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Abstract:  The theoretical derivation from Part I (Jiang et al., 2015) has obtained the core contact force and the bending mo-
ment distribution of the external member in the single-wave core deformation mode. In addition, the design criteria of the exter-
nal member and the strengthened core region (SCR) have also been obtained based on the understanding of the mechanical char-
acteristics of the buckling-restrained brace (BRB). Based on the theoretical results from Part I, this study conducts the corre-
sponding finite element (FE) numerical verification, and the BRB parameter analysis is also performed when the core deforms
as a single-wave deformation. The influence of nine parameters on the core contact force and the external member stress is in-
vestigated. These parameters include the flexural rigidity of external member, the initial imperfection of external member, the
core thickness and its width-to-thickness ratio, the pinned connector length, the external member length, the length of restrained
strengthened core region with uniform section and the height of the wing-plate of the SCR, as well as the gap between the core
and the external member. Lastly, the 12 examples of BRBs that are designed according to the proposed design criteria are ana-
lyzed using FE simulation, and the reliability of the theoretical derivation is also verified.
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1 Introduction pinned to a frame in high rise buildings, and the

pinned BRBs (Fahnestock et al., 2007; Wigle and

Buckling-restrained braces (BRBs) have been
widely applied for new and retrofitting of existing
structures (Black et al., 2004; Qiang, 2005; Trem-
blay et al., 2006; Di Sarno and Manfredi, 2010; 2012;
Di Sarno et al., 2013) because they not only behave
as a brace but also possess good hysteretic perfor-
mance. The BRB is fixed (Iwata and Murai, 2006;
Tsai and Hsiao, 2008; Chou and Chen, 2010) or
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Fahnestock, 2010; Zhao et al., 2012b) are the focus
of this study.

For the pinned BRBs, to ensure that the yield
region of a single core plate is well restrained by the
external member, it is reinforced before the core
comes out of the external member (Chen et al., 2001;
Qiang, 2005; Iwata and Murai, 2006). Thus, there are
three distinct failure modes of pinned BRBs: (1)
Bending failure around the extended core region due
to its insufficient load-bending capacity (Zhao et al.,
2011); (2) Overall buckling failure due to deficient
external member bending stiffness (Ju et al., 2009;
Zhao et al., 2012a); and (3) Local press failure at the
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external member end due to significant stiffness
weakening or immense contact force. This study
mainly focuses on the first two failure modes, and
the third is not included in this study as it is a de-
tailed construction issue of the external member end.

For a pinned BRB with a single core flat plate,
the core deforms as the single-wave overall defor-
mation mode (Fig. 1). Based on a hypothetical core
member’s contact force distribution mode, Part I has
theoretically derived the core contact force and the
bending moment distribution of the external member
(Jiang et al., 2015). In addition, the design criteria of
the external member and the strengthened core re-
gion (SCR) have been formulated, so as to prevent
the pinned BRBs from the two failure modes men-
tioned above.

Core member External member

Gap

N N

(a)

o (b) o

Fig. 1 A typical deformation modes of core member
(a) Core single-wave overall deformation; (b) Force analysis
on external member
N is the core axial load, ¢ is the distribution load acting on
the core contact region, Q) is the concentrated contact force
between the core and the external restraining member ends
when BRB has single-wave overall deformation, and Q, is
the concentrated contact force between the core and the ex-
ternal restraining member when BRB has single-wave overall
deformation

As a core of a BRB yields, the equations de-
rived from the elastic theory are inaccurate. In addi-
tion, the contact position between the core and exter-
nal restraining member also changes with the core
axial strain increasing, thus the equation derived
needs finite element (FE) analysis verification. Thus,
FE numerical analysis is used to verify and amend
the assumptions in the theoretical derivation and re-
sults. Moreover, the parameter analysis is carried out
only in the condition of a core single-wave defor-
mation; the influence of nine parameters on the core
contact force and the external restraining member
stress is investigated; the corresponding axial load-

bearing capacity is checked by 12 examples of BRBs
and the reliability of the theoretical derivation is
verified.

2 Theoretically derived results

2.1 Stress state of the pinned BRBs with core
single-wave overall deformation

In Part I (Jiang et al., 2015), the following as-
sumptions are made in a simplified model: the initial
geometric imperfection of the core and the external
member follow a sinusoidal pattern and the critical
state when the core and the external member end
start to have two-point-contact is deemed to be the
initial state of the BRB (Fig. 2). The distributed con-
tact force appears as a sinusoidal pattern (Nagao and
Takahashi, 1991; Inoue and Sawaisumi, 1992) when
the core has single-wave deformation, and the bend-
ing moment of the core contact region is zero.

Based upon the above assumptions, the force
equilibrium equations of the extended strengthened
core region (ESCR) and the restrained strengthened
core region (RSCR) are established. By employing
the deformation compatibility relationship between
the core and the external member at some contact
points, the maximum bending moment on the ex-
tended core region M. (Eq. (1)), the maximum con-
tact force on the core member Q; (Eq. (2)), the max-
imum bending moment on the external member
Memmax (Eq. (3)), and the BRB’s end rotation 6,
(Eq. (4)) are obtained:

Mec = CZNLC’ (1)

O =(w +c,w,)N, (2)
2

Mcm,max = Qch +n_§2/q0’ (3)

0. = (1 + k)0, + k(W +c,w,) / k, (4)

where ¢y, wi, wa, k1, kp, 71, and r, are calculation co-
efficients mentioned in Part I (Jiang et al., 2015);

k=\N/mE/1,), where E,l, is the elastic flexural

rigidity of ESCR, and #; is SCR’s rigidity reduction
coefficient, the value of which is related to the core
axial strain by considering the plasticity influence. J;
is the deformation amplitude of the core member in
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the initial state, g, is the mid-span contact force dis-
tribution intensity, L. is the horizontal distance be-
tween two contact points ¢ and d of the core member
end, Ly is the horizontal distance between two inner
contact points in the middle of core member, and N
is the axial force acting on the core member.

Moreover, in Fig. 2, §, represents the initial im-
perfection amplitude of the external member, g rep-
resents the lateral gap between the core and the ex-
ternal member, and Lgrp represents the distance be-
tween two pinned connectors of BRB. L, and Ley,
represent the lengths of core member and external
restraining member, respectively, and Ly is the length
of a pinned connector. Lo, Lco, and Ly respectively
are the length of RSCR with uniform section, varia-
ble section length, and the total length of the RSCR
when a pinned BRB is in the initial state. Ly and Ly
respectively denote the lengths of the ESCR and core
flat-plate when the BRB is in the initial state. L, and
L, respectively represent the distances between the
contact points d, ¢ and the pinned connector, and L3
represents the distance between the contact point d
and the core member end. L, is the length of ESCR
subjected to the given flexural moment.

2.2 Design criteria of the BRB

Based on the bending capacity of the external
member, the design criteria for the external member
of the pinned BRBs were deduced in Part I (Jiang
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et al., 2015). The value of the BRB’s restraining ra-
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where Epl, represents the external restraining mem-
ber’s flexural rigidity, N, represents the core yield
load, w is the core strength improvement coefficient
in the plasticity stage, Wey, is the elastic modulus of
the section in the external restraining member to the
outer fiber in the bending direction, and f, is the
yield stress of the external member steel.

In addition, the ESCR is a beam-column, and
based on the plasticity theories (Chen, 2005), the
design equation of ESCR is established as

M
< <1.0,

2
N
—_— +_
(NWCJ M

p.ec

)

where N, is the fully sectional yield force of the
ESCR, and M, is the fully sectional plasticity
bending moment of the ESCR.
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Fig. 2 Simplified force analysis for BRB with core single-wave deformation
(a) Initial working status; (b) Working status
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3 FE verification for the BRB with core
single-wave overall deformation

3.1 FE model

This section applies the universal FE software
ABAQUS to establish six BRB models to verify the
theoretically derived results from Part I (Jiang et al.,
2015) (Fig. 3).

In the models, the 8-node linear brick with re-
duced integration (C3D8R) element is used to simu-
late the core member, external member, and stopper.
The pinned connector, core member, and stopper are
a whole, thus their contact surface is set with the tie
constraint. In addition, the contact pair is established
between the core and the external member, as well as
the stopper and the hole at mid-span of the external
member, and the friction between the contact pair is
not considered. A steel plate with yield strength of
235 MPa is used to model the core, and the tangent
modulus in the plastic stage is set to be 2% of the
elasticity modulus. The elastic-perfectly plastic ma-
terial with yield strength of 345 MPa is assumed for
the external member. The elasticity modulus of the
core and the external member is 206 GPa.

Core
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/] /.External member
'

>
X

= [
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Fig. 3 BRB refined FE model

The pinned boundary is applied at the midline
of a rigid pinned connector, and its rotation direction
is consistent with that of the weak axis of the core
flat-plate. In addition, axial displacement is applied,
so as to simulate the pure pressure loading of the
BRB. Since we are concerned with the revolving of
the core member only around the x axis, the dis-
placement of the core member along the x axis is
fixed. The full Newton-RaPhson method is adopted
for the solution, and the maximum and minimum
increment sizes of the analysis step are set as 0.005
and 1x107', respectively.

Core dimensions (h.xt;) of six BRBs are
160 mmx=30 mm; the external member width b is
304 mm; the flange thickness ¢ is 20 mm; the web
thickness # is 70 mm; the section dimensions (byxZ)
of the SCR are 50 mmx40 mm. In the numerical
analysis, the initial geometric imperfection with the
amplitude of Jy is applied to the external member,
and the core single-wave imperfection mode is ob-
tained from the modal analysis; other relevant geo-
metric parameters are shown in Table 1, and their
meanings are shown in Fig. 2. The restraining ratio ¢
(Black et al., 2004; Guo and Jiang, 2010) in Table 1
can be calculated by Eq. (5).

3.2 FE analysis results

Fig. 4 presents the FE analysis results of the
BRB of MS-2 when the core axial strain is 3%.
Fig. 4a shows the lateral deformation of the core. In
such a case, core single-wave overall deformation
occurs and the corresponding core contact force dis-
tribution is shown in Fig. 4b. It shows that the core
has two-point-contact with the external member at
the end, and the end contact force Q; is larger than
the contact force (,. In addition, the contact force
distribution of the core contact region can be deemed
sinusoidal. Fig. 4c and Fig. 4d respectively present

Table 1 Geometric parameters of BRB models (unit: mm)

Model ¢ Lgrp Ly Lem Lem Ly Ly Leio Leyo g o
MS-1 3.75 2080 40 2000 1920 1600 40 60 100 1 4
MS-2 3.12 2280 140 2000 1820 1500 90 60 100 1 4
MS-3 3.12 2280 140 2000 1820 1400 90 60 150 1 4
MS-4 2.64 2480 240 2000 1920 1400 40 110 150 1 4
MS-5 3.37 2280 140 2000 1920 1600 40 60 100 2 4
MS-6 3.37 2280 140 2000 1820 1400 90 60 150 2 2

Note: Lyo, Lyo, Leio, and Leyg represent the geometric dimensions when the BRB is in the initial state and the corresponding geometric

parameters (Ly, L,, and L.) in the working state will gradually change with the core axial strain
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the bending moment distribution of the core and the
external member; Fig. 4c¢ verifies the assumption that
the bending moment of the core contact region is
zero in the simplified model.
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The FE analysis results shown in Fig. 5 denote
that the maximum bending moment M,. (Eq. (1)) of
ESCR, the core end contact force O, (Eq. (2)), the
maximum bending moment My max (Eq. (3)) of the
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Fig. 4 FE analysis results of MS-2 BRB (3.0% strain)
(a) Core lateral deformation; (b) Core contact force distribution; (¢) Core bending moment distribution; (d) External member
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external member, and the end rotation 0., of BRB
(Eq. (4)) match well with the FE analysis results.
When the core axial strain is 3%, the equation errors
can be controlled within 10%, thus meeting the engi-
neering requirements. Also, it indicates that the basic
assumptions and results in the previous theoretical
derivation section are accurate.

Note that the equation derivation is obtained
based on a small deformation assumption. When the
external member yields or bending failure happens to
the ESCR, large lateral deformation of the BRB oc-
curs, and the calculated results become inaccurate.

3.3 Parameter analysis

To examine the accuracy of Egs. (1)—(4), some
parameter analyses are also made. The influence of
nine design parameters, including the external mem-
ber’s flexural rigidity, gap, core thickness and its
width-to-thickness ratio, pinned connector length,
external member’s initial imperfection, external
member length, RSCR length with uniform section,
and height of wing-plate of the SCR, on the core end
contact force and the maximum bending moment of
external member are examined, as shown in Fig. 6.
The parameter analysis is based on the MS-2 model,

and each group of analyses contains only one variable.

The analysis results show that the external
member’s flexural rigidity, gap, core thickness, core
width-to-thickness ratio, and the pinned connector
length will directly influence the restraining ratio of
the BRBs. Increasing the external member’s flange
thickness can effectively improve the external mem-
ber’s flexural rigidity and reduce the core contact
force. When the flange thickness £~16 mm (&>2.15),
its influence will be less significant. However, when

3
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the external member’s rigidity becomes smaller
(=14 mm), the BRB will lose its axial load-bearing
capacity, as shown in Fig. 6a. The change of the core
end contact force and the maximum bending moment
of the external member are linearly positively corre-
lated with the change of gap (Fig. 6b). Thus, a small-
er gap is suggested in BRB design. The core thick-
ness change will directly influence the axial load-
bearing capacity of the BRB. In addition, a thicker
core leads to larger flexural rigidity of the external
member when its flange thickness and the gap are
unchanged. Accordingly, with the core thickness in-
creasing, the restraining ratio may first become
smaller and then larger. However, the core contact
force and the external member’s maximum bending
moment show an approximately linear increase, as
shown in Fig. 6¢. Fig. 6d shows that, with increasing
core width-to-thickness ratio, the increase of the core
contact force and the maximum bending moment of
the external member will become moderate gradually.
Note that when the external member materials are
the same, the BRB with larger core width-to-
thickness ratio possesses lower external member
bending efficiency. The length of the pinned con-
nector is mainly related to the end construction of the
BRB. When increasing the pinned connector length,
the stress level of the external member becomes un-
favorable and the ESCR is easily damaged by bend-
ing. For instance, when Ly>220 mm, the gradient of
the curve changes (Fig. 6e). In such a case, bending
failure occurs at the SCR.

Different BRBs may have the same restraining
ratio, but their performance may differ hugely. For
instance, for BRB ¢=3.00 in Fig. 6b, its performance
is much better than that of the BRB £=3.02 in Fig. 6e.
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Fig. 6 Parameter analysis results of MS-2 BRB with core
single-wave deformation
(a) Influence of external member’s flange thickness ¢
(b) Influence of the gap g; (c) Influence of core thickness f.;
(d) Influence of core width-to-thickness ratio 4./z; (¢) Influ-
ence of the pinned connector length Ly; (f) Influence of ex-
ternal member’s initial imperfection Jdy; (g) Influence of ex-
ternal member length L.,; (h) Influence of the RSCR length
with uniform section L; (i) Influence of the height of wing-
plate of SCR b,
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In addition, variation of design parameters, in-
cluding the external member’s initial imperfection,
external member length, RSCR length with uniform
section, and height of wing-plate of the SCR, cannot
be reflected in the restraining ratio, but they can still
directly influence the BRB’s performance.

The core contact force and the external mem-
ber’s maximum bending moment have a linearly
positive correlation with the initial imperfection of
the external member (Fig. 6f). Thus, it is necessary
to control the initial geometric imperfection in BRB
manufacture. The external member length will di-
rectly influence the RSCR length with uniform sec-
tion and is linearly negatively correlated with the
core contact force and the external member’s maxi-
mum bending moment (Fig. 6g). The increasing
RSCR length with uniform section can also effec-
tively improve BRB mechanical performance, and
especially it can reduce the core end contact force
(Fig. 6h). Increasing height of wing-plate of the SCR
can effectively improve the axial rigidity and flexur-
al rigidity of the ESCR as well as prevent bending
failure in the ESCR (Fig. 6i). For example, a BRB
with 5=30 mm will suffer bending damage at the
SCR.
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Fig. 7 BRB Section-1 (S1)
(a) Assembled BRB; (b) Integrated BRB
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4 Verification for BRB design method
4.1 FE model

The above design method of the BRB is appli-
cable for BRBs with different external member sec-
tion forms. In this section, twelve BRBs are applied
to check the reliability of the above design equations,
where two different types of external member section
forms are investigated, as shown in Figs. 7 and 8.
For the assembled BRB, when connecting bolts’ lay-
out is dense, the assembled external member can be
considered as the externally integrated BRB.

As mentioned above, the FE software ABAQUS
is applied to establish the BRB models. The model
settings and material characteristics of the BRB are
the same as those in Section 3.1. The geometric pa-
rameters of the BRBs are shown in Table 2: the core
width 4. of all BRBs is 160 mm, the external mem-
ber width b is 304 mm, web thickness # is 70 mm;
the section dimensions of the external channel
(hyxbyxd xt)) are 160 mmx50 mmx6.5 mmx10 mm.
Design parameters are changed, including the core
length L., (2 m—4 m), core thickness 7. (20 mm-—
40 mm), section dimensions of the SCR bgxty, gap g
(1 mm-2 mm), initial imperfection amplitude of the

y
Core member. Gap Ga A hyxd,
Fﬁ/ b xt,
Cushion block = X
= | | =T

AV
J \Corg member
External member External member
(a) (b)

Fig. 8 BRB Section-2 (S2)
(a) Assembled BRB; (b) Integrated BRB

High-strength bolt

Table 2 Geometric parameters of BRB models (checking design equations) (unit: mm)

Model name 4 Lgrg Ly Lo Len Ly Ly Lo Lo L t by th g do
S1-MC-1 220 2480 240 2000 1920 1600 40 60 100 30 180 60 40 1 L./500
S1-MC-2 2.15 2280 140 2000 1820 1500 90 60 100 30 160 60 40 1 L./500
S1-MC-3 2.83 2280 140 2000 1820 1400 90 60 150 30 180 60 40 2 L./500
S1-MC-4 1.94 2280 140 2000 1830 1400 60 90 150 30 150 50 40 1 L./500
S1-MC-5 1.79 2480 240 2000 1920 1400 40 110 150 20 165 50 40 1 L.,/1000
S1-MC-6 2.59 2480 240 2000 1920 1400 40 110 150 20 200 50 30 1 0
S1-MC-7 2.59 2480 240 2000 1860 1400 70 80 150 20 20.0 45 30 1 L/500
S1-MC-8 1.84 3500 250 3000 2870 2500 65 8 100 30 240 50 40 1 L. /500
S1-MC-9 1.62 4500 250 4000 3840 3400 80 70 150 40 290 70 50 1 L.,/1000

S1-MC-10  1.84 4500 250 4000 3840 3500 80 70 100 20 29.0 50 40 2 L.,/1000
S2-MC-11  5.62 2480 240 2000 1920 1400 40 110 150 30 10.0 50 40 2 L./500
S2-MC-12  2.85 3480 240 3000 2890 2400 55 95 150 30 10.0 50 40 2 L./500
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external member Jdy, pinned connector length L, and
flange thickness of the external member .

The aforementioned equations are applied to
check these BRBs, and the results of BRBs when the
core strain is 3% are presented in Table 3. Table 3
shows that the bending capacity of the external
member of BRBs MC-4, MC-5, MC-8, and MC-9
cannot meet the requirements of the proposed
strength design equation (Eq. (6)). Moreover, the
ESCR of BRBs MC-4, MC-5, MC-7, MC-8, MC-10,
MC-11, and MC-12 may suffer bending damage as
they cannot meet the design requirement (Eq. (7)).
Fig. 9 shows the check results of the ESCR. Whether
or not BRBs meet the design requirement can be
judged from this figure. The curve represents the
checking equation of the ESCR and the points show
the internal force of the ESCR of each BRB when
the core strain is 3%. If the BRB is up to the design
requirements (Eq. (7)), the corresponding point rep-
resenting the ESCR force state will be within the

1.0
0.9
0.8
0.7
3 0.6

Design equation of ESCR Eq. (6)
02} © BRBmeetEq. (6)

01 = BRB cannot meet Eq. (6)

0.0 1 1 1 1 1 1 1 1 1 1 1
0.00102030405060708091.01.11.2
MM

p.ec

Fig. 9 ESCR design check

area enveloped by the horizontal and vertical axes
and the curve; otherwise, it will be out of the curve.

4.2 Verification for design method

Figs. 10 and 11 respectively present the axial
strain vs. axial force curves of the BRBs, the axial
strain vs. the core member mid-span nodal lateral
displacement curves, as well as the axial strain vs.
the BRB rotation curves of MC1-MC6 and MC7-
MCI12. In Figs. 10 and 11, f;, is the core yield
strength, and A, is the section areas of the core flat-
plate. Figs. 10 and 11 show that the BRBs of MC-7,
MC-8, MC-9, and MC-12 all lose axial load-bearing
capacity. The BRB of MC-7 has bending failure in
the ESCR (Fig. 12), and the core lateral deformation
shows a non-linear increase. While the MC-9 fails,
the core lateral deformation and the end rotation
have a sharp increase due to insufficient bearing ca-
pacity of the external member (Fig. 13, p.803).

The FE analysis results show that the BRBs of
MC-4 and MC-5 still possess stable axial load-
bearing capacity, and Memmax solved by Eq. (3) is
slightly larger than the bending capacity M, of the
external member, indicating that the design equation
of the external member is sufficiently conservative.
In addition, with the application of a rectangular sec-
tion plastic design method, enough safety margin can
be ensured when the SCR with cruciform section is
checked by Eq. (7). For instance, Eq. (7) predicts
that the core end of the BRB of MC-10 will have end
bending failure, but the FE analysis result shows that
it still has stabilized axial load-bearing capacity, and
the failure tendency does exist, as shown in Fig. 11b.

Table 3 Equation results of BRB model (strain 3%)

Ql Mem,max Hec N N, ,eC Mec M, ,ec Mem,u
Model &N)  (kN'm) () (kN) (k}}\J) (KN-m) (kNp~m) (N-my FED el
SI-MC-1 2074 573 286 1699 2256 217 592 763 093 220 140
SI-MC-2 1954 552 3.09 1699 2256 188 592 668 088 215 1.58
SI-MC-3 1777 525 324 1699 2256  19.8 592 804 090 283 128
SI-MC-4 1714 665 365 1699 2068 192 461 622 109 194 225
SI-MC-5 1459 557 408 1132 1692 208 367 511 102 179 225
SI-MC-6 462 150 135 1132 1457 6.9 284 656 085 259 0.62
SI-MC-7 1820 554 508 1132 1387 287 244 656 184 259 1.64
SI-MC-8 3120 1295 487 1699 2068  39.9 461 1080 154  1.84 248
SI-MC-9 3574 2147 442 2265 3149 486 1055 1678 098 162 2.12
SI-MC-10 2187 1013 506 1132 1692 277 367 1159 120 184 1.63
S2-MC-11 1138 364 216 1699 2068 165 461 859 103 562 085
S2-MC-12 1576 655 297 1699 2068  22.7 461 859 117 285 173
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Fig. 12 FE analysis result of the BRB of MC-7
(a) Lateral deformation of BRB; (b) The von Mises stress of external members’ flanges
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Fig. 13 FE analysis result of the BRB of MC-9
(a) Lateral deformation of BRB; (b) The von Mises stress of external members’ flanges

Generally speaking, the theoretical analysis re-
sults are consistent with the FE results, which are
safe and meet the engineering design requirements.

5 Conclusions

This study presents an FE numerical verifica-
tion of the Part I paper (Jiang et al., 2015). FE analy-
sis is applied to: (1) verify the theoretical assump-
tions and results of Part I, as well as the accuracy and
feasibility of the equations derived theoretically; (2)
quantify the influence of nine parameters on the
pinned BRBs’ performance; (3) check the proposed
strength design method of the pinned BRBs. The
following conclusions are obtained:

1. FE numerical results indicate that the basic
assumptions and equation derivation in the theoreti-
cal analysis of Part I are accurate, and the proposed
design method of the pinned BRBs can precisely
predict the BRB’s overall buckling failure and bend-
ing failure in the ECSR of BRBs.

2. As the design of the external member and the
strengthened core region directly affect the failure
modes of the pinned BRBs, both sufficient rigidity
and strength for the external member and the SCR
are required.

3. Although the design parameters such as the
external member’s initial imperfection, external
member length, the RSCR length with uniform sec-
tion, and the height of wing-plate of SCR cannot be
reflected directly in the restraining ratio, these pa-
rameters can be all considered in the proposed design
method of the pinned BRBs.

4. Considering the significant influence of the
gap, the core width-to-thickness ratio, and the external

member’s initial imperfection on the core contact
force acting on the external member, these parame-
ters should be well controlled while designing them.
It is also concluded that a shorter pinned connector, a
relatively long external member and the RSCR with
uniform section are favorable in designing a pinned
BRB, because they can minimize the core contact
force and the maximum bending moment of the ex-
ternal member.
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