁ,i:y,z' (35)
I, Ae
X S S (36)
| &, +\/¢i2 — A |
¢ =050+ (% —02)+ 2% | @, =021, = 0.34, (37)
k 7, — if A, <
w =Ciy|1+082, —— |.C,,, =0.95if 7, <1, (38a)
ZY y
Ky =Cpy|1+0.6 N_ 1 2,21, (38b)
x,Af,
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1
A = 7 -5
dir ++/dir —0.754;

by =05[L+a; (4; —0.4)+0.752%; | et =0.49,
W, f, _z’El, |1, , L’GI,

| 2 T T3
I, =°El,

The results are summarized in Table 3.

Table 3. Characteristics of beams for braced fields. Stresses in MPa

XV-1409-12, XV-F-88-12

(39)

(40)

(41)

brace | N (kN) p (KN/m) V (kN) My (KNm) Profile UB Stress constraints
Eq.(22) Eqg.(23)

1B 1528 15.9 733.2 550 610x305x149 0.806<1, 0.758<1
2B 1291 15.9 621.0 466 610x229x140 0.903<1, 0.952<1
3B 818 18.3 3924 294 610x229x101 0.938<1, 0.920<1

The beams fulfil the design constraints.

For the other non-braced fields, where My = 0 the following beam dimensions can be used (Table 4).

Table 4. Characteristics of beams for non-braced fields. Stresses in MPa

brace | N (kN) p (KN/m) V (kN) My (KNm) Profile UB Stress constraints

Eq.(22) Eq.(23)
1B 1528 15.9 733.2 0 610x229x125 0.35<1, 0.89<1
2B 1291 15.9 621.0 0 610x229x113 0.35<1, 0.86<1
3B 818 18.3 3924 0 533x210x82 0.41<1, 0.94<1

5. Design of columns

Design of column 1C for overall buckling.

Compression force from horizontal seismic forces
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N, :1.25X10333;66 =775 kN.

Compression force from vertical loads

2
6.1+ 22x5.3)6 331 .

N, _14!

Total compression force

N =N, +N, =1106 kN.

XV-1409-12, XV-F-88-12

The effect of bending moments can be neglected, since the inertia of columns is much less than that

of beams.

Self masses of beams, columns and braces as additional loads for columns are also taken into

account: for column 3C 8 kN, for 2C 21 kN and for 1C 37 kN.

The columns can be designed for compression force only. The calculations show that the bending
moments can be neglected, since the ratio of moments of inertia of beams and columns is very small.

Overall buckling constraint (see Eqs 35, 36, 37)
N
K < ny , fy = 235 MPa.

For the column 1C k = 0.7, for columns 2C and 3C k = 1.
Characteristics of CHS profiles are taken from EN 10210-2.

Design results are given in Table 5.

Table 5. Characteristics of CHS columns

(42)

Column N (kN) CHS profile A (mm?) r (mm) Constraint Eq. (42)
(MPa)
1C 1143 219.7x8 5310 74.7 215< 219
2C 737 193.7x8 4670 65.7 158< 198
3C 129 114.3x3.6 1250 39.2 103< 143

The column profiles fulfil the design constraints.

In order to show the economy of CHS profiles let us compare them with UC profiles. Since UC profiles
are open sections, constraint on flexural-torsional buckling should also be taken into account with the

following formulae (Farkas,dJ., Jarmai,K. [22]).

N< f
K—ZT y?

1

1= F———"=
T

. ¢ =05l e (4, —0.2)+ 22], ;049

(43)

(44)
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| f 7*El, Gl
lT: O_—y, Ot = h2| +I—t, Ip:|y+lz. (45)
Ter p p

The design results are given in Table 6. The overall flexural buckling constraint is checked according
to formulae of Section 3.2 with respect to buckling around the axis z.

Table 6. Characteristics of UC columns. Stresses in MPa

Column | N (kN) UC profile A (mm?) Constraint Constraint
N/A< z,f, N/A< x. 1,
1C 1143 203x203x52 6628 172<195 172<190
2C 737 203x203x46 5873 125<163 125<185
3C 129 152x152x23 2925 44<122 44<166

The comparison of cross-sectional areas in Tables 4 and 5 shows the economy of CHS profiles over
UC sections. Disregarding the column 3C for which the minimal UC profile is used, mass savings
about 20% can be achieved by using CHS profiles.

6. Design of joints
6.1. Beam-to-column connections

Let us check the bolts for 1B beam as shown in Figure 7.
It is supposed that the bending moment causes forces only in the bolts of flange splices.

The shear resistance of bolts M27 of grade 10.9 (ultimate tensile strength 1000 MPa) according
Eurocode 3 Part 1-8 [23] is

F, - 2X0.5Af,, _ 2x05x573x1000 _ 4584 kN. (46)
Yz 1.25x1000
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Figure 7. Beam-to-column connection

The forces in flange bolts caused by the bending moment M =550 kNm are
Fsm = 550000/602.6 = 912.8 kN.
For one bolt Fgy1 =912.8/4 = 228.2 kN.
Forces in bolts from normal force N = 1532 kN Fgy = 1532/13 = 117.1 kN.
Force in flange bolts from M and N
Fr=226.2 + 117.1 = 345.3 < 458.4 kN, OK.

The shear force in the connection from V and p

V pL 7332 15.9x6
Q=—+-—= +

2 2 2
Force in one web bolt Qw =414.3/5 = 82.9 kN.
Shear force from N Fgy = 117.1 kN.

Shear force from Q und N in one web bolt

F, = V82.92 +117.1*> =143.5 < 458.4 kN, OK.

The connections of rolled UB profile beams and CHS columns can be realized as shown in Figure 7.
The beams are connected by bolted splices to flange and web plates welded to the columns.

= 366.6 +47.7 = 414.3 kN. 47)

6.2. Joints of braces
The braces are connected to the columns and beams by bolted joints as shown in Figure 8 [24]

In the Figure 8. the following dimensions are applied. The normal force acting in the brace 1b is F =
955 kN. According to Eurocode 3 Part 1-8 [23] the load capacity of four M30 bolts of grade 10.9 with
ultimate tensile strength of 2000 N/mm? is
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[1193.7x8

Figure 8. Bolted joint of a brace

_ 4x0.5f, A 4x0.5x1000x707
Y Yo 1.25

=1131> 955 kN. (48)

The bearing resistance of 4 bolts for the plate thickness of t=8 mm is

_ 1.5f,dt 4o 1.5x1000x30x8x4
Vw2 1.25x1000

F, =1152> 955 kN. (49)

The load capacity of a = 8 mm size fillet welds is (for f, = 235 MPa)
_ 2a288f,  2x8x288x360
100034,  1000+/3x0.8

The load capacity of the a = 8 mm fillet weld connecting the CHS brace

_ Dmaf,  193.778x360
1000~/343,  1000/3x0.8

» =1197 > 955 kN. (50)

Fot =1265 > 955 kN. (51)

7. Conclusions

In the case of 3D frames the seismic forces should be multiplied by a factor prescribed by Eurocode 8.
For frames of square symmetrical plans this factor is 1.3

The overall buckling resistance of V-bracings should be smaller than the rod force caused by seismic
forces, but the energy absorption capacity of braces should be large enough.

The beams in the braced bay should be designed also for unbalanced vertical force due to buckling of
compression braces. According to Eurocode 8, in the design of beams and columns the actions due to
seismic forces should be multiplied by a factor of 1.25.

Since the interstory drift of braced frame is extremely small, it can be designed as a non-sway one.
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The beams should be designed for compression force and bending moment including lateral- torsional
buckling, while the columns are designed for overall buckling.

The columns are designed using also rolled UC profiles for comparison with CHS profiles. In this case
the open UC profiles should be checked against flexural-torsional buckling. The comparison shows
that mass savings of about 20% can be achieved by using CHS profiles instead of UC sections.

In the design of braces, beams and columns special MathCAD algorithms are used to achieve
economy due to fulfilling the design constraints as most accurately as possible.
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