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Abstract: Concentrically-braced steel framing is widely used in tall buildings. Designing with
adequate but not excessive seismic resistance is a challenge because of the limited experience of
seismic failure and the huge variety of components used. A quantitative method for defining an
acceptable range of component parameters is proposed and tested using published experimental
data and finite element modeling. The method involves the structural yield mechanism control
method of the steel concentrically-braced frame. It is proposed by inequality iteration of different
structural components’ bearing capacities. It generates acceptable ranges for the parameters defining
the properties of the columns, beams, and braces. The test results show that concentrically-braced
steel frames designed within the recommended ranges will have the desired sequence of component
yielding. The sequence is, however, highly sensitive to components’ parameter values. In practical
engineering stochastic variability in the parameters must be considered.

Keywords: concentric bracing; steel frames; yield mechanism control; component parameters; finite
element analysis

1. Introduction

Steel frames with concentric bracing are widely used in engineering practice due to
their relatively light weight, good lateral resistance, and excellent seismic performance. With
well-designed bracing, a structure’s horizontal displacement can be effectively reduced, and
the internal forces on the structural components can be more effectively distributed.

Today, designing such structures requires the designer to select the initial component
sections based on experience, check the structural constraints, and finally complete the
scheme. However, the braces are invariably designed too large or too small with any one
designer’s limited experience. If so, the structure’s seismic resistance and also its economics
will be sub-optimal [1]. In an earthquake, either the beams or the columns will yield first.
But even if the structure has excellent energy dissipation capacity and safety performance
it is still necessary to understand the sequence in which structural components will yield.

The Chinese standards GB50011-2010 [2] and GB50017-2017 [3] for the design of
concentrically-braced steel frames, like the current EN1998-1 (also referred to as EC8 [4]),
and the American AISC341-16 [5] standards, require consideration of the yield sequence
of the structural components, and the braces should yield first. Meanwhile, many ex-
perimental, numerical and post-disaster field investigations (e.g., [6]) have demonstrated
that larger brace sections can be designed by the internal force amplification method and
that braces stronger than the other structural components will lead to larger responses to
seismic excitation. That results in a structure’s poor ductility. However, braces that are too
small will impair a structure’s seismic performance, energy dissipation capacity, and lateral
stability. Research has shown that the mechanical properties of bracing are affected by the
slenderness ratios [7,8], the width-thickness ratios [9], and the boundary constraints [10].
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Reasonable slenderness ratio values have been suggested, but the current design methods
do not control the yield sequence of a structure’s components which can lead to inefficient
and unreliable structures.

In recent years, the structural plasticity design method has received much research
attention, and controlling yield mechanisms is a key problem to be solved. The method
is based on energy balances [11-14], and it ensures that any plastic hinges are located at
beam ends. Initially, however, the method did not consider the influence of stiffness and
strength degradation in response to loading a structure. That can lead to unpredicted
failure of a structure’s components. To solve this problem, a hysteretic energy correction
coefficient was introduced into the method [15], generating a more accurate equilibrium
capacity plastic design. Otherwise, the plastic design methods for eccentrically braced steel
frames [16], frames with X-concentric braces [17], and frames with V-concentric braces [18]
can work with just a coefficient for the allowable dynamic horizontal force [19] and predict
the expected failure mode, which can be adjusted by adjusting the columns. If the designer
also wants to consider yield control for a structure’s components, the plastic method is
difficult to implement, and it is necessary to clarify the relationship between the structural
components’ parameters and the yield mechanism.

In this work, a method for optimizing concentrically-braced steel framing with yield
mechanism control was developed and tested. The relationships of the parameters of a
structure’s different components with the structure’s yield mechanism were studied. The
range of component parameters used in the bending bearing strength calculations under the
structure’s yield criterion was obtained by using the inequality recursive iteration method,
and a yield control mechanism was proposed. The proposed method was demonstrated to
provide a theoretical basis for efficient optimization.

2. Yield Mechanism Control Method

Failure of a concentrically-braced steel frame typically involves the buckling failure of
the braces in compression and tension, yielding failure of the braces’ joint plate, and/or
yielding of the beams and columns. Different patterns of component yielding significantly
influence a structure’s mechanical performance and ductility. Table 1 summarizes the
design specifications applied in China, the US, and the EU and also some research results
on yield mechanism control. All design suggestions specify that the braces should yield
before the beams, and the beams should yield before the columns. The control criteria
studied in this work were strong column-weak beam and strong column and beam-weak brace.

Table 1. Suggestions on structural yield mechanism control in References and specifications.

References and Specifications Suggestions on Structural Yield Mechanism Control
GB 50017 [2] Braces yield before beams and columns yield
GB 50011 [3] The beams remain elastic when braces yield
AISC-341 [4] The braces should yield first

The bearing capacity of beams and columns after the
braces yield should be checked

The energy dissipation capacity of the braces should be
Roeder, Lehman & Yoo [20] fully utilized to ensure that the braces yield before the
beams and column

ECS [5]

In this work, a structure’s yield mechanism was controlled using d (the inner diameter
of a brace), D (the external diameter of a brace), ws (the width of the column’s flanges),
and hewtew (the cross-sectional area of column’s webs) assuming tubular braces, as shown
in Figure 1. Those parameters were defined iteratively using an inequality representing
the structure’s bending bearing capacity. For braces that are not tubular, the bending yield
strength calculations need to be modified, but the inequality iteration will not be changed.
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Figure 1. The components of a steel concentrically-braced frame.

2.1. Component Bearing Capacity

The beam obtains the maximum yield strength capacity, that is, the section will have
a plastic hinge under bending stress. The beam’s plastic bending yield strength models
could be calculated by the beam’s plastic section modulus (Wpp,) and steel’s yield strength
(fy), defined as My, = fy Wy,

The braces can be assumed to be axially loaded, so their bending capacity could be
ignored. So M,y = 0. However, the influence of the braces on the beams must certainly be
considered when evaluating a beam’s plastic yield strength. That is, the additional axial
force on the beam at the brace’s yield state must be considered. The calculation for the
plastic yield strength of a top floor beam is shown schematically in Figure 2a.
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Figure 2. Calculation schemas for the plastic bending yield strength of the beam. (a) a top floor beam
affected by two braces; (b) a typical floor beam affected by four braces.

The model of a top floor beam must correctly represent the beam’s bearing capacity,
the bending of the horizontal force exerted by the braces, and the bending of the vertical
uniform force transferred from the braces” axial compression, as shown in Equation (1).

2(2—2n)Wp,Pcosa L2
Mpbc = nypb - A, TY 1
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In Equation (1), Wy, is the plastic section modulus of the beam; Ay, is the beam’s
cross-sectional area; fy is the steel’s yield strength; L is the beam’s length; P is the axial
force applied by (circular steel tube) braces when they yield. P = Ap,yfy = (D* — d?) fy /4.
Abry is the brace’s cross-sectional area. g is the uniform load on the beam based on 7, the
axial compression ratio of braces. For circular steel tube braces, g = n7(D* — d?)fysina /L. a
is the angle between the beam and the brace.

The structural typical floor beam plastic model is different from the top ones, as shown
in Figure 2b, the two upper braces need to be considered. The horizontal axial force acting
on the beam by upper and lower braces, simultaneously. The typical floor beam plastic
model could be used to calculate with Equation (2).

Wypl(2 —21)P + (1 —21)FyJcosa g2
— P r q
M;:bc - nyPb - A, - E 2

where Fy, is the axial force applied by the upper braces at yielding.
Chinese GB50017-2017 [3] specifies that the yield moment of a column panel-zone
should be calculated as
_ 4fyhbwhcwtcw

3V3

where hy,, is the height of the beam’s web; ki is the height of the column’s web; ¢ is the
thickness of the column’s web.

My ®)

2.2. Parameter Ranges (Top Floor Calculation)
2.2.1. Parameter Ranges of d

Firstly, consider d, the inside diameter of the tubular braces. The relationship between
the bearing capacity of the beam and that of a brace requires that the beam should be able
to resist the axial force from a brace up to the brace’s yield strength. The constraint that
the brace yields before the beam can be expressed as Mpp > 2My,y. With the inequality
transformation analysis, d is then constrained, as shown in Equation (4).

48W,, Ay

a> \/ 2471(1 — 17)Wpp cosa + ytAyLsina ! @)

In addition, Chinese standardized (GB 50011-2010) requires that A (the slenderness
ratio of the braces) should be between 65,/235/ f, and 120,/235/ f, to prevent premature
failure of the braces. The brace’s welded connection can be assumed to be rigid, and
its effective length factor could be defined as 0.5 in standard GB 50011-2010. With the
inequality A > 65,/235/ f, and A < 120,/235/ f,;, d must therefore satisfy the constraints
of both Equation (5) and Equation (6).

4H2+L2)fy o,

4> \/ 3,384,000 0 %2 ©)
4H2+L2)fy o,

a< \/ 99,875 D M ©)

where H is the height of the structural floor.
Standard GB 50011-2010 also requires that the ratio of brace width to thickness should
be less than 9870/f. So d has the constraint expressed in Equation (7).

d<D< —4£§5>=A4 @)
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So, if the braces must be yielded before the beams, the inner diameter of the braces
must satisfy Equation (8).

max{0,A1,Ay} < d < min{A3, A4, D} 8)

2.2.2. Parameter Ranges of D

Turning to the outer diameter D, having established Equation (8), then D > d,
D> A1, D>NAy, Ay >0, Ay > A, Ay > Ay, A3 >0, A3 > A and A3 > Ay must all be
satisfied, concurrently. A, >0 and A; > 0 must be established for a given D.

When A3 > 0, D should satisfy:

(4H? + L?)f,

D <\"952. 875

=As )

When A3z > A1, D should satisfy:

24W , A 4H? + 12
D< Pt S Y (10)
247(1 — 17)Wpp cosa + rtALsina 1,985,750

And if Ay > Ay, then D should satisfy:

48W,, A
D < phr7b = Ay 11)

{1 - (1 - 4%5)2] {247'[(1 — )Wy cosa +nmA,L sinoc}

Aslong as Aq >0, then,

b> \/247'((1 - n)WPbiifZ YA, Lsina B (12)
When Ay > A,
D > (4H + L) fy = Ay (13)
J 3,384,000 1+ (1 - 5 )|
And if D > A, then Equation (14) should be satisfied.
D > W = Ay (14)
Thus, if the braces are to yield first,
max{0, Ag, Ag, A1} < D < min{As, Ag, Ay} (15)

2.2.3. Parameter Ranges of Column

Mey > Mpp is a necessary condition to ensure that the beams yield before the columns.
In other words, in the strong column and weak beam criterion, the column’s elastic bending
yield strength is stronger than the beam’s plastic bending yield strength. The column’s web
area should therefore satisfy Equation (16), which is derived from an inequality analysis of
the beam and column-bearing capacity models.

3\/§
W, = A 16
hewtew > 4fyhyy fy Wb H (16
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At the same time, practical considerations require that the width of the column’s flange
should be longer than that of the beam.

Wep > wyps = App (17)

2.3. Parameter Ranges (Typical Floor Calculation)
2.3.1. Parameter Ranges of d

On a typical floor, four braces act on a beam or column, so the inequalities need to be
modified. If M’bpc > 2Mpyy, the inner diameter of the brace should satisfy:

48A,W —48(1 — 25)F,y Wy cos a
i> D2 — b pbfy ( 77) brVVpb . — Aps (18)
247t (1 — 1) fyWpp cos a + 7 fy ApL sina
Moreover, Equations (5)—(7), and (18) still apply, so
max{0, A3, A2} < d < min{A3, Ay, D} (19)

2.3.2. Parameter Ranges of D

Equation (19) then requires that D >d, D > A3, D> Ay, Ay >0, Ay > A3, Ay > A,
A3 >0, A3 > A13, and A3 > Az. That D > A13, D>0,D>A,, A4 >0, Ay > A2, A3 >0, and
A3z > Aj has already been established. That Az > A3, A4 > Ajz and Aq3 > 0 must be proved
with the ranges of the D.

When A3z > Ay3, D should satisfy:

\/ 24Aprbfy B 24(1 - ZW)FbYWPb cosa 4H2 + szy = A14 (20)

247(1 — ) fy Wy cosa + rifyApLsina | 1985750

When A4 > Ay3, D should satisfy:

48Aprbfy - 4:8(1 — Zn)Pberb cos

D < 5 = A5 (21)
{1 - (1 - 4%) } [2471(1 — 1) fyWpp cos & + 7fy ApL sina}
And when Az > Aq3,
48Aprbfy - 48(1 - 277)Fhrwpb cos A 2
2471(1 — 1) fyWpp cos a + e fyApLsina 16 22)

So Equations (9), (13), (14), (20)—(22) together require that the D of the braces on a
typical floor should satisfy:

max{O, N1g, Mo, AlO} <D< min{A5, A1y, A15} (23)

Meanwhile, according to the relationship between the beam’s plastic bending yield
strength and the column’s elastic bending yield strength, the range of column parameters
for a typical floor should be the same as for the top floor. And the web area and flange
width for the columns can be calculated with Equations (16) and (17).

2.4. Structural Parameter Ranges Calculation Method of Other Sections

The proposed method can be applied to any steel frame that is concentrically braced,
but the beam model needs to be changed by changing the brace area calculation method.
Figure 3 defines the parameters of square steel tube braces. The inner length is now Is
and the external length is Ls. In addition, a brace’s axial force and axial compression ratio
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(Equations (1) and (2)) need to be changed with P = Apyfy = (Ls> — lsz)fy, and g = 45(Ls —
lsz)fysinrx/L.

— L

Ll

*

v

—

Square steel tube braces

Wy hy,

Ao

Column

Figure 3. The parameters of a square steel tube brace.

2.4.1. Parameter Ranges of I (Top Floor)

Treating first the top floor, the range for a square steel tube brace’s inner length can be
calculated using the inequality relating the beam’s plastic bending bearing strength with
the influence of the brace’s axial force and bending strength, as shown in Equation (24).

maX{O/ AW ASZ} <lIs < min{A53/ Ay, Ls} (24)

Then, using the same inequality recurrence method as the circular steel tube braces,
Agp can be calculated using the inequality relating to the beam’s plastic bending yield
strength and the brace bending yield strength, as shown in Equation (25). The Ag, Ag3, and
Ag4 can be obtained from the limits on the brace’s slenderness ratio and width-thickness
ratio, as shown in Equations (26)—(28).

I, > | D2 2o Ay —A 25
=V 240 - )Wy cosa +gApLsine st @5)
(12H2 + 3L2)f,
o> 2 prop 2
= \/ 13,536,000 s (26)
12H2 4 3L2)
Is < \/ (2 3 )fy 2571 500 L (27)

/ Jy
< — =
Is < Dy (1 52,875 A (28)
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2.4.2. Parameter Ranges of Ls (Top Floor)

At the top floor, the range for the brace’s external length (Ls) can be obtained with the
inequalities transformation analysis of Agz > 0, Agz > Agy, Ags > Agy, Ass > Agp and Lg > A,
as shown in Equation (29).

max{0, Asy7, As10} < Ls < min{Agg, Asg, Aso } (29)

Equations (30)—(34) can then be calculated with the inequalities Agz > 0, Ag3 > Ag1, Agy
> Aslr As4 > Asz and Lg > Asz.

(12H2 +312)f,
AT TR Y A
= 3,971,500 6 (30)
(12H2 +312)f,
=\ om0 ey
6A,W, 12H2 4 312
L < : ! i pe
24(1 — )Wy, cosa +nA,Lsina 7,943,000
124,W
Ls < > AL = Agg (33)
[1 — (1—\/f,/52,875) } [24(1 — ) Wypcosa + 1 ApL sina}
12H2 + 312
> ( My = As1o (34)

L >
) J 13,536,000( 1+ (1~ /f,/52,875)*]

2.4.3. Parameter Ranges of Is and Ls (Typical Floor)

The other floors are again somewhat different, but the inner external length ranges
for square steel tube braces can be calculated with the same method used with the circular
ones. The inner length range is given by Equations (35) and (36), and the external length
range is defined by Equations (37)-(39).

max{0, As11, A} < Is < min{Ag3, Agq, Ls } (35)

12W,, | Ap fy — (1 — 217)E,, cos &
zsz\/Lz plds - 0 2)fcose] (36)

24(1 — )Wy fy cosa + 1 fy Ay Lsina
max{0, As7, As10} < Ls < min{Ags, As12, As13} 37)

L < 6Wop [Apfy — (1 = 217) Fyy cos ] N (12H? +3L2)f,
=\ 24(1 - )Wy fy cosa + 1Ay fyLsina 7,943,000

= As12 (38)

12W, [Ayfy — (1— 21)F,,
L _J b [Anfy — ( 1) Fyy cos & A (39)

1= (1= \/i/52,875)*| [24(1 — )Wy f, cosa + 5 Apfy L sina]

Before the braces yield, the bearing capacity of the beams and columns should not
be influenced by the axial force from the braces. The ranges for the column are still those
of Equations (16) and (17), and that ensures the structure meets the yield mechanism
control criteria.

3. Experimental Verification of the Method
3.1. Top Floor

Seven published test results of small, braced structures were used to demonstrate
the proposed method. As [10,21-23], the story height and span of specimen SCBF-1 were
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3000 mm x 6000 mm, of TCBF-B-1 were 2743 mm x 6096 mm, of SP1 were 3297 mm X
6286 mm, and those of Chevron 2, 3, 4, and 6 were all 3183 mm X 6172 mm. Table 2 gives the
beam, column, and brace dimensions. The axial compression ratio of the specimens’ braces
was designed as 0. The column bases and beam-column joints were set as rigid connections,
and constraints were set out-of-plane of structures to avoid lateral instability, as shown in
Figure 4. All the specimens were laterally pushed with a low cycle reciprocating hysteretic
load. Moreover, the load position of specimens SCBF-1, TCBF-B-1, and SP1 were set at the
external of unilateral beam-column joints, and Chevron 2, 3, 4, and 6 were set at both side
column caps.

Loading

Column: HW200x200x8x12

()

Beam: HN175x90x5%8

Rigid connection

—
Loading

Out-of-plane restraint Load-transfer beam Loading
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% : i .
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Rigid connection Rigid c
() @

Figure 4. Published test specimens and set up. (a) SCBF [21]; (b) Chevron [23]; (c) SP [10];
(d) TCBF-B-2 [22].

Substituting those parameters into Equations (1)—(17) and (24)—(34) for iterative calcu-
lation yielded the ranges for the column web area (ficwtcw), the column flange width (wy),
the brace external diameter (D), the brace inner diameter (d), the brace external length (D),
and the brace inner length (ds) shown in Table 2. If a component size of a test specimen was
not within the parameter range obtained by the proposed method, it was set at the range’s
boundary value. As the table shows, the column and brace sizes of specimens SCBF-1,
TCBEF-B-1, SP1, and Chevron 2, 3, 4, and 6 were within the ranges. Indeed, the test results
show bracing yielded first under lateral loading, consistent with the yield mechanism
control criterion.
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3.2. Typical Floor

Four published test results of small two-story braced structures were used to demon-
strate the proposed method with a typical floor. As [10,21,23], the story height and span
of specimen SCBF-2 were 3000 x 6000 mm. For SP2 and SP4, they were 3297 x 6286 mm,
and for Chevron R, they were 4570 x 10,700 mm. The beams, columns, and bracing were
as described in Table 3, and the axial compression ratio was again 0. The top beam and
column were the same size as the bottom ones in all four cases. All specimens were designed
with rigid connections of column base and beam-to-column joints. As the top structure,
the out-of-plane constraints were set to avoid lateral instability. Furthermore, the low-cycle
reciprocating hysteretic load was used to test the structure’s laterally bearing capacity. The
load position of specimen SCBF-2, SP2, and SP4 was set at the external of the second-floor
unilateral beam-column joints. Chevron R was at both sides of the second-floor column caps.

Substituting the story height, the span, and the components’ sizes into Equations (1)—(3),
(16)—(23), and (35)-(39) for the iterative calculation, yielded the ranges for the typical column
web area (hicwtcw), the typical column flange width (w.¢), the typical brace external diameter
(D), the typical brace inner diameter (d), the typical brace external length (Ds), and the
typical brace inner length (ds) shown in Table 3. The component sizes for specimens SCBF-2,
SP2, and SP4 were within their ranges. The bracing yields first, followed by the beams
and then the columns. However, that sequence changes with component sizes outside the
parameter range constraints. Chevron R’s brace lengths were larger than the prescribed
range, which gave the bracing bearing capacity beyond that of the beams. So with Chevron
R, the beams yielded first, which was consistent with the predictions calculated using
the proposed method. The proposed method thus seems effective for controlling the
yield sequence.
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Table 2. Experimental verification results (top floor).

B Column Constraint Brace Constraint (mm)
. eam
Specimen ID (mm or in) Column Web Constraint Flange Constraint Brace External Diameters Inner Diameters Test Result Proposed Method
(mm or in) (mm?) (mm) (mm or in) Constraint Constraint
SCBF-1 [21] HN175 x 90 x 5 x 8 HW200 x 200 x 8 x 12 hewtew > 1095 wer > 90 D76 x 4 61<D <122 66 <d <93 Brace Yielding Brace Yielding

TCBF-B-2 [22] W24 x 1171 W12 x 96! hewtew > 10708 wer > 325 HSS5 x 5 x % 1 61 <Ls <129 87 <15 <91 Brace Yielding Brace Yielding

SP1[10] W24 x 94 W12 x 72 hewtew > 8164 wer > 230 HSS5 x 5 x 3/8 63 <Ls <131 87 <15 <95 Brace Yielding Brace Yielding
Chevron 2 [23] W14 x 61 W12 x 50 hewtew > 6017 wer > 254 HSS4 x 4 x 5/16 61 <Ls <127 61 <1s<93 Brace Yielding Brace Yielding
Chevron 3 [23] W14 x 38 W12 x 50 hewtew > 3452 wer > 172 HSS4 x 4 x 5/16 58 <Ls <116 72<1ls<94 Brace Yielding Brace Yielding
Chevron 4 [23] W14 x 26 W12 x 50 hewtew > 2209 wer > 128 HSS4 x 4 x 5/16 58 < Ls <112 82<ls<94 Brace Yielding Brace Yielding
Chevron 6 [23] W21 x 44 W12 x 50 hewtew > 3377 wer > 165 HSS4 x 4 x 5/16 61 <Ls <122 66 <15 <93 Brace Yielding Brace Yielding

I The unit of W and HSS steel is inches.
Table 3. Experimental verification results (typical floor).
Column Constraint Brace Constraint (mm)
. Upper Brace Beam
Specimen ID (E'En orin) (mm or in) Column Web Constraint Flange Constraint Brace DEi);txflrer:is Inner Diameters Test Result Proposed Method
(mm or in) (mm?) (mm) (mm or in) C . Constraint
onstraint
SCBF-2 [21] D76 x 4 HN175 x 90 x 5 x 8 ~ HW200 x 200 x 8 x 12 hewtew > 1095 wer > 90 P76 x 4 53<D<98 65<d<72 Brace Yielding Brace Yielding
SP2 [10] HSS7 x 7 x 1/4 W16 x 45 W12 x 72 Bewtew > 4009 wer > 179 HSS5 x 5 x 3/8 63 <Ls<121 102 <15 <103 Brace Yielding Brace Yielding
SP4 [10] HSS5 x 5 x 3/8 W16 x 45 W12 x 72 Bewtew > 4009 wer > 179 HSS5 x 5 x 3/8 63 <Ls<121 102 <15 <103 Brace Yielding Brace Yielding

Chevron R [23] HSS8 x 8 x 1/4 W12 x 40 W12 x 53 Newtew > 3875 wer > 203 HSS8 x 8 x3/8 91<Ls <124 112<15 <113 Beam Yielding Beam Yielding
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4. Verification by Finite Element Modeling
4.1. Material Properties

The steel of the columns, beams, braces, stiffeners, and connecting plates model was
Q345 grade with an elasticity modulus of 206,000 Mpa, a Poisson’s ratio of 0.3, a yield
strength of 345 MPa, and a tensile strength of 580 MPa. Figure 5 shows the trilinear
constitutive model used for the Q345 steel [24].

A
_fu ______________

fof—

& y O:Ey Eu

Figure 5. Constitutive model of the steel plate.

4.2. Modeling

Hexagonal reduced integration elements with eight nodes (C3D8R) were used in the
FE models. The global and local mesh sizes of the columns, braces, and beams were 50 mm
and 15 mm, respectively, while the connecting plates meshed at 15 mm (Figure 6).

I Gusset plate-1

Beam

50mm
N 15Smm

U= Ug=0 Ug=0

15mm
Initial defect: L, Brace Gusset plate-2
1000

U,=0

U=0

br

1000

L
Initial defect: E‘E’)— Initial defect:

Uy=U,=U,=0 U =U,=U,=0 Uy=Uy=U,=

Figure 6. Details of the FE model of a concentrically-braced steel frame.
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In the proposed method, the weld fracture failure of the structure is not considered.
Tie constraints connected the components, giving the joints rotational stiffness close to rigid
due to the strengthening effect of the gusset plates. The welds between columns and beams
were also represented with tie constraints.

To avoid local deformation under concentrated forces, the loading points were coupled
to the boundary surfaces of the column through coupling constraints. As in [21], the bottom
surfaces of the column were constrained in all three directions. To prevent out-of-plane
deformations, the flanges of the beam and the top surfaces of the column restrictions were
restricted to the Y-Z plane.

The loading was in two steps. An out-of-plane deformation of one one-thousandth
of the brace’s length was first applied in the brace’s span as an initial defect to stimulate
possible instability. Displacement-controlled loading was then applied to the coupling
point at the top of the column. It ended at 1/50 of the story drift angle.

4.3. Validation of Finite Element Modeling

A three-story concentrically-braced steel frame test result has been published [25],
and it was compared with the FE results to verify the accuracy of the numerical modeling
process. The geometrical configurations of the specimen’s component was designed as HW
150 x 150 x 7 x 10 mm (columns), HM 200 x 150 x 6 x 9 mm (top floor beam), HM 150 x
100 x 6 x 9 mm (first and second-floor beam), and HN 100 x 50 x 5 x 7 mm (braces). The
steel of the components was Q235B, and the nominal yield strength was 235 MPa.

The deformation pattern of the specimen observed in FE is presented in Figure 7a, and
the load-displacement curves of the specimen are shown in Figure 7b. As can be seen, the
out-of-plane deformation of the first and second-floor braces was observed at the peak load,
but the out-of-plane deformation of the three-floor braces was observed at 35 mm loading
displacement. Its deformation patterns are similar to experiments. The curves obtained from
the FE simulation agree well with those observed. This suggests that numerical modeling can
be considered accurate enough for subsequent parametric analysis.

600 -

S. Mises
(Avg:75%) .. A 1
424.100 i 500
388.770 |
353.441 Test result
807 400 | ——FEM
247.453 ~
212.123 E
176.79- = 300k
141.465 &
106.13
70.806
35.471 200 +
0.
100
0 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90 100
A (mm)

(b)

Figure 7. Validation result of finite element modeling. (a) deformation of a three-story concentrically-
braced steel frame; (b) load-displacement curves from experiment and the FE analysis.

4.4. Finite Element Modeling Parameters

With the limited experimental data, it is difficult to fully verify the accuracy of the
proposed method. Finite element modeling offers an alternative approach. To study the
influence of the component parameter ranges on the yield mechanism, 48 concentrically-
braced steel frames with different parameters were modeled. All of the frames modeled
were 6000 mm tall and 4000 mm square. The beams were designed to be 250 mm high
(Hp)x 250 mm width (By,) with a web thickness ty,y, of 9 mm and a flange thickness ¢ of
14 mm. The other component parameters were obtained by the proposed method.
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On the top floor, FE model Equations (9)—(14) were used. With an axial compression
ratio in the braces of 0, the constraint boundaries are A5 = 186 mm, Ag = 148 mm, Ay =
237.5mm, Ag =70 mm, Ag = 73.9 mm and A9 = 71.4 mm. That gives 74 mm < D < 148 mm.
The lower limit is the ceiling maximum of 0, Ag, Ag and Ajg, and the upper limit is the
rounding minimum of As, Ag, and A;. The external diameter was, therefore, defined as 140
mm in calculating the inner diameter of the top floor braces.

Substituting into the Equations (4)—(7), the constraint boundaries are A; = 100.2 mm,
A3 =123.07 mm, and A4 = 130.2 mm. With A, < 0, the brace slenderness requirement is met.
The range for the inner diameter of the top floor braces is then 101 mm < d < 123 mm. The
lower limit is the ceiling maximum of 0, A;, and A;, and the upper limit is the rounding
minimum of D, Az and A4. The inner diameter was, therefore, defined as 110 mm.

Substituting into Equations (16) and (17) yields the constraint boundaries Ay =
5771.5 mm? and A;, = 250 mm could be calculated. The ranges for the column are hewtew >
5771.5 mm? and w¢ > 250 mm. So, in the FE models, the columns were defined as 350 x
350 x 19 x 19. To prevent out-of-plane deformation and bending failure, the gusset plate
should be designed to have a larger bearing capacity than other components. As [23], the
geometric configurations of a gusset plate are designed with the proposed method, but the
thickness is designed to be two times the brace’s thickness.

The component parameters in the top floor FE models were changed to verify the
accuracy of the yield mechanism control method. The parameters used are shown in Table 4.
Case 1 is the basic model with component parameters within the ranges calculated by the
proposed method. In case 2, the column panel-zone area was designed smaller to study the
influence of changing column parameters on the yield mechanism. Smaller inner diameter
braces were designed in case 3, and larger inner diameters were designed in case 4 to study
the influence of the inner diameter on the yield control. Cases 5 and 6 tested the influence
of the external thickness with larger external diameters in case 5 and smaller ones in case 6.

Table 4. Finite element verification results (top floor, 77 = 0).

Brace Section (mm)

Case Column Section (mm) External Proposed Method FEM Result
. Thickness
Diameters
1 HW 350 x 350 x 19 x 19 140 15 Brace Yielding Brace Yielding
2 HW 344 x 348 x 10 x 16 140 15 Column Yielding before the beam  Column Yielding before the beam
3 HW 350 x 350 x 19 x 19 140 20 Beam Yielding Beam Yielding
4 HW 350 x 350 x 19 x 19 140 8 Brace Yielding Brace Yielding
5 HW 350 x 350 x 19 x 19 150 20 Beam Yielding Beam Yielding
6 HW 350 x 350 x 19 x 19 74 15 Brace Yielding Brace Yielding

In structural typical floor FE models, all the beam was designed as HW 250 x 250 x 9 x
14 mm, and the upper brace was designed with the influence of the brace axial compression
ratio. As the axial compression ratio is 0, the braces were designed as 140 x 13 mm
(external diameter D X thickness fy,y). Inserting the parameters of the beam and the upper
brace to the Equations (2), (3), (5)—-(7), (9), (12)-(14), (16)-(18), (20)-(22), the ranges of the
typical floor brace and the typical floor column could be calculated as follows.

e  For brace axial compression ratio is 0, the ranges of braces’ external diameters were
calculated as 74 mm < D < 144 mm.

e Inserting the parameters of the beam and the external diameter, the ranges of the
structural typical floor brace inner diameters were calculated as 115 mm < d < 123 mm.

e  The ranges of column should be satisfied with hewtew > 5771.5 mm?, W > 250 mm.

The parameters of different structural typical floor components are shown in Table 5.
Cases 7 is the basic models, which are obtained by the proposed method. Case 8 was
designed with a smaller column panel-zone area. Case 9 was designed with smaller brace
inner diameters. Case 10 was designed with larger brace inner diameters. Case 11 was
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designed with larger brace external diameters. Case 12 was designed with smaller brace
external diameters.

Table 5. Finite element verification results (typical floor, 17 = 0).

Brace Section (mm)

Case Column Section (mm) External . Proposed Method FEM Result
. Thickness
Diameters
7 HW 350 x 350 x 19 x 19 140 12 Brace Yielding Brace Yielding
8 HW 344 x 348 x 10 x 16 140 12 Column Yielding before the beam  Column Yielding before the beam
9 HW 350 x 350 x 19 x 19 140 14 Beam Yielding Beam Yielding
10 HW 350 x 350 x 19 x 19 140 8 Brace Yielding Brace Yielding
11 HW 350 x 350 x 19 x 19 144 14 Beam Yielding Beam Yielding
12 HW 350 x 350 x 19 x 19 74 12 Brace Yielding Brace Yielding
4.5. Top Floor Results
The finite element simulation results for the top floor, assuming different component
parameters and axial compression ratios, are shown in Figure 8. They are consistent with
the results of the theoretical calculations in terms of the yielding sequence, demonstrating
the effectiveness of the proposed method. These top floor results with a 0 axial compression
ratio also illustrate the relationship between the parameter range constraints and structural
performance.
2400 ©  brace yield point 2400 - O brace yield point 3000 - © brace yield point
N O beam yield point O beam yield point 2700 O  beam yield point
2100 | A column yield point| 2100 - 4 column yield point 2400 A column yield point
1800 | 1800 ;100
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g E - E 1?00
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Figure 8. The predicted PEEQ (equivalent plastic strain) distributions of top floor concentrically-
braced steel frames with different parameters (1 = 0). (a) case 1, the basic model obtained by the
proposed method; (b) case 2, with decreased section area of the column web; (c) case 3, with thicker
braces; (d) case 4, with the thinner braces; (e) case 5, increasing external diameter of the braces;
(f) case 6, decreasing the external diameter of the braces.

Comparing case 1 with case 2 (Table 4), the structure’s bearing capacity was maintained
at 2320 kN without obvious change despite using smaller columns. The braces yield first
and simultaneously. However, the components’ yield sequence with the weaker column in
case 2 changes from the brace — beam — column to brace — column — beam.
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Comparing the simulation results of cases 1 and 3, smaller-diameter, thicker braces
increase the peak bearing capacity from 2320 kN to 2789 kN. The beam will be the first
component to yield before the structure reaches its peak displacement, and its stiffness will
be significantly decreased.

The finite element results of case 1 and case 4 show that increasing the inner diameter
of the brace without changing the external diameter (thinner braces) reduces the bearing
capacity, as to be expected. The peak lateral bearing capacity of case 4 was 1270 kN. The
beam and the column yield at similar displacements. The yielding sequence is brace —
beam — column.

Comparing the simulation results of cases 3 and 4, the larger external diameter of the
brace in case 4 gives a greater lateral force bearing capacity of 3000 kN, though the structure
is less ductile. Before loading to 22 mm, the structural components yield in the sequence
brace — column — beam. However, case 3, with a brace with a smaller inner diameter,
showed better ductility. The column yielded at 40 mm of displacement. Braces with a larger
external diameter effectively improve the lateral stiffness of such concentrically-braced
steel frames.

Turning to case 5, the brace with a smaller external diameter yields prematurely, and
the structure’s bearing capacity is significantly weakened. The maximum load was only
615 kN, 26% of that in case 1. Figure 8 shows how, after the brace yields, the lateral load
is resisted by the frame, and the displacement increases only slowly until the beam and
then the column yield. It is a brace — beam — column sequence. The braces don’t provide
sufficient energy dissipation and lateral resistance if they are too small.

Using the parameters in Table Al in Appendix A, the different axial compression
ratios simulated in Figures 8 and A1-A3 show that the components’ yield sequence and
displacement will not be changed with # < 0.3. The structure’s bearing capacity, however,
will decrease with the larger axial compression ratios. At the same time, due to the change in
the ratio between the column’s bearing capacity and the brace’s bearing capacity, specimens
with smaller braces are less affected by the axial compression ratios than larger ones. It will
lead to the compression brace yield at a smaller displacement, and the energy dissipation
capacity of braces cannot be fully used. Thus, within the range calculated by the proposed
method, the larger brace’s parameters should be selected to avoid the premature buckling
of a brace.

4.6. Typical Floor Results

The finite element simulation results of a typical floor with four axial compression
ratios and various component parameters are shown in Figure 9. As Table 5 shows, the
theoretically calculated yield sequences agree with the predictions from the finite element
modeling. Cases 7-12 were analyzed to illustrate the influence of different structural
component parameter changes on the structural performance and the yield sequence.
Consistent with the top story results, the yield sequence is brace — column — beam with
the smaller columns. That is the sequence even with larger first-floor braces. With smaller
braces, however, the yield sequence is brace — beam — column. Smaller-external diameter
braces will fail under comparatively small loading and displacement, though thicker braces
deliver greater bearing capacity at small external diameters.

Comparing case 1 with cases 7 and 8, smaller first-floor columns do not reduce the
peak bearing capacity with the same bracing. However, the weaker columns force the
bracing to resist more of the lateral load, and the brace’s yield displacement decreases from
30 mm to 16 mm.

As the simulations of cases 7, 10, and 11 show, the structure’s lateral bearing ca-
pacity was not improved with the different bracing. In cases 10 and 11, the structure’s
weakest components are the top-floor braces, beams, and columns. They directly influ-
ence the structure’s performance. In addition, the beam yields first on the first floor,
and its bracing greatly influences the beam’s yield displacement. Braces with a larger
external diameter have a smaller beam yield displacement. Thus, the stiffness difference
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between the floor and its bracing should not be too large in such concentrically-braced steel
frames. That will avoid the beams yielding prematurely and improve the structure’s overall
energy dissipation.
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Figure 9. The predicted PEEQ distributions of concentrically-braced steel frames with different
parameters (typical floor and # = 0). (a) case 7, the basic model obtained by the proposed method;
(b) case 8, with a smaller-section column web; (c) case 9, with increased brace thickness; (d) case
10, with decreased brace thickness relative to the basic model; (e) case 11, with braces with larger
external diameter; (f) case 12, with braces with smaller external diameter.

Comparing the simulation results of cases 7, 9, and 12 shows that the component
yielding first will not be changed by reducing the brace’s external diameter or increasing its
inner diameter. However, the first-floor brace is the weakest component in cases 9 and 12.
It yields first, which is different from case 7. The structure’s peak bearing capacity will be
greatly reduced from 1730 kN to 1355 kN and 690 kN. In addition, the models with smaller
brace thicknesses predict weaker peak bearing capacity than in the cases with smaller
external brace diameters. Thus, the external diameter of the braces should not be too small
to avoid premature failure caused by excessive brace deformation.

Using the parameters in Table A2, the different axial compression ratios simulated in
Figures 9 and A4—A6 show that the beam’s bending bearing capacity will be weakened with
the larger axial compression ratios under the lateral loading. The beam will induce local
buckling in the brace at axial compression ratios greater than 0.3 under small lateral loads.
That can be avoided by specifying stiffer beams in practical engineering. The beam’s local
strength should therefore be considered in yielding control with large axial compression
ratios in the braces. In practice, however, there are few designs with an axial compression
ratio greater than 0.3, so this study’s proposed method should have excellent applicability
in controlling the yield sequence.

5. Conclusions

In this paper, a technique for controlling the yielding of concentrically-braced steel
frames has been proposed and demonstrated with the strong column-weak beam and strong



Buildings 2022, 12, 1656

18 of 23

column and beam-weak brace criteria. It allows designing for an expected yield sequence
despite a range of component parameters.
The following conclusions can be drawn from this study’s observations.

(1) The proposed method allows specifying the external diameter of the braces (D), their
inner diameter (d), the web area of the columns (hcwtcw), and their flange thickness (w.()
based on given beam parameters. That should be useful in performance-based design.

(2) Published experimental results and finite element modeling has demonstrated that
the sequence of component yielding will follow the method’s predictions. The beam
will yield first if the external or inner diameters of the braces are outside the ranges
the method recommends. With a column web area smaller than the recommended
minimum, the columns will yield first.

(38) The axial compression in the braces significantly affects the yielding mechanism. The
upper beam flange will be in a weak position under larger axial compression (77 > 0.3).
The beam ends and beam-brace connections should be stiffened to prevent local buckling.

(4) The influence of stochastic variability in the parameters should be considered. Small
changes in the parameters can change the structural yield sequence.

(5) The proposed method helps to limit the initial feasible region in structure optimization.
That will help to reduce convergence difficulties caused by the excessive size of the
initial feasible region.
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Nomenclature

d inner diameter of a brace

D external diameter of a brace
Wer width of the column’s flanges

hewtew  cross-sectional area of column’s webs

My beam’s plastic bending yield strength

beam’s plastic section modulus

fy steel’s yield strength

My brace’s bending yield strength

Mppe beam’s plastic yield strength with the influence of two brace (top floor)
Ap beam’s cross-sectional area

L beam’s length

P axial force applied by (circular steel tube) braces when they yield
Apry brace’s cross-sectional area

q uniform load on the beam based on 1

1 axial compression ratio of braces
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o angle between beam and brace.

Fy, axial force applied by the upper braces at yielding
M,  bending yield strength of a column panel-zone
hpw height of the beam’s web

hew height of the column’s web

tew thickness of the column’s web

A slenderness ratio of the braces

H height of the structural floor

ls inner length of square tubular brace

Ls external length of square tubular brace

Ly, brace’s length
Hy beam’s height

By beam’s width
thw beam’s web thickness
trw beam’s flange thickness

tory brace’s thickness
Appendix A

Table A1l. Finite element verification results (top floor, # = 0.15, 0.2 and 0.3).

beam’s plastic yield strength with the influence of four brace (typical floor)

Brace Section (mm)

Case Column Section (mm) Proposed Method FEM Result
External Diameters (7 1) Thickness (7 1)
13-15 HW 350 x 350 x 19 x 19 140 (0.15, 0.2, 0.3) 13 (0.15), 12 (0.2), 10 (0.3) Brace Yielding Brace Yielding
Column Yielding Column Yielding
16-18 HW 344 x 348 x 10 x 16 140 (0.15, 0.2, 0.3) 13 (0.15), 12 (0.2), 10 (0.3) before the beam before the beam
19-21 HW 350 x 350 x 19 x 19 140 (0.15, 0.2, 0.3) 15 (0.15), 15 (0.2), 13 (0.3) Beam Yielding Beam Yielding
22-24 HW 350 x 350 x 19 x 19 140 (0.15,0.2,0.3) 8(0.15,0.2,0.3) Brace Yielding Brace Yielding
25-27 HW 350 x 350 x 19 x 19 146 (0.15, 0.2), 144 (0.3) 16 (0.15), 15 (0.2), 12 (0.3) Beam Yielding Beam Yielding
28-30 HW 350 x 350 x 19 x 19 74 (0.15,0.2,0.3) 13 (0.15), 12 (0.2), 10 (0.3) Brace Yielding Brace Yielding
1 1 means the axial compression ratio of braces.
Table A2. Finite element verification results (typical floor, #=0.15,0.2 and 0.3).
Brace Section (mm)
Case Column Section (mm) Proposed Method FEM Result
External Diameters (1) Thickness (1)

31-33 HW 350 x 350 x 19 x 19 140 (0.2), 135 (0.15, 0.3) 10.5 (0.15), 10 (0.2), 9.5 (0.3) Brace Yielding Brace Yielding

Column Yielding Column Yielding
34-36 HW 344 x 348 x 10 x 16 140 (0.2), 135 (0.15, 0.3) 10.5 (0.15), 10 (0.2), 9.5 (0.3) beforo the beant before the bean:
37-39 HW 350 x 350 x 19 x 19 140 (0.2), 135 (0.15, 0.3) 13.5 (0.15), 13 (0.2), 10.5 (0.3) Beam Yielding Beam Yielding
4042 HW 350 x 350 x 19 x 19 140 (0, 0.2), 135 (0.15, 0.3) 8(0.2),4.5(0.15,0.3) Brace Yielding Brace Yielding
43-45 HW 350 x 350 x 19 x 19 144 (0.15, 0.2), 142 (0.3) 15 (0.15), 12 (0.2), 13 (0.3) Beam Yielding Beam Yielding
4648 HW 350 x 350 x 19 x 19 74 (0.15,0.2,0.3) 10.5 (0.15), 10 (0.2), 9.5 (0.3) Brace Yielding Brace Yielding
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Figure A1l. The predicted PEEQ distributions of top floor concentrically-braced steel frames (17 = 0.15).
(a) case 13, the basic model obtained by the proposed method; (b) case 16, smaller section area of
column web; (c) case 19, thicker braces; (d) case 22, thinner braces; (e) case 25, larger brace external
diameter than in the basic model; (f) case 28, smaller external diameter.
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Figure A2. The predicted PEEQ distributions of top floor concentrically-braced steel frames (7 = 0.2).
(a) case 14, the basic model obtained by the proposed method; (b) case 17, smaller section area of
column web; (c) case 20, thicker braces; (d) case 23, thinner braces; (e) case 26, larger brace external
diameter than in the basic model; (f) case 29, smaller external diameter.
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Figure A3. The predicted PEEQ distributions of top floor concentrically-braced steel frames (17 = 0.3).
(a) case 15, the basic model obtained by the proposed method; (b) case 18, with smaller column web
section area; (c) case 20, thicker braces; (d) case 24, thinner braces than in the basic model; (e) case 27,
larger external brace diameter; (f) case 30, smaller external brace diameter than in the basic model.
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Figure A4. The predicted PEEQ distributions of a typical floor with # = 0.15. (a) case 31, the basic
model obtained by the proposed method; (b) case 34, decreasing the section area of the column web;
(c) case 37, thicker braces; (d) case 40, thinner braces; (e) case 43, larger brace external diameter;
(f) case 46, smaller brace external diameter.
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Figure A5. The predicted PEEQ distributions of a typical floor with # = 0.2. (a) case 32, the basic
model obtained by the proposed method; (b) case 35, decreased section area of the column web;
(c) case 38, thicker braces; (d) case 41, thinner braces; (e) case 44, larger external brace diameter;
(f) case 47, smaller external brace diameter.
O beam yield point (1st)
1000 - 1200 F| A column yield point (1st) 1000
800 | 1000 - 800
800
600 |- 600
600 |
400 | 400
400
200 200 200
0 5 10 15 20 25 30 0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140
A@m) A(mm) Amm)
(a) (b) (0
- 900
1000 1200 O brace yiel point
O beamyield point
a2 'd point
300 | 1000 |- column yield point|
800 |
600 :
B i 600
400 | | §i
(3 400 |
200 200
0 s s s s ) 0 L L L L 1 1 1 1 1 i
0 10 20 30 40 50 0 20 40 60 80 10 20 30 40 50 60
A@m) A (mm) A(mm)

(e)

Figure A6. The predicted PEEQ distributions of a typical floor with # = 0.3. (a) case 33, the basic
model obtained by the proposed method; (b) case 36, smaller column web section area; (c) case 39,

thicker braces; (d) case 42, thinner braces; (e) case 45, larger external brace diameter; (f) case 48,

smaller external brace diameter than in the basic model.
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