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Displacements and Rotations for Natural Mode No. 5 ( 3-D)
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Displacements and Rotations for Natural Mode No. 7
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Displacements and Rotations for Natural Mode No.8
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Table A.19

Displacements and Rotations for Natural Mode No.9 (3 -D)
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Table A.20

Displacements and Rotations for Matural Mode No. 10 { 3 -D)
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APPENDIX B

Numerical Evaluation of a

Monotube Structure
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B.1. Example Structure

The base structure of the project will be used in this numerical evalua-

tion. The details of the dimensions of the structure are shown in Figure 4.1.

B.2. Modeling of the Structure

The structure of Figure 4.1 was idealized and modeled for a finite element

analysis using the computer program GIFTS. The frame was discretized as an
assemblage of thirty beam elements, as shown in Figure 4.5. This has been
considered adequate for this type of structure. In general, the number of

elements should be selected such that the length of each element is between 4
and 6 feet. Using a larger number of elements will increase the computational
time and cost with only very slight improvement in the accuracy of the calcu-
lated stresses and deflections. For other discussions regarding the modeling
technique, reference may be made to Section 4.2 of the report. The data on the

element dimensions and properties are given in Table B.1.

B.3. Load Data

The structure was analyzed for the static loads due to the self weight of
the structure with signs, ice loads and wind pressure. Thus, the structure has
been subjected to gravity loads due to self weight of the structure with signs,
i.e., dead loads and ice; and the wind pressure has induced out-of-plane loads.
The common way of computing these loads is as follows:

B.3.1. Computation of dead loads:

The weight of each element of the finite element model (see Fig. 4.5)
was calculated on the basis of a specific weight of 490 1b/cu. ft. for steel.
The weight of each element has been considered equally shared between the two
end nodes. These gave the total dead load at any node due to the addition of
tributary loads from the adjacent elements. The loads from the signs were

determined, assuming a uniform weight of 10 1lb/sq. ft. surface area, with the

-23-
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resultant acting at the nodes where the signs are connected to the beams.

Sample calculations
follows:
Average cross-sectional area
Length of elements 27 and 28
x 5

Surface area of 4 sign

Dead load due to self-weight

for the dead load at node

16 (see Fig. 4.5) are given as

of elements 27 and 28 = 10.243 in2
= 72 in.

2
supported at node 16 = 20 ft

of elements = 210 1lbs.

Total dead load at node 16 = 410 lbs.

The nodal dead loads of the structure are given in Table 4.1.

B.3.2. Computation of ice load:

An ice load of 3 1b/sq. ft. of the actual area of the structural members

and the signs was assumed to act on the structure. The ice loads were also
considered acting as nodal loads obtained from the load on the tributary area of
each of the nodes. Sample calculations for the ice load at node 16 (see Fig.
4.5) are given as follows:

Average diameter of elements 27 and 28 = 17.58 in.

Length of elements 27 and 28 = 72 in.

Total surface area of 4 x 5 sign supported at node 16 = 40 fe?

Ice load from elements 27 and 28 = 84 lbs.

Ice load from the sign = 40 x 3 = 120 1bs.

The nodal ice loads of the structure are given in Table 4.1.

B.3.3. Computation of wind load

The wind loads on the structure were computed for a constant wind veloc~
ity of 70 mph, blowing perpendicular to the plane of the frame. The statically

equivalent wind loads have been calculated as nodal loads, based on the tribu-

tary areas of the monotube members and the signs, as per the Specifications (1).
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Due to the asymmetry of the structure with respect to the signs, the wind loads
resulting from the wind blowing in two opposite directions were considered.
The sample calculations for nodal wind loads at node 16 are presented as
follows:

Wind speed = 70 mph [see Fig. 1.2.4B of the Specifications (1)]

11

0.00256 (1.3V)2 C., C, [see Sec. 1.2.5 of the Specifica-

P d "h

tions (1)] where:

P = wind pressure, lb/sq. ft.

V = wind speed = 70 mph

Ch = coefficient for height above ground, measured to the cen-
troid of the corresponding limits of the loaded area = |
[see Table 1.2.5B of the Specifications (1)]

Cd = drag coefficient, calculated as follows:
d = diameter of member (ft) = average diameter of elements

27 and 28 = 1.47 ft.
V.d = 70 (1.47) = 102.55 > 64

Hence, for monotube members, C
cations (1)]

q° 0.45 [see Table 1.2.5C of the Specifi-

For monotube members, P = 0.00256 (1.3 x 70)2 (0.45) (1.0) = 9.54 1bs/sq.ft.

The nodal wind load at node 16 due to wind on the monotube members (i.e.,
elements 27 and 28) is:

P= (P) (projected tributary area) = 84 lbs.
For the 4' x 5' sign panel at node 16, the aspect ratio % is 2 = 1.25,
Hence, for wind on the sign panel, C. = 1.1375 [see Table 1.2.5C of the

d

Specifications (1)]. Therefore, for wind on the sign panel, P = (.00256)
(1.3 x 7002 (1.1375) (1) = 24.12 1bs/ft2.

The nodal wind load at node 16 due to wind on the sign panel = (P) (pro-
jected area of the sign panel) = 482.4 1bs.

The total nodal wind load at node 16 = nodal wind load due to wind on the

monotube members + nodal wind load due to wind on the sign panel = 84 +

482.4 = 566.4 lbs.

-6



The wind loads for all the nodes are given in Table 4.1.

B.4. Output Data: Forces and Moments

Checking of computer analysis output along with the design requirements
indicate that the forces and moments at the midspan of the beam, at the connec-
tion between the column and the beam, and at the column base usually will
govern. The forces and moments at these locations for dead load, dead load plus
ice load, and dead load plus ice load plus wind load are given in Table B.2.
It is emphasized that as shown in Table B.2, the in-plane and out-of-plane
forces are independent of each other. That is, the in-plane forces due to
D+I+W loading are identical to the in-plane forces under D+I only. As a re-
sult, the forces due to D+I and W loads could be calculated separately and then

combined to obtain the total forces due to D+I+W loads.

B.5. Output Data: Deflections

From the computer output for deflections, the maximum deflections at the
midspan of the beam and at the top of the column are given in Table B.3. This
is the total out-of-plane deflection at the midspan of the beam. The net
deflection at midspan relative to the column top is approximately equal to

[QN at center of beam - éﬂ at column top] = (12.09 - 1.928) in. = 10.162 in.

B.6. Computation of Stresses

Two significant points were chosen for analysis of the stresses in the
structure. The first is node 16 (see Fig. 4.5), located at the midspan of the
beam, where the largest beam stresses were expected to occur. The second point
is either node 1 or node 31, located at the base of the column, where a combi-
nation of bending and axial stresses are likely to control the design of the
column. The bending stresses at these locations are computed as follows:

B.6.1. Stresses at midspan of beam

Cross-sectional area, A = 10.49 in

. A
Moment of inertia, I = 416.18 in .

27w
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Section modulus, S = 46.24 in3.

In-plane dead load moment, My = 35;,200 in-1bs. [see Table B.2].
Bending stress due to dead load = ?? = 7.7 ksi

In-plane moment due to dead + ice load, MDfE = 519,300 in.-1b. [see

Table B.2]. .
. . Mg
Bending stress due to dead load + ice load = S

= 11.23 ksi

Out-of-plane moment due to wind load, M = 607,000 in.-1b. [see Table
B.2]. Y
M
Bending stress due to wind 1oad,?¥ = 13.13 ksi

Resulting Moment due to dead load + ice load + wind load, MR:

MR = )/& 2 M 2 = 798825 in.-1b.

Bending stress due to dead load + ice load + wind load

M
0= 2= 17.28 ksi
The stresses for gil loading cases are shown in Table 8.4.

B.6.2. Stresses at column base

Cross-sectional area 8.7253 in2

Moment of inertia, T = 239.34 in4
Section Modulus, S = 31.912 in3

Moments, M 176,900 in.-1b. [see Table B.2].

D:
Bending stress due to dead load = 5.54 ksi

M = 258,900 in.-1lb. [see Table B.2].
D«X
Bending stress due to dead load + ice load = 8.1 ksi
Mw = 535,900 in.~1b. [see Table B.2].
Bending stress due to wind load = 16.8 ksi

Resultant Moment, M_ = 595,162 in.-1b.

R M

Bending stress due to dead load + ice load + wind load = 5 = 18.65 ksi

The axial stresses at the column base are computed as P/A, where P is the

total axial load. For the most severe case for the column axial load, which
occurs for dead + ice load, the axial stress equals 0.44 ksi at the column

base. In consequence, axial stresses are therefore not important.
=30



TABLE B.4.

Load Case

Maximum Static Bending Stresses (ksi)
by Computer Analysis
Midspan of Beam At Base of Column
7.7 5.54
11.23 8.1
13.13 16.8
17.28 18.65
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B.7. Simplified Analysis of a Monotube Structure

B.7.1. Sample structure

The base structure of the original study (see Fig. 4.1) will be used to
demonstrate the simplified analysis. This will facilitate a direct comparison

of the results with those of the detailed numerical analysis.

B.7.2. Analysis of the structure for in-plane bending due to gravity loads

/“ L=, ) = 181.3 in” VAR RO - 256 in"
; col. E beam
>/ | C
21!
A D
??""?7?’ P o
50v 507 N

Fig. B.l. Simplified Model for In-Plane Bending

]

(Iave) Average moment of inertia of the

b
eam tapered beam member, computed as
shown below.
(Iaye) col. - Average moment of inertia of the
: tapered column member, computed
as shown below.
_ 1 N .4
(Iave) beam 2 [Iat end Imidspan] = 256 in-.
]
(Tave) o1, = 7 [ at column bottom + I at column top] =

181.3 in,

-3



B.7.2.1 Dead loads
- O0) = 200 1bs
4///7f§\\ 4'x57 sign
(W) _ N T
/ D" am = 28.8 1bs/ft - V. S
/ i i ¥ f i ;li T H H
hdIE . 20N SN S 1 v ! A 4 ¥ N | z
B - i i g i
E
— (W) = 100 1bs '
Dy rxse sign %,%? 210"
A 26! D
T i7 A
’ 38! |
44" _
50" 50"
Fig. B.2. Dead Loads on the Simplified Model
Calculations of (WD) beam and (WD) signs:
Average cross-sectional area of the tapered beam = 8.46 in.2
i.e., (WD) beam = 28.8 lbs/ft.
Weight of 4' x 5' sign = 4 x 5 x 10 = 200 1bs.
Weight of 2' x 5' sign = 100 1bs.
B.7.2.2 Ice loads
/&@JI) = 120 Ibs
R 47%5T sign
o ’/ . .
W) = 3,83 lbs/ft T /
L peam c
{ L i i ! i 1 H H
T T A v ! IR
'
- (W) = 60 1bs 15 ,
oy e s 21
2'x5" sign 2
SECTN—
77’% 38' (O
bt Dbt =
b 44', o
507 SO'M,L, -
Fig. B.3. 1Ice Loads on the Simplified Model
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Calculations of Beam Ice Load:

Average outer diameter of the
in. = 14.6 in.

i.e., (WI) beam =
4 x

Ice load on 4'x 5' sign =

Ice load on 2' x 5' sign = 60

B.7.2.3 Determination of forces and moments

Moment and force coefficients have been

4th Ed.

3.83 lbs/ft.

tapered beam = % (11,11 + 18)
5x 2 x 3= 120 1lbs.
1bs.

taken from  ''Steel Designers'

Manual', , prepared for the Constructional Steel Research and

Development Organization of England and published by The English Language
However, other struc-

Book Society and Crosby Lockwood Staples, London.

tural design handbooks that give similar data are acceptable.

4

I; = 181.3 iné

// I, = 256 in 7
/
B .
% c
i
— I = 181.3 in4
- 1 . h = 21"
A
A !
STy ‘# — D
e L = 100"
Forces and moments for dead loads:
. (W) = 28.8 1bs/ft
S il beam
B E ¢ M. =M. = 10448.4 1bs.—f
AD] = DD] = O s.,—It.
MDDl-ﬁ M M 20897 lbs.-f
A M § = = s.~-ft.
AD,—=-" “TAD, I DD, BD, cD,
e Ny A M__ = 15103 lbs.~ft.
A v ED]
ADl DD]
vAD] = VDD] = 1440 1bs; HAD] =
Case 1 Hyp = 1493 1bs.

—-34—



(wD) 4'x 5' sign = 200 lbs.

(WD) = 200 1bs
L 4'x5" sign
B 50" |E 50" C
H /FMADz MDDZQ\ H
ADZN~W%>J% \DL < "D,
s N
v \Y
AD, DD,
Case 2
100 1bs
B 56" |E 44' C
| -W
M
. Af AD3 MDD3\ .
ADB‘”"‘”@‘”; '/ \]),fr s pte DD3
* ]/ S
v v
AD DD,
Case 3
200 1bs
B 62" f 380 ©
M M
A/ A_D4 5D42D
| k- DD
AD, | ¥ 4
v v
5
AD, DD,
Case 4
MDD4: 822.44 1bs. ft.

~35-

MAD = MDD = 1088.4 lbs.-ft.
2 2
MBD = MCD =-2177 lbs.-ft.
2 2
MED = 2823 1lbs.-ft.
2
H = H = 156 lbs.
AD2 DD2
MAD = 589.5 lbs.-ft.
3
MBD =-1027.5 lbs.~-ft.
3
MED = 1122.5 1lbs.~ft.
3
MDD = 483.2 1lbs.-ft.
3
MCD =-1134 1bs.-ft.
3
VAD =43 1bs.
3
VDD3 =57 lbs.
MAD = 1229 lbs.-ft.
4
\ = 72 1lbs.
AD4
H = H =  146.5 lbs.
AD4 DD4
MBD = -1847.5 1lbs.-ft.
4
MED = 1752.5 1lbs.-ft.
4L
VDD = 128 1bs.
4
= _7 -
MCD4 2254 1bs.-ft.



e
=
il

1169.6 lbs.-ft.

' AD
B A EML,26|C 5
M, . V = 45.4 1bs
r AD MDD5T AD,
B D Top
S| | 5 H =q = 119.7 1bs.
/ | AD DD
w1V ~ A 5 5
v v My = 134401 1bs.-ft.
AD DD 5
5 5
Case 5 MED5 = 926 lbs.-ft.
Moo= 505.7 lbs.-ft.
5
M, = -2008 lbs.-ft.
5
200 1bs
MAD6 = 876 lbs.-ft.
B ng C
. S VAD = 23.6 1bs.
6
/MAD6 MDDg\ .
A ! Hyp \ = 176.4 1bs.
| (PR
Wi L _ -
Hy, =Hy =79.3 lbs.
v v 6 6
AD DD,
6 M =-789.3 lbs.-ft.
BD
6
Case 6 M = 390.7 lbs.-ft.
ED
6
Moo = 234.3 lbs.-ft.
6
Mo, =-1431 lbs.-ft.
6
MAD = MAD + MAD + MAD + MAD + MAD + MAD =  10448.4 + 1088.4 +
] 2 3 4 5 6
589.5 + 1229 + 1169.6 + 876 = 15400.9 lbs.-ft. = 184811 in.-1b.
My = Mppo b Moo My My Moo+ Moo = -20897 - 2177 - 1027.5

] 2 3 4 5 6
- 1847.5 - 1344.1 - 789.3 =-28082.4 1lbs.-ft.= -336989 in.-1b.
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M = M + M + M + + M + M = ~20897 - 2177 - 1134
CDh CD] CDZ CD3 CD4 CD5 CD6
~ 2954 - 2008 - 1431 = -~ 29901 lbs.~ft. = 358812 in.~1b.
Mpp = Mpp T Mpp tMpp My My, o+ My, o= 10448.4 4 10884 ¢
] 2 3 4 5 6
822.44 + 505.7 + 234.3 = 13582.44 1bs.-ft. = 162989 in.-1b.
MED = MED + MED + MED + MED + MED + MED = 15103 + 2823 + 1122.5
1 2 3 4 5 6
+ 1752.5 + 926 + 390.7 = 22117.7 lbs.-ft. = 265413 in.-1b.
HAD = HAD + HAD + HAD + HAD + HAD + HAD = 1493 + 156 + 77 + 146.5
] 2 3 4 5 6
119.7 + 79.3 = 2072 1bs.
HDD = 2072 lbs.
Y = V + V + V + vV + Vv + V = 1440 + 100 + 43
AD AD] AD2 AD3 AD[1L AD5 AD6
+ 72 + 45.4 + 23.6 = 1724 1bs.
\% =V + V + V + V + V + V = 1440 + 100 + 57
DD DD] DD2 DD3 DD4 DD5 DD6
+ 128 + 154.6 + 176.4 = 2056 1bs.
Forces and moments for ice loads
~3.83 lbs/ft M =M = 1389.5 lbs.-ft.
; ; AT DI
'R I 1 1
B E C = = -
y M- MBI] MCI] 2779 1bs.-ft.
M !
/
N D M, = 2008.5 lbs.-ft.
Hy —— / L. T 1
' ~ ]/ LA ! v =V = 191.5 1lbs
AL DI ’ )
] 1
7 H = H = 198.5 1bs.
VAIl \D11 AL, DI,
Case 1
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B 50" |E 50" C
T
r Mag My, .
AT, L8y Dt gy
2 / i
. L7
N v
A12 D12
Case 2
60 1bs
B E C
. 56" 447
fMMAI3 MDljj
H A/ D - HD
s L 3 I I
AI3 - / HKA 5
y g \g{/4
VAI VDI
Case 3
120 1bs
B E C
62! 38"
H H
on 4 I, Dieer DI
AT, A MA]__4 " 4‘”\ -
o S A
v A
AI4 D14
Case 4

-38—

= MDI = 653 lbs.-ft.
2

= MCI =-1306 1lbs.-ft.
2

= 1694 1bs.-ft.

= HDI = 93,3 1bs.
2

= VDI = 60 1bs.
2

= 354 1bs.-ft.

= 26 lbs.

= 34 1bs.

= HDI3 = 46.2 1bs.

=-616 lbs.-ft.

684 1bs.-ft.

]

290 lbs.-ft.

=-680.2 lbs.-ft.

737.4 1bs.-ft.

43.2 lbs.

il

77 lbs.

1

H = 88 1bs.
DI4

=-1111 1bs.-ft.

1

1050 1bs.-ft.

494 1bs.-ft,

=-1354 lbs.-ft.



120 1bs

MAIS = 702 lbs.-ft.
B 241 E 96" C VAIS = 27.3 lbs.
M H \ = 92.7 1lbs.
— .. DI DI
AL, - A/“ AL, MDIS'\P - 5 5
w ]t N HAI5 = HDIS = 72 1lbs.
v v
Alg DIg M, =810 lbs.-ft.
5
Case 5 ; MEIS = 555 1bs.-ft.
MDIS = 303.4 lbs.-ft.
MCIS =-1209 1lbs.-ft.
120 1bs
& MAI6 = 526 lbs.~it.
B 851 E FQSV(; VAI6 = 14 1bs.
. : j
M V.. = 106 lbs.
H AIG&MWMMN@B b / AI 6 NLDI 6 &\ ‘«ﬁrwwmwﬂ AI6 DI 6
~_| L QA Hy, =Hy =47.6 lbs.
6 6
v A
Alg DIe M. =-474 1bs.-ft.
BI6
Case 6 MEI6 = 226.4 lbs.-ft.
MDI6 = 140.6 1bs.—ft.
MCI6 =-856 lbs.-ft.
MAI = MAI] + MAIZ + MA],_3 + MA14 + MAIS + MAI6 = 1389.5 + 653 + 354 +

737.4 + 702 + 526 = 4362 lbs.ft,
52344 in.-1b.

1t
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BI

CI

DI

EI

Al

DI

AT

DI

B.7.2.4

BI BI

-810 -474 =

It

M + M
CI] 012

-1209 -856

M + M
DI] D12

+ 303.4 + 14
M + M

EI] E12

+ 555 + 226.

H + H
AI] A12

+ 72 + 47.6

545.6 lbs.

+ 106 = 56

My My ¥ My BI

-7096 1lbs.-ft.
~-85152 in.-1b.

+ M + M + M + M
CI3 CI4 CI5 CI6

-8184.2 lbs.-ft.
= -98210 in.-1b.

+ M + M + M + M
DI3 DI4 DI5 DI6

0.6 = 39246 in.-1b.

+ M + M + M + M
EI3 EIa EI5 EI6

4 =
+ H + H + H + H

AI3 AI4 AI5 AI6

= 545.6 lbs.

In-Plane deflection due to gravity loads

The maximum vertical

loads 1is considered occurring at the midspan of the beam member.

6218 lbs. = 74616 in.-

-2779 ~1306 -616 -1111

-2779 -1306 -680.2 -1354

1389.5 + 653 + 290 + 494

2008.5 + 1694 + 684 + 1050

198.5 + 93.3 + 46.2 + 88

191.5 + 60 + 26 + 43.2

191.5 + 60 + 34 + 77 + 92.7

in-plane deflection due to dead loads and ice

To get an

estimate of the maximum beam deflection in a simple way, the beam has been con-

sidered simply supported in-plane between the two columns.

The computations of

the maximum deflections due to dead loads and ice loads based upon this simpli-

fied approach are presented as follows.

The same reference that has been used

for determination of forces and moments is also applicable here.
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Maximum deflection due to dead loads

7” 200 1bs
100 /
[ 28.8 1bs/ft /f 1bs /
DEEEEETE 1 vyt ovorog
¥ S A
; —T = ) : 1
E = 29x106 psi ‘ ave y eam k“L“”
, 26!
= 256 in “; T Note: Refer to Fig. B.2
e é@ e for Dead Loads.
| e 44!
| el - e
. 50" e 50'

Yig, B.4 ~ Dead Loads on the Simplified Model for Deflection.

_______ ﬂé;vi L 15 :%l (Amid—span)D] = 8.73 in.
| 100" ;
200 1bs
|
Case 2 ¥ (fmid-span) . = 0.97 in.
A | _ A D2
| 50", 50 |
= g
|
100 1bs
Case 3 1 (Amid-span)_. = 0.47 in.
.._A_ ' - D3
L‘ 56! 44" |
_.2b _L A%

—lp] -



200 1bs

Case 4 e % — (Amld—span)D4
é 627 %% 38'}%
200 1bs
§
i .
Case 5 u (Amid-span)
A i . D5
o260 |
200 1bs
Case 6 wwggmw .- (Amld—span)D6
L85t | 157
(Amld—span)D = (Amld—span)D] + (Amld—span)D2 +
(Amld—span)D4 + (Amld—span)D5 + (Am1d~span)D6

8.73 + 0.97 + 0.47 + 0.89 + 0.69 + 0.42

Maximum deflection due to ice loads

s 120 b
/ / ;S
r3.83 1bs/ft /| 1/
A . Note:
| 60 1bs ~ L15 4
| . 267
g 5
! 38! N
% TR T A
| 50° 50"

il

0.89 in.

0.69 in.

0.42 in.

il

(Amid—span)D3 +

12.17 in.

Refer to Fig. B.3
for Ice Loads.

Fig. B.5 - Ice Loads on the Simplified Model for Deflection.
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Case 1

Case 2

Case 3

Case 4

Case 5

i Lol 4; (Amidmspan)I]
N 1000
120 1bs
: L (Amld—span)12

60 1lbs
} . (Am1d~span)13
A =]
L56' | 44t
120 1bs
(Amld—span)Iq
| 62" | 38" |
i {
120 1bs
; (Amid-span)
I5
A .
Lo7e 26
) 2

43—

1.2 in.

0.58 in.

0.28 in.

0.54 1in.

0.42 in.



85" 515;;;

¥
1

Case 6 (Amid—span)16 = 0.25 in.

(A__mld—span)I = (Amld—span)l] + (Amld-span)lz + (Amlcl—span)I3 +

(Amld_Span>14 + (Amld—span)15 + (Amld—span)16
= 1.2 + 0.58 + 0.28 + 0.54 + 0.42 + 0.25 = 3.27 in.

B.7.3 Analysis of the structure for out-of-plane bending due to wind loads

. b
I = (1L ) = 256 in Pin connection
: ave
beam ~ for out-of-plane
ﬁé bending of beam
= (I__) (TYP)
ave
col
- 181.3 in” | wl.?ﬁ
50 N 50
i -

Fig. B.6 - Simplified Model for Out-of-Plane Bending.

B.7.3.1 Wind loads

Wind Loads on Columns

) :

column -
= 10.8 1bs/ft

(W

wind

-

-

Avg. diameter of column = 13.53 in.

(W . ) column = 10.8 lbs/ft.
wind

byl



0.00256 (1.3v)% ¢. c

P = a [Refer to Sec. 1.2.5 of
the Specifications (1)]
where:
P = Wind pressure in 1bs/ft2
V = Wind speed = 70 mph
Ch = 1.0 (assumed)
V.d = 79
50, C. = 0.4
qa - 45
_ 2
P = 9,54 lbs/ft
(W . ) columm = 10.8 lbs/ft
wind
Wind Load on Beam:
beam
f )
v A
\%ﬁmwmmmwam oot Avg. diameter of beam -~ 1/2
\( ) S11.6 1bs/t (11.11 + 18) in. = 14.56 in.
M wind” beam cToTTEhT
Again, wind pressure, P = ,00256 (].3V)2 Cd Ch
where:
Ch = 1.0
Cd = 0.45
V.d = 84.93
_ 2
P2 = 9,54 1lbs/ft
V. = 70 mph

(W . ) beam = 11.6 1lbs/ft
wind

—4 5=



Wind load on signs:

5' x 4' signs:

L/W = 5/4
Cd = 1.137
P =
Wind load on
5' x 2' signs:
L/W = 5/2
Cd = 1,137
P = 25.3
Wind load on

= 1.25

5

24,12 1bs./ft2

5' x 4'
= 2.5

5
1bs./ft2
5" x 2"

sign

sign

Refer to Table 1.2.5C of the Specifica-
tions (1).

482.4 1bs.

253 1bs.

B.7.3.2 Determination of forces and moments

=

482.4 1bs
253 1bs/.ﬂ/}7fﬁ7} o

. L e

e el

B |
.
e -
7 -
.///'/.

7
A5

26" ="

, (W‘“M-W /38 ' w;?/

/ﬁ%:wwwwwmwm 50" ,w"//

The beam is considered simply-supported at the column tops and the corres-

ponding forces and moments are determined as follows:

HBw = 1313.62 1bs.
HCw = 2029 1bs.

= / 1 -
MEW 614172 in.-1b.

—-/&6—-



s B jﬁu,c.wmw
Ho.= 1314 F_. .= 2029
1.
U cwW 1bsf////% -
AT e
10.8 Ibs/ft | » 10.8 1bs/fti = Column
7
égfzﬁg' i!

B.7.3.3 Calculations of deflections

AW

AW

DW

DW

= 1541 1bs.

= 359712 in.-1b.

= 2256 lbs.

= 539885 in.-1b.

The out-of-plane deflections of the beam shall be proportional to the in-

plane deflections as obtained before and shall be based ﬁpon the ratio of the

respective loads. Hence, the out-of-plane deflection due to the bending of the

beam only, are obtained as follows:

f<———— 100" B
“ f%}ﬁ’ A
SATAL AP A A
11.6 1bs/ft

Case 1
<4 ki (A
xéwmw50’~i;;?£gww50' wmw?/

482.4 1bs

Case 2 ~47-

mldwspan)WB

mid-span) W

i

3.52 in.
]

= 2.34 in.
B2 ]



(Ahid—span)WB = 1.19 in.
S 5 — 3
253 1bs
Case 3
pva 5
L 62 ‘7.4(_ 38"
482.4 Ihs
Case & (qnidwspan)wgy = 2.15 in.
4
s @&y
P am— -~7A£26'—7/
452.4 1bs.
Case 5 (“mid~span)w? = 1.67 in.
L.‘S
< g
/4_ 85' ——:;;f!}%}/
482.4 1bs
Case 6 (Amid—span) = 1.10 in.
— WB
6
(Amid—span)WB = Horizontal deflection at mid-span for wind load due

to beam-bending, only

= (Amld—span) WB, + (Amld—span)WB2 + ( mld—span)WB3 +

(Amid—span) + (Amid~span) + (Amid-span)
WB4 WBS WBG

3.52 + 2.34 + 1,19 + 2,15 + 1.67 + 1.01

i

= 11.88 in.

-l 8~



Deflections of column tops

ponecs :B P
/////ﬁy ABW = Horizontal deflection of the
1314 1bsz Pg left column top, due to wind
load.
211
= 1.42 1in.
10.8 1bs/ft
LA
P
” C P

Hi

Horizontal deflection of the

right column top, due to wind
load.

2029 1bs./ Ao

10.8 1bs/ft ]
= 2,15 1in.

Resultant deflection at mid-span of beam

///{”(Amid_span)w3=ll,88 in.
. —r— o —
(Amid-span>w T~ : -

_ beam LA = 2.15 in.
A= 1.42 in. L ¢ O

BW
/ \ g £ Col
501 \ 50' op o ol.
Top of
Column .

PLAN

(2,15 + 1.42) = 1.785 in.

(Amid~span)w (1.785 + 11.88) in. = 13.7 in.

~49-



B.7.4 Resultant Forces and Moments

The resultant forces and moments at the mid-span of the beam, at the beam-
to-column connection, and at the column base, are obtained by combining the
resultants that have been obtained in the preceding analyses for in-plane and
out-of-plane cases. The forces and moments at these locations for dead load,
dead load plus ice load, and dead load plus ice load plus wind load are given

in Table B.5.

B.7.5 Calculations of Stresses

Using maximum static forces and moments as given in Table B.5, the maxi-
mum static bending stresses at the mid-span of the beam and at the column base
are calculated as follows:

Stresses at mid-span of beam:

Cross—-sectional area = 10.49 in2

Moment of inertia = 416.18 in4

Section modulus = 46.24 in3

In-plane moment due to dead load = zg%%%% = 7.4 ksi

Bending stress due to dead load + ice load 2%%9%2 7.4 ksi
Bending stress due to wind load é%%%%%— 13.3 ksi

Resultant moment due to dead load + ice load + wind load

J(340029)% + (614172)°

]

702016 in.-1b.

]

Bending stress due to dead load + ice load + wind load

702016
46.24

15.2 ksi
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Stresses at column base:

Cross—sectional area = 8.7253 in2

Moment of inertia = 239.34 in4

Section modulus = 31.912 in3

Bending stress due to dead load = 184811 = 5,8 ksi
31.912

Bending stress due to dead load + ice load = %%Z%%%

Bending stress due to wind load %%gg%g = 16.92 ksi

Resultant moment due to dead load

Bending stress due

B.7.6 Comparison between Computer Analysis

+ ice load + wind load

Y (237155)°

589677 in.

+ (539885)2

i

-1b.

ice load + wind load

589677
31.912

to dead load +

18.5 ksi

using Finite Element Method

and Simplified Analysis

The following compares the results of the computer analysis and the

simplified analysis.

correlate from the view points of modeling, loads and method of analysis.

From the Tables B.4 and B.6 for maximum static bending stresses,

7.43 ksi

It is done to explain how the results of the analyses

it 1is

observed that at the midspan of the beam, the stresses for all load cases except

for the wind load, are lower by

the simplified analysis.

In the simplified

analysis, for in-plane bending due to gravity loads, the frame has been consid~-

ered fully rigid at the beam-to-
restraint to reduce the midspan moments of the beam.

computer analysis, where the beam-to-column connection has been modeled by

column connection.

This is unlike the

This induced additional

using a short rectangular element to provide some moment resistance for in-

plane bending and very small moment resistance for out-of-plane bending.

~59~
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TABLE B.6.

Load Case

Maximum Static Bending Stresses (ksi)
by Simplified Analysis

Midspan of Beam At Base of Column
5.74 5.8
7.4 7.43
13.3 16.92
15.2 18.5

-5 3w



the simplified analysis for out-~of-plane bending due to wind load, the beam-
to-column connection has been idealized as a pin, and it is found that the
bending stress at beam mid-span due to wind load by both the methods are nearly
the same.

The maximum bending stresses at the column base (see Tables B.4 and B.6)
by the two methods are about the same. This means that the modeling and the
type of analysis as adopted in the simplified analysis can be considered quite
adequate in obtaining the bending stresses at the base of the column.

No stresses have been calculated for the beam-to-column connection, as
these will depend on the actual connection details. However, the forces and
moments that have been obtained are compared as follows.

The magnitudes of the axial and shear forces as obtained from the two
methods are about the same. The magnitude of the in-plane moment by the simpli-
fied analysis is slightly higher than that of the computer analysis. 1In the
simplified analysis, the beam has been considered simply supported for out-
of-plane bending, and consequently no out-of-plane moment is developed at the
connection. In the computer analysis, on the other hand, consideration of the
short rectangular element has induced some out-of-plane moment.

In the simplified analysis, the maximum in-plane deflection of the beam
due to gravity loads is calculated on the basis of a simply supported beam
between the column tops. This gives an estimate of the maximum possible deflec-
tion in the beam member, while neglecting any restraint at the beam ends. The
out-of-plane deflections are nearly the same in the two methods. Details of the

simplified analysis deflections are given in Table B.7.
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APPENDIX C

Evaluation of d2/400 Requirement

for Sign Support Structures
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C.1 Origins of d2/400 Requirement

A survey of the available literature indicates that the origin of the
d2/400—requirement is documented insufficiently. In the Commentary to the
AASHTO Code (1) it is stated that models of frame-type overhead sign support
structures were tested in the wind tunnel, and a tentative criterion was
established for overcoming the resonant oscillation. However, it is not clear
whether these tests contributed at all towards the developmet of the d2/400
criteriomn.

The Commentary also points out that for most common structures, ''the
frequency of the structure is very nearly one over the square root of the
dead load deflection, in feet." It is not documented to what extent, if at
all, the above assumption contributed to the development of d2/400. A review
of the available literature indicates that this assumption is not gemnerally
correct for all categories of structures. In the case of the truss-type
structures investigated at North Carolina State University (16), for the
150-foot span the dead load deflection was 3.175 in. The term 1/ﬁJ§TI;§7I§
equals 1.94 cps, which compares favorably with the first mode frequency of
the structure, which is 2.094 cps. However, for the 82-foot span in the
same study, the first mode frequency derived from the dead load deflection of
0.965 in. (di.e., 1/“J6?§6§7Yi‘ = 3.53 cps), is approximately 85-percent
higher than the calculated first mode frequency of 1.913 cps.

Similarly, it was observed that this approximation always leads to
incorrect results when applied to the monotube structures. 1In Table C.1
the actual first mode frequencies for all models are compared with those
calculated using the 1/ﬁ/ggi—approach. It is shown that the application of
the l/ﬁ/zg;—rule will overestimate the exact first mode frequency by a factor

of 1.84 to 2.65 for the models considered.
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TABLE C.1. Comparison of the Calculated Frequencies
with AASHTO's Suggested Values

1

“br, ' b /12 fy (D) £/£ (2D)

Model (in) (cps) (cps) 1

BASE 4.556 1.623 0.783 2.07
COL I 4.258 1.679 0.810 2.07
COL II 4.380 1.655 0.799 2.07
BEAM I 4.655 1.606 0.874 1.84
BEAM II 4.585 1.618 0.834 1.94
SPAN I 0.857 3.742 1.603 2.33
SPAN II 7.936 1.230 0.660 1.86
SIGN T 7.685 1.250 0.471 2.65
SIGN II 6.223 1.389 0.527 2.63
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Yet another account of the origin of the d2/400 is given by Pelkey (17).

According to Pelkey, d2/400 is obtained by equating the frequency of vortex

shedding from a sign panel (not the structure itself), fv = SV/d, to the

fundamental frequency of a simple span beam of uniformly distributed mass

and stiffness, fo = (n/2) EIg/wSL4 . In the above expressions,

fv = vortex shedding frequency (cps)

S = Strouhal Number ( = 0.2 for most typical cases)

V = wind velocity (ft/sec)

d = depth of the sign (ft)

E = Modulus of Elasticity (psi)

I = Moment of Inertia (in4)

w = weight of the vibrating system (1b/in)

& = span length (in)

g = gravity acceleration - 386.4 in/sec2
Using A = 5w24/384EI for a simply supported and uniformly loaded

max

beam and a wind velocity of 80 mph (117.33 ft/sec), equating the two frequencies

one obtains,

f = f
v 0
sV _ T Elg
d 2 w24
Substituting EI/w!Z,4 = 5/384 Amax’ Eq. (1) becomes
svo_ mn 58
d 2 384 A
max
(0.2)(117.33) . m 5(386.4)
d 2 384 A
max
2 2
_ d . _d
or Mpax = %436 (W = 533 (FO)
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Although there is no solid evidence to this effect, it is believed
that the d2/400 was derived from calculations similar to those in the above

example.,

C.2 Discussion of the Requirement

If the d2/400 requirement has been developed using the simple assumption
that the first mode frequency of the structure is equal to lﬁjﬁxgzg, it has
been shown that this is of limited value under the best of circumstances.

In particular, the application of this rule to monotubes and bent-type
structures such as that used by Pelkey (17) will result in large errors.

On the other hand, if the d2/400 has been developed as stated by Pelkey
(17), a question arises with respect to the assumed wind Qelocity of 80 mph
at which resonance occurs. According to the U. S. Steel report (10), the
probability of having laminar flow conditions at 80 mph is slight. Instead,
this report recommends the use of a wind speed of 55 mph. However, the studies
at North Carolina State University (16) and at The University of Arizona both
indicate that resonance of structures may occur at wind velocities as low
as 17 mph. As discussed in detail in Chapter 5 of this report, for Reynolds'
numbers greater than 3 x 105 (which correspond to a wind speed of approxi-
mately 28 mph for the monotube structures), the vortex shedding forces will
be random in nature. Whether the extrapolation of the deterministic range
results into random regions corresponding to wind speeds of 55 mph or 80 mph
is valid or not is questionable. Although sign support structures may
experience vortex shedding at higher wind velocities (corresponding to the
random region), their exact behavior can be best understood under field

testing and measurement.
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C.3 Applicability to Monotube Structures

As discussed in the previous sections, due to lack of adequate documen-
tation, the origin of d2/400 is not clearly known. The large flexibility of
monotube structures makes it impossible to comply with the d2/400 requirement.
For the structures studied in this investigation, although the dead load
deflections were much larger than d2/400, the stresses were usually well
below the allowable levels. Therefore, the lack of compliance with the
d2/400 did not seem to cause any undesirable effect on the static behavior
of the structure.

As far as the wind-induced behavior of monotube structures is concerned,
for the specimens in this study, resonance occurred at extremely narrow
ranges of consfant wind velocities blowing over a period of approximately
30 seconds. This is a condition which may be very hard, if not impossible,
to reproduce in the field. In addition, for the analytical study, the effect
of damping of the structure was ignored. Based on the available information,
it is believed that at least at wind speeds in the deterministic range,
resonance of the monotubes is very unlikely to take place. Clearly, the
behavior of the structure under higher wind velocities and its damping
characteristics could only be determined after extensive field testing and

measurements have taken place.
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