Mill Building Frame Analysis:
Distribution of Lateral Loads

HOWARD K. VILAS

Inrecent years, few papers have covered the subject of mill
buildings. In one of the papers,' a programmable solution
for mill building columns was given using the equations
proposed in the Murray-Graham stepped column model. It
dealt with a truss-column system with knee braces or paral-
lel chord trusses where both chords were connected to the
columns, providing a partially fixed condition at the truss
column interface.

Not all mill buildings have knee-braced roof trusses be-
cause of the lack of clearances and other restrictions. This
paper is an analysis of such mill buildings. Also, it is an
attempt to relate the stiffness of trusses and columns in a
mill building with knee braces and to develop a method of
analyzing such frames. It deals only with the distribution of
horizontal loads acting along the transverse direction. The
horizontal loads, either external loads or those induced
from vertical loads, are carried by the frame or bent along a
transverse row (Fig. 1; for sect. A-A showing row 6, see
Fig. 3). The analysis, involving trusses and columns, is on
the basis of a plane frame, i.e., loads on a frame in arow are
carried by that frame only and not shared by adjacent rows.
This assumption is more valid for wind loads than for
localized crane wheel loads (localized compared to the
length of the building). However, in this paper it is assumed
bottom chord bracing, which makes it possible for adjacent
rows to share crane-induced loads, is either not present for
the entire length of the building or not effective enough.

TRUSS SYSTEMS WITHOUT KNEE BRACES

In this system, the column bases are considered fixed and
their tops pinned, with translation and rotation being
allowed. The truss bottom chord acts as a prop distributing
loads from loaded bay to adjacent ones in that row, depend-
ing upon flexural stiffness of the columns (in that row). The
elasticity of the props can be included in the calculations for
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a more refined analysis of load distribution. The condition
of compatibility imposed is the horizontal deflection of the
top of each column in that row at the prop level is the same.
The method is illustrated in the following example of a
two-bay mill building. In the calculations the elasticity of
the props is not included for simplicity. The equations are
set up as though prop forces are compressive and imposed
deflections at the top of each column are to the right of the
paper when they are positive.

Flexibility coefficients d; for each column, as a cantile-
ver, are required for analysis. The first subscript i is the
location on the column where horizontal deflection is being
calculated. The second subscript j represents load point
where either a unit load or a moment is considered, de-
pending on the actual loading, to obtain the deflection. For
example d;, is the deflection at location 1 due to a unit load
(or moment) acting at location 1 on that column and d, is
the deflection at location 1 due to a unit load (or moment)
acting at location 2. In this paper the flexibility coefficients
are calculated using the moment area method. Consider the
case of a propped cantilever with a load P in the middle of
span (Fig. 2). In order to find the prop reaction the column
is made statically determinate by removing the prop. The
cantilever deflection d; at the prop location 1 due to load P
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at2is P X dy, where dy, = 1 x (L/2) (L/2) (1/2) ((2/3)
(L/2) + (L/2))/EI = (5/48) (L3/EI). The reaction at the
prop (rigid) is such that the deflection d; is zero. The
opposing deflection due to R is R X d,; where dy; =
L*/(3EI). The deflection compatibility is R X dy; = P X
dy,. Therefore reaction R = (dy;/dy;) X P = (5/16)P. If
the prop is elastic because it is connected to another flexible
system, then the value of the reaction will be smaller com-
pared to the above. If the other flexible system to which the
above column is connected has its own loads then that
system would further influence the value of the prop reac-
tion. The analysis of prop forces that follows is similar to the
above except that all the columns in a given row are consid-
ered in the deflection compatibility calculations.
Referring to Figs. 3 and 4, the flexibility coefficients for
each column in the example are as follows (see Appendix A
for derivation; locations 1 through 10 are shown in Fig. 3):

For column X d;; = 1490.6 /EI ft/kip at 1 due to
unit load at 1

498.4 /EI ft/kip at 1 due to
unit load at 2

1800.55/E1 ft/kip at 4 due to
unit load at 4

dys = 1116.55/EI ft/kip at 4 due to
unit load at 5

dip

1

For column Y dy,

dss = 745.3 /EI ft/kip at 5 due to
unit load at 5
ds¢ = 249.2 /EI ft/kip at 5 due to
unit load at 6
ds = 326.8 /EI ft/kip at 4 due to
unit load at 6
ds; = 5.62/EI ft/kip-ft at 5 due to
unit moment at 7
dy; = 6.75/EI ft/kip-ft at 4 due to
unit moment at 7
L
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Figure 2

For column Z dgg = 2469.3 /EI ft/kip at 8 due to
unit load at 8
477.3 /EI ft/kip at 8 due to
unit load at 9

10.8 /EI ft/kip-ft at 8 due to

dgy =

d810

unit moment at 10

Let d, and d, be the deflections at the top of columns X
and Z respectively due to loads acting on each of them
calculated as a pure cantilever. Similarly let d,; and d,, be
the deflections in column Y at lower prop and upper prop
levels respectively due to loads acting on that column.
Equating the deflections at lower prop level in columns X

and Y,

d,—1490.6 P, =d,, + 745.3 P, — 1116.55 P,

Figure 4

or 22359 P, — 1116.55 P, = (d, — d,;;) (1)
Similarly at the upper prop level:
dy, +1116.55 Py — 1800.55 P, = d, + 2469.3 P,
or 1116.55 P, — 4269.85 P, = (d, — d,5) 2)
Equations 1 and 2 in matrix form:
22359  —1116.55 P |_|d—d,
1116.55 —4269.85 P, d,—d,
® ® ®
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Figure 3
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P, | 7433.86 | 1.0 —2.00251 (d.—dy) to a uniform load of 1.0 kip/ft for each column for the
loaded length are as follows (see Appendix A for

respectively assumed distributed equally to each end
I;ﬂ:l -1 [3-8241 -1 -0:| [(dx - dyl):l of the truss. The deflections at top of the columns due
3

Once the values and the directions of the prop forces are derivation):
found shear forces and bending moment values can be
determined in each column along its length. The following d, =12656.25/E1 ft
load cases are considered as examples. dy= 8724.38/El'ft
ds= 5585.6 /EI ft
1. Crane surge loads in bay Y-Z, 15 kip load acting 36 ft dg = 24420.15/EI ft
above column bases.
d, =0
d,; = —15x249.2 = —3738.0
d,, = —15x326.8 = —4902.0
d, = —15x477.3= -7159.5

(d, - d,1) = (0 — (—3738.0)) = 3738.0
(d, — d,p) = (—7159.5 — (—4902.0)) = —2257.2

Substituting the above in Eq. 3 we get P, = 2.227 kips
and P, = 1.111 Kkips.

The loading and the resulting moments on each col-
umn are shown in Fig. 5.

KFY)
2. Crane surge loads in bays X-Y and Y-Z, 10 kips and 15 1002%F" 4965 4833
kips respectively acting 36 ft above column bases.

d, =10 x 498.4 = 4984.0
dyy = (15 + 10) X 249.2 = 6230.0 :
dy, = (15 + 10) x 326.8 = 8170.0 0+108%

d, =15x 477.3 =7159.5 0.505"%

(d, — d,;) = (4984.0 — 6230.0) = —1246.0
X K K K

Figure 5

(d, - d,») = (7159.5 — 8170.0) = —1010.5

Substituting the above in Eq. 3 we get P, = —0.505
kips and P, = +0.105 kips.

The loading and resulting moments on each column
are shown in Fig. 6.

3. Moments in bay Y-Z of 450 ft-kips and 500 ft-kips on
columns Y and Z respectively due to crane vertical 3827 67"9“1”\ 5453

0 Figure 6

= +450 X 5.62 = 2529.0

= +450 X 6.75 = 3037.5

d, = —500 x 10.8 = —5400.0

(d, — dy1) = (0.0 — 2529.0) = —2529.0

(d, — d,) = (—5400.0 — (3037.5)) = —8437.5

Substituting the above in Eq. 3 we get P, = —0.166
kips and P, = +1.9327 Kkips.

1.933%

KFT
450 KFr L
Sa0 '/

The loading and resulting moments on each column
are shown in Fig. 7.

4. Wind loads on the frame as follows: on the windward

side, aload of 0.72 kip/ft on column X and on exposed kFr KFr
area of column Y, on the leeward side a load of 0.45 _ 15 kﬁ’/- [k 4ol
kip/ft on column Z, alateral wind load of 9.0 kips and 344

14.4 kips along the low and high truss bottom chords Figure 7
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The imposed deflections at the tops of columns are
given below.

d, =0.72 x 12656.26 + 4.5 x 1490.6 = 15820.21

dy; =0.72 X 5585.6 + 4.5 x 7453 + 7.2 X
1116.55 = 15414.64

dy,=0.72 x 872438 + 4.5 x 1116.55 + 7.2 X
1800.55 = 24269.99

d, =0.45 x 24420.15 + 7.2 x 2469.3 = 28768.03

(d, — d,;) = (15820.21 — 15414.64) = 405.57

(d, — d,5) = (28768.03 — 24269.99) = 4498.04

Substituting the above in Eq. 3, we get P, = —0.3964
kips and P, = —1.1571 Kips.

The loading and resulting moments on each column
are shown in Fig. 8.
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TRUSS SYSTEMS WITH KNEE BRACES

In Ref. 2, the authors report a test performed on an actual
mill column which was loaded by an eccentric vertical load
(due to crane loads). A structural model was proposed to fit
the measurements made on that column. The same model
was extended for the crane side thrust case. In addition to
the column bases being considered fixed the model assumes
a pin in the column at the mid height of knee brace with
sway considered prevented. For the case of wind loads a
different model was proposed with fixity assumed at the
bottom of the knee brace. Reference 2 details the steps
involved.

To compare the results given in the above reference with
the analyses used here in this paper, the column sizes,
lengths and loadings considered are the same as in that
reference (see Fig. 9 for details). The roof span, rise and its
members are assumed. The analysis is done in two steps.
First, a temporary lateral restraint is introduced at truss
eaves level preventing the frame from swaying. For a given
loading the knee brace loads and lateral restraint reactions
are calculated (initial distribution). Then the frame is re-
leased to sway. The knee-brace loads for this sway correc-
tion is determined. The addition of the two sets of values
gives the final results.

Initial Distribution

Referring to the propped cantilever example in Fig. 2,
consider location 3, on the column some distance from the
prop. The deflection at that location is given by the deflec-
tion due to P minus the deflection due to R, both calculated
on the basis of a cantilever, i.e.,d; = P X d3; — R X d5;.
Substituting Rwith P X dy,/dy1,d3 = P X d3y — P X dy; X
d31 /d11 = P(dll X d32 - d12 X d31)/d11. The imposed
deflections d,; and d,; in the column at the knee brace
location are calculated in a manner similar to d; above. If
the only lateral load on the column is a unit load at the
location 3, then the deflection at 3, ds3,,, is given by ds3, =
1 X dy3 = R X dyy = dyz — (diz X dyy/dyy) = dsz —
(ds¥dy;) = (dyy X dsz — dsy%)/dy;, which is the flexibility
coefficient based on a propped cantilever. The flexibility
coefficients dj,,, and d,g,, are calculated in a similar manner
as ds3, above. If there is a second support at the location 3
the reaction at that support is such that R; X d;, = dj, or
R; = d;/ds;,. Substituting from above, R; = P X (dy; X
dsp — dip X ds))/(dy; X daz — d3y?). Ifitis asettling support
at location 3, such as an elastic prop or a knee brace or
attachment to a flexible system, then the value of the reac-
tion R is influenced by the response of the settling support.
All the above deliberations are on the assumption that the
prop at the end of the column does not deflect (sway pre-
vented case). Now, the equations for the initial distribution
will be developed (Fig. 10).

Consider the imposed deflections due to loads on each of
the columns at the knee brace locations acting to the right.
For this condition the brace forces in members GC and HD
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will be compressive and tensile respectively. At point G
deflection d,; due to external loads is to the right and
restoring deflection due to P, Cos®, is equal to P;
Cos0, d,,,. The net deflection d, acting to the rightis dg; —
P; Cos0, dg,. Similarly net deflection dj, in column EF at H
acting to the rightis d,; — P, Cos0,d,,,. Corresponding net
deflection d, in truss bottom chord at Cis P, Sin0,d,. — P,
Sin6,d.;and dyat Dis P, Sin6,d;; — P, Sin6,d_,. All these
are shown in Fig. 10. Now relating the net deflections in
columns and beams through the knee brace axial elonga-
tion or shortening we have at knee brace GC

dg Cos®, —d,. Sinb, = P, dp,, or
Pl (Sin201 dcc + C08291 dggp + dbrcl) -
(P2 Sil‘l91 Sinezdcd) = dgl C0591 (4)

Similarly at knee brace HD

—P1 (Sln91 Sinezdcd) + Pz(sinzezddd + Coszezdhhp +
dpre2) = dpy Cosh, ®)

Grouping Egs. 4 and 5 in matrix form and solving,

- Pl — (Sinzeldcc + COSzeldggp + dbrcl)
P2 ( - SiDOISin ezdcd)

-1
( - Sln 91Sin ezdcd)
(Sin®0d 4q + Cos™0,dpp + dpres)

dg1COSﬁl

dh1C0592 (6)
A negative sign is assigned to the value of P, so that all
negative values of P are compressive and positive values are
tensile. The values of d,; and d,; are positive when they
produce deflections towards the right of each column. Hav-
ing obtained the knee brace loads the next step is to calcu-
late sway shear and sway correction.

For the example that is chosen the matrix coefficients are
determined as follows (Fig. 9):

0, = 0, = Tan™!(40/84) = 25.463°.
Cos6, = Cos0, = 0.9028 Sin6, = Sin6, = 0.4299

2
B (2 E 4+ H
Qs ¢]
H
d Sl 4‘9. 9} L
9
E
A
o Figure 10
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Table 1
L
K M
J N
B 3 = = ) ? F
1
|‘< LoaD PropUCING " ;J ]K LoAD ProDUCING
K, Forces — K2 Forces

MemeR |LENSTH AZ:A LA K::s :z K~ L ok
W N w! pPs
BJ |[e854]572 | 15.48 |-2.635 | 0527 | 10748 | 2150
JK -2635 | -0527 | 16148 | 21.50
KL -1054 |-0827 | 1720 | BGO
LM -0527 |-|054 | 430 | B.6o
MN -0527 |-2635 | 430 | 21.50
NF ' -0527 |-2435 | 430 21-50
BC |840!534[1573 |+25 | 405 | 9831 | 19.60
co +1o | +05 | 1573 | 787
oP +05 to5 3.93 393
P +05 | +0.5 3.93 | 3.93
QD +05 | +l-O 393 | 787
OF +0:'5 | +2.5 3.93 19¢6
Ko 560{2:8% 1944 | ~0.6 - 486 -
MQ |560 1944 | - -05 - —
CK {10096 3500 |+1.803 | — 11397 -
oL [879 4125 |+oT071 | — 2063 —
Le |Ig19 4125 | - Jror7| - | -
MD ||oo~% 3500 | - +.803| - —
- |51428|lee12

dec == K.IL/AE = SI428/ Whie
ded= 5K kal/ag = 1612/ Whip

BY SYMMETRY dec=ddd=514.28/ w/ip

Flexibility coefficients for the truss bottom chord at knee
brace locations in vertical direction from Table 1 are:

d.=dg=51428/Ein./kip  d.=166.12/E in./kip

Flexibility coefficients for each column, at locations indi-
cated, in the horizontal directions are:
(see Appendix B for derivations)

dyy =dy =5792.78/E in./kip
dyy =dy, =4167.51/E in./kip
dbg = dfh =4863.26/E ln./klp
dygy = dyy, = 84.6175/E in./kip
dyyer = durer = LIAE = 93.04/(5.34E) = 17.42/E in. /kip

Substituting the above values in Eq. 6
-1
-P [_| 181.431
P, —-30.699

~30.699 | | dyCose,
181.431- dh1COSO2

- 1 591 1.0 ngCOSGI
1041.558 1.0 5091 d;,1Cos0,
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Having solved for the knee-brace loads, the next step is to
calculate the lateral restraint reaction at the truss bottom
chord level which is then released to obtain the sway correc-
tion.

SWAY CORRECTION

In Fig. 11, let the sway of the frame be to the right. Two
equations are needed to solve for the knee brace loads, one
equation for the frame base shears added to equal the
external sway load H, and another for the deflection at the
top of each column to be equal. For the direction of the
sway the knee brace load is tensile in GC and compressive
in HD. Consider the deflected shape of the frame as shown
in Fig. 11. For column AB the net horizontal offset between
points G and B, d,, is given by the quantity deflection at B
minus the deflection at G.

dg = (P1C0591dgb — Hldbb) - (PICOSeldgg — Hldgb) (7)

d, can also be written in terms of the deflection that the
brace suffers at its ends, i.e.,

dgCOSel - dCSinel = Pldbrcl
where d. = P,Sin®,d,.. — P,Sin6,d.,.

Substituting the values of d. and d, in Eq. 7 and rear-
ranging:
Pl{(dgb - dgg) C08201 - dccSinzel -
dbrcl} + stinf)lSinezdcd

H, = 8
! (dbb - dgb) COSOl ( )

Base shear for column AB then is P,Cos8; — H; (9)

Deflection at the top of column is

PICOSﬂldgb - Hldbb (10)

Similarly for column EF

PZ{(dhf - dhh) C08202 - dddSin292 -
H2 _ dbrc2} + PISinﬂlsineded (11)
(dff - dhf) COSGZ

Figure 11

Base shear for column EF then is P,Cos6, — H, (12)

Deflection at the top of column is (13)
P2C0S92dhf - H2dff

For the mill building frame in the example,

dyy, = 5792.78/E dg, = 4863.26/E d,, = 4167.51/E
dee=514.28/E  d.g=166.12/E dy, — dg, = 929.52/E

Substituting these values in the equations, we get for col-
umn AB:

H, = 454.647P; + 30.699P, _ 0.54176P, + 0.03658P,

839.208

Base shear = 0.36108P; — 0.03658P,
Deflection = 1252.449P; — 211.8999P,

For column EF (the values are the same as those for column
AB):

H, = 0.03658P, + 0.54176P,,

Base shear = —0.03658P; + 0.36108P, and
Deflection = —211.8999P; + 1252.449P,

Adding the base shears for both columns H = 0.3245P, +
0.3245P,. The columns are of the same stiffness P, = P,.
Therefore, H = 0.649P; = 0.649P, or P, = P, = 1.5408H.
If the columns were not of the same stiffness then two
equations have to be solved for P; and P,.

Examples

a. Eccentric moment of 2882 in.-kips on each column as
shown in Fig. 12.

Sway prevented case:

If top of crane leg is identified as J on the column AB
then due to unit moment at J,

dy; = 11.21/E in./in.-kip moment

dg; = 9.95/E in./in.-kip moment

o.seex 0"566‘<
- — — — — ——
59¢5 5.969
2682 INK ™~ Pe 28682 INK.
777 7

Figure 12
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Net deflection d,; at G due to a moment of 2882
in.-kips at J is

Edgl = 2882(dbb X dgj - dgb X dbj)/dbb
=2882(5792.78 X 9.95 — 4863.26 X
11.21)/5792.78
dy = 1552.8/E in.

Similarly d;; = —1552.8/E in.

-P |___ 1 591 1.00
P, | 1041558 | 1.00 5.91
+1552.8 X 0.9028
—1552.8 x 0.9028

P, = —6.61 kips (compression), P, = —6.61 kips
(compression). Sway shear is zero because equal
eccentric moment in each column of the same size
induces loads in the truss bottom chord which are
equal in value and opposing to each other.

The values of knee-brace loads shown are the final
ones. The prop reaction at roof level is equal to (2882
x 11.21 — 5.9675 x 4863.26)/5792.78 = 0.5672 kips.

H,; = 0.5672 kips and H, = 0.5672 kips
The moments along both columns are as given below:

at the knee brace point 22.6 in.-Kips;

at the surge girder level 715.34 in.-kips;

at the top of crane leg 950.59/—1931.41 in.-kips;
at the base of column 342.77 in.-kips.

The above results will be different if vertical load due
to the crane is not the same on each of the columns,
which is very possible.

. Crane side thrust load of 16.9 kips on each column as
shown in Fig. 13 (point K on column AB).

Sway prevented case:

Due to unit load at K the flexibility coefficients are
(see Appendix B):

14355 1a35%

K
»169 169%

”L‘ bt lid

Figure 13
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dp; = 2753.98/E in./kip

dgi = 2470.3 /E in./kip

Net deflection at knee brace points is
Edgl = 16.9(dbb X dgk - dbk X dgb)/dbb
=16.9(5792.78 x 2470.3 — 2753.98 x

4863.26)/5792.78
dgy = 2674.208/E in.

Similarly, dj; = 2674.208 in.

-P|__ 1 591 1.00
P, | 1041.558 | 1.00 5.91
2674.208 x 0.90284
2674.208 x 0.90284

P = - 16.018 kips (compressive), P, = +16.018 kips
(tensile). The prop reaction at roof level for both
columns is:

H, =H,=(16.9 x 2753.98 — 16.018 x 0.90284 x
4863.26)/5792.78 = —4.105 kips.

Therefore, sway shear = 2(16.018 x 0.90284 —
4.105) = 20.71 kips acting to the right.

Sway correction case:

The sway shear is 20.71 kips.

P, = 1.5408 x 20.71 = 31.91 kips (tensile),
P, =31.91 kips (compressive).

H, =0.57834P, = 18.455 kips and H, = 18.455 kips

Final results:

The net knee-brace loads are,

P, =31.91 — 16.02 = 15.89 kips (tensile),

P, = —31.92 + 16.02 = —15.89 kips (compressive)
H, =18.455 — 4.105 = 14.35 kips

H, = 14.35 kips

The moments along both columns are as given below:
at the knee-brace point 574.0 in.-kips;
at the surge girder level 574.0 in.-kips;
at the top of crane leg —34.4 in.-kips;
at the base of column —5915.6 in.-kips.

. Roof wind of 10.0 kips at truss eaves level as shown in

Fig. 14.
This is a direct sway shear case for 10.0 kips.

P, = 1.5408 x 10.0 = 15.408 kips (tensile),
P, = 15.408 kips (compressive).
H, =0.57834 P, = 8.911 kips and H, = 8.911 kips.

The final moments along both columns are,

at the knee-brace point 356.44 in.-kips;

at the surge girder level —173.56 in.-kips;

at the top of crane column —353.55 in.-kips;
at the base of column —2093.54 in.-kips.
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Side wind load of 0.5 kip/ft up to the eaves level only
on the windward column as shown in Fig. 15.

Sway prevented case:

In this case instead of using flexibility coefficients
actual deflections are calculated. Due to 0.5 kip per ft
of load on column AB, the deflection at the top of
column as a cantilever is

dy = 40897.1/E in. at B
d; =36073.047/E in. at G

Prop reaction at truss = d,/dy,
= 40897.1/5792.78
= 7.06 kips

The net deflection in the windward column, on the
basis of propped cantilever, at the knee-brace point is
dgy = d3 — R X dg, = 36073.047 — 7.06 x 4863.26
= 1738.431/E in. The deflection d;,; = 0.0

-P|___ 1  |591 1.00
P, | 1041.558 | 1.00 5.91

1738.431 x 0.90284
0.0

P, = —8.906 kips (compressive),

P, = 1.507 kips (tensile).

The reaction at the roof prop level is

H,; = (40897.1 — 8.9058 x 0.9028 x 4863.26)/5792.78
= 0.3097 kips

H, =1.5069 x 0.9028 x 4863.26/5792.78
= 1.1422 kips.

The total load on the windward column is 22.0833
kips.

The base shear for the windward column is =
22.0833 — 0.3097 — 0.9028 x 8.9058 = 13.733
kips.

T

hr

Figure 14

The base shear for the leeward column is =
1.1422 — 0.9028 x 1.507 = —0.2183 kips.

Sway shear =
22.0833 — 13.7333 + 0.2183 = 8.5683 kips.

Sway correction case:

P, =1.5408 x 8.5683 = 13.202 kips (tensile), and
P, = —13.202 kips (compressive).

The reaction at the roof prop level is
H, = 0.57834P, = 7.6354 kips and H, = 7.6354 kips.
Final results:

The net knee-brace loads are:

P, = —8.906 + 13.202 = 4.296 kips (tensile), and
P, =1.507 — 13.202 = —11.695 kips (compressive).
H, =0.3097 + 7.6354 = 7.9451 kips, and

H, =7.6354 — 1.1422 = 6.4932 kips.

The final moments along the windward column are:

at the knee-brace point 284.47 in.-kips;

at the surge girder level 304.72 in.-kips;

at the top of crane leg 205.09 in.-kips;

at the base of the column —3541.94 in.-kips.

The final moments along the leeward column are:

at the knee-brace point 259.73 in.-kips;

at the surge girder level —171.25 in.-kips;

at the top of crane column —317.63 in.-kips;
at the base of the column —1732.56 in.-kips.

Discussion

The results in this paper were checked by a computer
program. These values, together with those obtained with a
Murray-Graham model, are shown in Table 2 for compari-
son. It can be seen the governing design moments calcu-
lated here are within 1 to 7% of the computer analyzed
values.
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2IRDER
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RAE e l-1B17 [-1931 |-1942 1848 [ -34 | 8® |-12 [-354 [-33]
BASE |+280 |+343 [+29) |-19I10 |-591C |-58%90 | -|812 |-2094 |-2071
H P\ — el |+63 | — |+159 [+166]| - [+1584 |+i60
55 (P2 = [[e@{-63| — |-159 |-166| - |-154 |-160
Loap Case] SIDE WIND  LoaD
WINDWARD ColumN [LEEWARD columN
ResulTs 2&‘5523‘ THIS  [ComMputee|MureAY-| THIS  [computee
| Moel | PAPER |Anaysis | S2ARM) PaPER [AuALysss]
~ |KNEE
< | Beace +65 [+284 |+202 |+573 |+260 |+268
2 [Sueae
S laieoee 1307 [+305 |+314 [+97 [-1T1 [-155
r4
= CT:AZ:‘[& +283 |+205 [+212 |-65 |-318 |-299
W
§ BASE |-27135 |-3542 |-3563|-162] |-1733 |-1686
KNEE —_ +4-3 |+4.
Eeace |1 4 42
LoaDs | R — |-n7 | -n8

In the case of moment on the column at the top of its
crane leg, Murray-Graham model considers translation of
the column prevented at the mid height of knee brace. In
the example here both columns are subjected to moment of
equal value. Due to equal stiffness columns, the sway shear
and therefore the translation at the top of columns is zero.
To that extent both methods should give the same results.
From Table 2 it can be seen this paper predicts a larger
moment in the bottom portion while the Murray-Graham
model predicts a larger moment in the upper portion of the
column. The difference between the two sets of values can
be attributed to the following: The methodology in this
paper considers both rotational restraint offered by the
truss and actual column geometry in the analysis, while the
Murray-Graham model considers only a lateral restraint
closer to the load point.

In the case of crane surge loads, the Murray-Graham
model considers the truss bottom chord bracing provides
lateral restraint to the column at mid height of knee brace
which cannot be fully realized. Total restraint load in that
example is 2 X 8.99 or 17.98 kips. The sharing of this load
by adjacent rows of columns would reduce the translation
but not prevent it totally. In the example studied in this
paper the restraint reaction, before sway correction, is
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Table 3

coMPARISON OF ResulTs Fer ToTal wmwo LoaD
8334 ROOF SHEAR + SIDE WIND For Full HEIGHT.

(kNEE Bpace LOADS IN KIPS, MOMENT IN  IN-KIPS)
WINDWARD ColumN | LEEWARD columN
S (5 LA oo P
5 Knee  [+703 psBl 4619 l4i2m | +557 |+s85
—é sau.‘ze%:z +415 | 4160 | 4188 |+205 | -316 |-28!
;:: I:Aﬁ:fgq +211 | =90 |-e4 —l%'l- -6\3 |-575
g BASE  |-4547 [-528] |-5289|-3438 | -3478 |-3412
e Te [ - [om [vi82
LoaDs | Py - -24-5 [-25.

20.71 kips. This initial distribution then would give one
bounding value if indeed the roof bracing restrains the
columns laterally. The final results after sway correction
would then give another bounding value if roof bracing is
considered ineffective in providing lateral restraint (Table 2
shows only values after sway correction). Therefore, even
with an effective roof bracing, the resulting values would be
somewhere between the two bounding values. The above
reasoning will also apply to the case of unequal moments
applied at top of crane legs in a given row of columns (or
equal moments on columns of different stiffnesses) to pro-
duce translation.

In the case of wind loads, each row is designed to carry
the full value of loads tributary to that row. Transferring of
loads to adjacent rows is dene in specific instances where
the column in question is either stopped at an intermediate
level or is not sufficiently strong to carry them. The Murray-
Graham model considers the column fixed at the bottom of
knee brace on the basis of a truss with infinite stiffness, at
the same time allowing translation. In actuality it is flexible
to the extent the truss and knee braces allow it to rotate. In
this paper truss member sizes are generously assumed to
reflect a stiff truss system that is reasonable. Both roof
shear and side wind cases may be grouped together to
obtain a realistic comparison of values. From Ref. 2, the
total wind load on the frame is 10 kips of roof shear plus side
wind load up to the bottom of knee brace of 20.417 kips,
i.e., 30.417 kips. To avoid any duplication of side load over
top 40 in., equivalent roof shear is 30.417 minus side wind
load of 22.083 for the full height, i.e., 8.334 kips. Table 3
shows the comparison for the total wind on the frame. By
referring to Tables 2 and 3 it is evident the Murray-Graham
model underestimates column moments in the lower
lengths and on foundations by overestimating the stiffness
of the truss system.

In conclusion, the truss members and their connections
should be designed for additional loads from the prop
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action and/or knee-brace loads as applicable. For any d,, = Deflection of column EF at & due to external
changes in the area or the moment of inertia of the mem- loading on it on the basis of a propped can-
bers the procedure is repeated, iteratively, until acceptable tilever

solutions are obtained. Directions of reactions H; and H,

should be properly taken to obtain correct results. dpre1 = Shortening of brace GC due to a unit load along

For multiple bay buildings with knee braces, equations GC
can be developed relating column flexibilities, truss and dp,.» = Shortening of brace HD due to a unit load along
knee-brace stiffness in a manner similar to that described HD
here. H, = Reaction on column AB at truss bottom chord
ACKNOWLEDGMENT level
The author wishes to acknowledge contributions from S. H, = Reaction on column EF at truss bottom chord
Shankar who provided results of computer analysis for level
examples of mill buildings with knee braces. H _ Sway shear on the frame
NOMENCLATURE
Truss systems without knee braces: REFERENCES
Py, P, = Truss bottom chord prop loads, kips. 1. Moore, W. E., Jr. A Programmable Solution for
d; = Deflection at i due to a unit load (moment) at j Stepped Crane Columns AISC Engineering Journal,
) 2nd Qtr., 1986, Chicago, Ill. (pp. 55-58).
Truss systems with knee braces: 2. Murray, J. J. and T. C. Graham The Design of Mill
Py, P, = Brace loads for knee braces GC and HD, kips Buildings AISC National Engineering Conference

Proceedings, 1959.
0,,0, = Angles of knee braces 1 and 2 to the horizontal

d.. = Deflection of roof truss at ¢ due to a unit load at
¢, truss spanning from column to column APPENDIX A

Flexibility coefficients and deflections for the example

under ‘“Truss systems without knee braces,” calculated as a

cantilever (Figs. 16 and 17).

d.; = Deflection of roof truss at ¢ due to a unit load at Flexibility coefficients:

d, truss spanning from column to column

d,; = Deflection of roof truss at d due to a unit load at
d, truss spanning from column to column

For column X:

dgy, = Deflection of column AB at g due to a unit load Eld.- d . _
: . 11 due to unit load at 1 = (15 x 15 x 10/2) +
at g on the basis of a propped cantilever (15 x 30 x 30/80) +
dg, = Deflection of column AB at g due to a unit load (30 x 30 x 35/(2 x 80))
at g on the basis of a cantilever di, = 1490.6/EI ft/kip
d,, = Deflection of column AB at g due to a unit load Eldy, due to unit load at 2 = (6 X 6 X 13/2) + (6 X
at b on the basis of a cantilever 30 x 30/80) + (30 x
30 x 35/(2 x 80))
dp, = Deflection of column AB at b due to a unit load dy> = 498.4/EI ft/kip
at b on the basis of a cantilever
For column Y:
dppp = Deflection of column EF at # due to a unit load .
at h on the basis of a propped cantilever Eld,, due to unit load at 4 = (21 x 21 x 14/(2 x 2)) +
(21 x 30 x 36/160) +
dn, = Deflection of column EF at & due to a unit load (30 x 30 x 41/(2 x 160))
at h on the basis of a cantilever dys = 1800.55/EI ft/kip
dy; = Deflection of column EF at 4 due to a unit load Eld,s due to unit load at 5 = (15 x 15 X 16/(2 x 2)) +
at f on the basis of a cantilever (15 x 30 x 36/160) +
) ) (30 x 30 x 41/(2 x 160))
dy = Deflection of cglumn EF at f due to a unit load dys = 1116.5/EI ft/kip
at f on the basis of a cantilever Eldss due to unit load at 5 = (15 x 15 x 10/(2 x 2)) +
dgy = Deflection of column AB at g due to external (15 x 30 x 30/160) +
loading on it on the basis of a propped can- (30 x 30 x 35/(2 x 160))
tilever dss = 745.3/EI ft/kip

110 ENGINEERING JOURNAL / AMERICAN INSTITUTE OF STEEL CONSTRUCTION



Eldsg due to unit load at 6 = (6 X 6 x 13/(2 X 2)) +
(6 x 30 x 30/160) +
(30 x 30 x 35/(2 x 160))
ds¢ = 249.2/EI ft/kip
Eld, due to unit load at 6 = (6 X 6 X 19/(2 X 2)) +
(6 x 30 x 36/160) +
(30 x 30 x 41/(2 x 160))
d,e = 326.8/EI ft/kip
Elds; due to unit moment at 7 = (30 x 30/160)
ds; = 5.62/EI ft/kip-ft of moment
Eld,; due to unit moment at 7 = (30 X 30/160)
d4; = 6.75/EI ft/kip-ft of moment

For column Z:

Eldgg due to unit load at 8 = (21 x 21 X 14/(2 x
1.5)) + (21 x 30 x
36/100) + (30 x 30 x
41/(2 x 100))
dgg = 2469.3/EI ft/kip
Eldgg due to unit load at 9 = (6 X 6 X 19/(2 x 1.5)) +
(6 x 30 x 36/100) +
(30 x 30 x 41/(2 x 100))
dgo = 447.3/EI ft/kip
Eldg,, due to unit moment at 10 = (30 x 36/100)
dgio = 10.8/EI ft/kip-ft of moment

Deflection in columns due to side wind load of 1 kip/ft:

At 1 Eld, = (112.5 x 15 x 3 x 15/(3 x 4)) +
(112.5 x 30 x 30/80) + (450 x 30 x
35/(2 x 80)) + (450 x 30 x 37.5/(3 x
80))
d, = 12656.25/EI ft/(1 kip/ft) of loaded length
At4 Eld, = (18 X 6 X 3 X 6/(3 X 4 x 2)) + (18 x
15 x 13.5/2) + (90 x 15 x 16/(2 x 2)) +
(108 x 30 x 36/160) + (180 x 30 X
41/(2 x 160))
d, = 8724.38/EI ft/(1 kip/ft) of loaded length
At 5 Elds = (18 x 15 x 7.5/2) + (90 x 15 x 10/(2 x
2)) + (108 x 30 x 30/160) + (180 x
30 x 35/(2 x 160))
= 5585.6/EI ft/(1 kip/ft) of loaded length
At 8 Eldg = (220.5 x 21 x 3 x 21/(3 X 4 x 1.5)) +
(220.5 x 30 x 36/100) + (630 x 30 x
41/(2 x 100)) + (450 x 30 x 43.5/(3 x
100))
dg = 24420.15/EI ft/(1 kip/ft) of loaded length

I
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APPENDIX B

Flexibility coefficients and deflections for the example
under ‘“Truss systems with knee braces,” calculated as a
cantilever (Figs. 16 and 18);

Flexibility coefficients:

THIRD QUARTER / 1987

Ed,, = Edy= (182 x 182 x 121.33/(2 x 1355.1)) +
(182 x 348 x 356/11048.2) +
(348 x 348 x 414/(2 x 11048.2))
dyy= dg=5792.78/E in./kip

Edg = Edyy, = (142 X 142 X 94.67/(2 x 1355.1)) +
(142 x 348 x 316/11048.2) +
(348 x 348 x 374/(2 x 11048.2))
dge = dyy = 4167.51/E in./kip
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Edyg = Edg, = (142 x 142 x 134.67/(2 x 1355.1)) +
(142 x 348 x 356/11048.2) +
(348 x 348 x 414/(2 X 11048.2))
dpg = dg = 4863.26/E in./kip
dggp = (dbb X dgg - dbgz)/dbb = (5792.78 X 4167.51 —
4863.26%)/5792.78E = 84.6175/E in./kip

Similarly d,,, = 84.6175/E in./Kip

If the top of crane leg is identified as J on column AB, then
horizontal cantilever deflections due to unit moment at J
are,

dp; = (1 X 348 X 356/11048.2E) = 11.21/E in./kip-in. of
moment

dgi = (1 x 348 X 316/11048.2E) = 9.95/E in./kip-in. of
moment

If the location of crane side thrust is identified as K on
column AB, then horizontal cantilever deflections due to
unit load at K are,

Ed,, = (36 x 36 X 170/(2 X 1355.1)) + (36 x 348 X
356/11048.2) + (348 X 348 X 414/(2 X
11048.2))

dpi = 2753.98/E in./kip

Edg = (36 X 36 x 130/(2 x 1355.1)) + (36 X 348 x
316/11048.2) + (348 X 348 X 374/(2 x
11048.2))

dg = 2470.3/E in./kip

8

Horizontal cantilever deflections of column AB due to side
wind load are:

At B Ed; = (690.08 x 182 x 136.5/(3 x 1355.1)) +
(690.08 x 348 x 356/11048.2) + (2639 x
348 X 414/(2 x 11048.2)) + (2523 X 348 x
443/(3 x 11048.2))
d; = 40897.1/E in.

112

At G Ed; = (33.33 x 142 x 71/1355.1) + (236.67 X
142 x 94.67/(2 x 1355.1)) + (420.08 x
142 x 3 x 142/(3 x 4 x 1355.1)) +
(690.08 x 348 x 316/11048.2) + (2639 x
348 x 374/(2 x 11048.2)) + (2523 x 348 x
403/(3 x 11048.2))
ds = 36073.047/E in.
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