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Introduction: Support Structures

There are various methods that are used in the support 
structures of pressure vessels, as outlined below.

• Skirt Supports
1. Cylindrical
2. Conical
3. Pedestal
4. Shear ring

• Leg Supports
1. Braced

a. Cross braced (pinned and unpinned)
b. Sway braced

2. Unbraced
3. Stub columns

• Saddle Supports
• Lug Supports
• Ring Supports
• Combination Supports

1. Lugs and legs
2. Rings and legs
3. Skirt and legs
4. Skirt and ring girder

Skirt Supports

One of the most common methods of supporting 
vertical pressure vessels is by means of a rolled 
cylindrical or conical shell called a skirt. The skirt can 
be either lap-, fillet-, or butt-welded directly to the 
vessel. This method of support is attractive from the 
designer’s standpoint because it minimizes the local 
stresses at the point of attachment, and the direct load is 
uniformly distributed over the entire circumference. 
The use of conical skirts is more expensive from 
a fabrication standpoint, and unnecessary for most 
design situations.

The critical line in the skirt support is the weld 
attaching the vessel to the skirt. This weld, in addition 
to transmitting the overall weight and overturning 
moments, must also resist the thermal and bending 
stresses due to the temperature drop in the skirt. The 
thinner the skirt, the better it is able to adjust to 
temperature variations. A "hot box” design is used for 
elevated temperatures to minimize discontinuity stresses 
at the juncture by maintaining a uniform temperature in 

the region. In addition, skirts for elevated temperature 
design will normally be insulated inside and outside for 
several feet below the point of attachment.

There are various methods of making the attachment 
weld of the skirt to the shell. The preferred method is 
the one in which the center line of the shell and skirt 
coincide. This method will minimize stresses at the 
juncture. Probably the most common method, 
however, is to make the OD of the skirt match the OD 
of the shell. Other methods of attachment include lap­
welding, pedestal type, or a shear ring arrangement. 
The joint efficiency of the attachment weld also varies 
by the method of attachment and is usually the gov­
erning factor in determining the skirt thickness. This 
weld may be subject to cracking in severe cyclic 
service.

Because the skirt is an attachment to the pressure 
vessel, the selection of material is not governed by the 
ASME Code. Any material selected, however, should be 
compatible with the vessel material in terms of weld­
ability. Strength for design is also not specified for support 
material by the ASME Code. Usually, in the absence of 
any other standard, the rules of the AISC Steel 
Construction Manual will be utilized. Nonmandatory 
Appendix G in the ASME Code, Section VIII, Division 1 
contains general guidelines on skirt supports (and other 
types of supports). Additionally, Part 4 in the ASME 
Code, Section VIII, Division 2 contains rules regarding 
applied forces, localized stresses, and thermal gradients 
for skirt supports for vessels designed to Division 2, but 
may be used for good practice of skirt supports for vessels 
designed to Division 1. For elevated temperature design of 
a vessel with a support skirt made of different materials, 
the upper portion of the skirt should be the same material 
of the shell, however, the upper portion should also extend 
below the hotbox. A thermal analysis should be performed 
to determine the temperature gradient along the length of 
the skirt and the location where another material may be 
used for the skirt support.

The most common governing conditions for deter­
mining the thickness of the skirt are as follows:

1. Weight + overturning moment
2. Imposed loads from anchor chairs
3. Vessel erection
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Leg Supports

A wide variety of vessels, bins, tanks, and hoppers may 
be supported on legs. The designs can vary from small 
vessels supported on 3 or 4 legs, to very large vessels and 
spheres up to 80 feet in diameter, supported on 16 or 20 
legs. Sometimes the legs are also called columns or posts.

Almost any number of legs can be used, but the most 
common variations are 3, 4, 6, 8, 12, 16, or 20. Legs 
should be equally spaced around the circumference.

Leg supports may be braced or unbraced. Braced legs 
are those which are reinforced with either cross-bracing or 
sway-bracing. Sway braces are the diagonal members 
which transfer the horizontal loads, but unlike cross 
braces, they operate in tension only. The diagonal 
members in a sway-braced system are called tie rods, 
which transfer the load to each adjacent panel. Turn­
buckles may be used for adjustments of the tie rods.

Cross braces, on the other hand, are tension and 
compression members. Cross braces can be pinned at the 
center or unpinned, and transfer their loads to the legs via 
wing plates or can be welded directly to the legs.

Bracing is used to reduce the number or size of legs 
required by eliminating bending in the legs. The bracing 
will take the horizontal loads, thus reducing the size of 
the legs to those determined by compression or buckling. 
The additional fabrication costs of bracing may not 
warrant the savings in the size of the legs, however. 
Bracing may also cause some additional difficulties with 
the routing of any piping connected to nozzles on the 
bottom of the vessel.

Legs may be made out of pipe, channels, angles, 
rectangular tubing, or structural sections. Legs may be 
welded directly to the vessel shell or head or may be 
bolted or welded to clips which are directly attached to 
the shell. It is preferable if the centroid of the leg 
coincides with the center line of the vessel shell to 
minimize the eccentric action. However, this may be 
more expensive from a welding and fit up viewpoint due 
to the coping and contouring necessary to accomplish 
this.

Very large vessels and tanks may require a circumfer­
ential box girder, compression ring, or ring girder at or 
near the attachment point of the legs to distribute the large 
localized loads induced by the columns and bracing. 
These localized stresses at the attachment point should be 
analyzed for the eccentric action of the legs, overturning 
moments, torsion of the ring, as well as the loads from any 
bracing.

Whereas skirt-supported vessels are more common in 
refinery service, leg-supported vessels are more common 
in the chemical industry. This may be due in part to the 
ventilation benefits and the toxicity of the stored or pro­
cessed chemicals. Legs should not be used to support 
vessels in high-vibration, shock, or cyclic service due to 
the high localized stresses at the attachments.

Legs are anchored to the foundations by base plates, 
which are held in place by anchor bolts embedded in the 
concrete. For large vessels in high seismic areas, a shear 
bar may be welded to the underside of the base plate 
which, in turn, fits into a corresponding recessed groove in 
the concrete.

Saddle Supports

Usually, horizontal pressure vessels and tanks are 
supported on two vertical cradles called saddles. The use 
of more than two saddles is unnecessary and should be 
avoided. Using more than two saddles is normally a stress- 
related issue, which can be solved in a more conventional 
manner. The reason for not using more than two saddles is 
that it creates an indeterminate structure, both theoretically 
and practically. With two saddles, there is a high tolerance 
for soil settlement with no change in shell stresses or 
loading. Even where soil settlement is not an issue, it is 
difficult to ensure that the load is uniformly distributed. 
Obviously there are ways to accomplish this, but the 
additional expense is often unwarranted. Vessels 40-50 ft 
in diameter and 150 ft long have been supported on two 
saddles.

A methodology for the determination of the stresses 
in the shell and heads of a horizontal vessel supported 
on saddles was first published in 1951 by L. P. Zick. 
This effort was a continuation of others’ work, started as 
early as the 1930s. This procedure has been used, with 
certain refinements since that time, and is often called 
Zick’s analysis, or the stresses are referred to as Zick’s 
stresses.

Zick’s analysis is based on the assumption that the 
supports are rigid and are not connected to the vessel 
shell. In reality, most vessels have flexible supports 
which are attached to the vessel, usually by welding. 
Whatever the reason, and there are a myriad of them, 
Zick’s assumptions may yield an analysis that is not 
100% accurate. These results should, however, be 
viewed more in terms of the performance they have 
demonstrated in the past 45 years, than in the exact 
analytical numbers they produce. As a strategy, the 
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procedure is successful when utilized properly. There 
are other issues that also would have an effect on the 
outcome of the numerical answers such as the relative 
rigidity of the saddle—from infinitely rigid to flexible. 
The answers should be viewed in light of the 
assumptions as well as the necessity for 5-digit 
accuracy.

The ASME Code, Section VIII, Division 2 contains 
rules for determining the actual and allowable stresses 
for a vessel being supported by two saddles, with or 
without reinforcing plates, and with or without stiffening 
rings. These rules are based largely on Zick’s analysis. 
However, as with all other types of supports, the ASME 
Code does not have specific design procedures for the 
design of saddles. Typically, the allowable stresses 
utilized are those as outlined in the AlSC Steel 
Construction Manual.

The saddle itself has various parts: the web, base 
plate, ribs, and wear plate. The web can be on the center 
line of the saddle or offset. The design may have outer 
ribs only or inner ribs only, but usually it has both. For 
designs in seismic areas, the ribs perform the function of 
absorbing the longitudinal, horizontal loads. The saddle 
itself is normally bolted to a foundation via anchor 
bolts. The ASME Code does specify the minimum 
included arc angle (contact angle) of 120°. The 
maximum efficient saddle angle is 180°, since the 
weight and saddle splitting force go to zero above 
the belt line. In effect, taking into account the 6° 
allowed for reduction of stresses at the horn for wear 
plates, the maximum angle becomes 168°.

Saddles may be steel or concrete. They may be bolted, 
welded, or loose. For the loose type, some form of liner 
should be used between the vessel and the saddle. The 
typical loose saddle is the concrete type. Usually one end 
of the vessel is anchored and the other end sliding. The 
sliding end may have bronze, oiled, or Teflon slide plates 
to reduce the friction caused by the thermal expansion or 
contraction of the vessel.

Longitudinal location of the saddles also has a large 
effect on the magnitude of the stresses in the vessel shell 
as well as a bearing on the design of the saddle parts 
themselves. For large diameter, thin-walled vessels, the 
saddles are best placed within 0.5R of the tangent line to 
take advantage of the stiffening effect of the heads. Other 
vessels are best supported where the longitudinal 
bending at the midspan is approximately equal to the 
longitudinal bending at the saddles. However, the 
maximum distance is 0.2 L.

Lugs and Ring Supports

Lugs. Lugs offer one of the least expensive and most 
direct ways of supporting pressure vessels. They can 
readily absorb diametral expansion by sliding over 
greased or bronzed plates, are easily attached to the vessel 
by minimum amounts of welding, and are easily leveled in 
the field.

Since lugs are eccentric supports they induce 
compressive, tensile, and shear forces in the shell wall. 
The forces from the eccentric moments may cause high 
localized stresses that are combined with stresses from 
internal or external pressure. In thin-walled vessels, these 
high local loads have been known to physically deform 
the vessel wall considerably. Such deformations can cause 
angular rotation of the lugs, which in turn can cause 
angular rotations of the supporting steel.

Two or four lug systems are normally used; however, 
more may be used if the situation warrants it. There is 
a wide variety of types of lugs, and each one will cause 
different stress distributions in the shell. Either one or two 
gussets can be used, with or without a compression plate. 
If a compression plate is used, it should be designed to be 
stiff enough to transmit the load uniformly along the shell. 
The base plate of the lug can be attached to the shell wall 
or unattached. Reinforcing pads can be used to reduce the 
shell stresses. In some cases, the shell course to which the 
lugs are attached can be made thicker to reduce the local 
stress.

The method shown utilizes the local load analysis 
developed by Bijlaard in the 1950s, which was further 
refined and described in the WRC Bulletin 107. This 
procedure uses the principles of flexible load surfaces.

When making decisions regarding the design of lugs, 
a certain sequence of options should be followed. The 
following represents a ranking of these options based on 
the cost to fabricate the equipment:

1. 2 lugs, single gusset
2. 2 lugs, double gussets
3. 2 lugs with compression plate
4. Add reinforcing pads under (2) lugs
5. Increase size of (2) lugs
6. 4 lugs, single gusset
7. 4 lugs, double gussets
8. 4 lugs with compression plates
9. Add reinforcing pads under (4) lugs

10. Increase size of (4) lugs
11. Add ring supports
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Ring Supports. In reality, ring supports are used when 
the local stresses at the lugs become excessively high. 
As can be seen from the previous list, the option to go to 
complete, 360-degree stiffening rings would, in most 
cases, be the most expensive option. Typically, vessels 
supported by rings or lugs are contained within a struc­
ture rather than supported at grade and as such would be 
subject to the seismic movement of which they are 
a part.

Vessels supported on rings should only be consid­
ered for lower or intermediate temperatures, say below 
400 or 500 degrees. Using ring supports at higher 
temperatures could cause extremely large discontinuity 
stresses in the shell immediately adjacent to the ring 

due to the differences in expansion between the ring 
and the shell. For elevated temperature design, rings 
may still be used, but should not be directly attached to 
the shell wall. A totally loose ring system can be 
fabricated and held in place with shear bars. With this 
system there is no interaction between the shell and the 
support rings.

The analysis for the design of the rings and the stresses 
induced in the shell employs the same principles as Lug 
Method 1, ring analysis. The eccentric load points are 
translated into radial loads in the rings by the gussets. The 
composite ring section comprised of the shell and ring is 
then analyzed for the various loads.

Procedure 4-1: Wind Design Per ASCE [1]

Notation

Af — projected area, ft2 (m2) 

b — mean hourly wind speed factor
Cf — force coefficient, shape factor 0.7, 

0.8, and 0.9 for h∕De of 1, 7, and 25, 
respectively (linear interpolation is 
permitted). See ASCE/SEI 7-10.

c — turbulence intensity factor
De — vessel effective diameter, from Table 

4-4
F — design wind force

qzGCfAf (Ib) (N)

Fj — design wind force of section under 
consideration, i = 1 to n, Ib (N)

gQ — peak factor for background response, 
use 3.4

gR — peak factor for resonant response 
gv — peak factor for wind response, use 

3.4
G — gust effect factor

Gf = Zust response factor for flexible 
vessels

Ui = height from base of vessel to center 
of section under consideration, i = 1 
to n, ft (m)

h — height of vessel, ft (m)

hj — length of section under consider­
ation, i — 1 to n, ft (m)

⅛ — the intensity of turbulence at 
height z

Kj — wind directionality factor, use 0.95 
for vessels when using ASCE/SEI 
7-10 load combinations

Kz — velocity pressure exposure coeffi­
cient from Table 4-3a

Kzt — topographic factor, use 1.0 unless 
vessel is located near or on isolated 
hills. See ASCE/SEI 7-10 for specific 
requirements

Lz — integral length scale of turbulence, ft 
(m)

£ — integral length scale factor, ft (m)
M — overturning moment at base, ft-lb 

(N-m)
Mj — moment at base of section under 

consideration, i = 1 to n, ft-lb (N-m)
Ni — reduced frequency
nι — fundamental natural frequency, Hz
Q — background response factor
qz — velocity pressure at height z above 

the ground
0.00256 KzKztKdV2(lb∕ft2) or
0.613 KzKztKdV2(N∕m2)

R — resonant response factor
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Rh Rl, R∏ = calculation factors
Rb' ’ T — period of vibration, sec

V — basic wind speed from map, Figures 
4-la, 4-lb, and 4-lc, mph (m∕s)

Vj — shear force at base of section under 
consideration, i = 1 to n, Ib (N)

Vz — mean hourly wind speed at height z, 
ft/sec (m∕s)

W — weight of vessel, Ib (N)
z — height above ground level, ft (m)
z — equivalent height of vessel, ft (m) 

zmin = minimum design height, ft (m), from 
Table 4-3

a — mean hourly wind-speed power law 
exponent

β = damping ratio (structural), percent of 
critical from Table 4-3
bedrock, endbearing piles, or other 
rigid bases 0.2%
friction piles or mat foundations on 
soil 0.4%

∈^ — integral length scale power law 
exponent

ηB τlh, tIl = calculation factors

The ASME Code does not give specific procedures for 
designing vessels for wind. However, Para. UG-22, 
“Loadings,” does list wind as one of the loadings that must 
be considered. In addition, local, state, or other govern­
mental jurisdictions will require some form of analysis to 
account for wind loadings. Client specifications and 
standards also frequently require consideration of wind. 
There is one nationally recognized standard that is most 
frequently used for wind design.

ASCE/SEI 7-10

This section outlines the wind design procedures for 
this standard. Wind design is used to determine the forces 
and moments at each elevation to check if the calculated 
shell thicknesses are adequate. The overturning moment at 
the base is used to determine all of the anchorage and 
support details. These details include the number and size 
of anchor bolts, thickness of skirt, size of legs, and 
thickness of base plates.

As a loading, wind differs from seismic in that it is 
more or less constant; whereas, seismic is of relatively 
short duration. In addition, the wind pressure varies with 
the height of the vessel. A vessel must be designed for the 

worst case of wind or seismic, but need not be designed 
for both simultaneously. While typically the worst case for 
seismic design is with the vessel full (maximum weight), 
the worst design case for wind is with the vessel empty. 
This will produce the maximum uplift due to the minimum 
restraining weight.

The wind forces are obtained by multiplying the pro­
jected area of each element, within each height zone by 
the basic wind pressure for that height zone and by the 
shape factor for that element. The total force on the vessel 
is the sum of the forces on all of the elements. The forces 
are applied at the centroid of the projected area.

Tall towers or columns should be checked for dynamic 
response. If the vessel is above the critical line in 
Figure 4-7, Rm∕t ratio is above 200 or the h/D ratio is 
above 15, then dynamic stability should be investigated. 
This section does not consider aerodynamic damping 
effects, however it is possible that the aerodynamic 
damping contribution is negative under certain conditions. 
If this is the case, the overall effect of the structural 
damping would be reduced. See Procedure 6-5, “Vibration 
of Tall Towers and Stacks,” for additional information.

Design Procedure

Risk category =  
Basic wind speed, V =  
Exposure category -  
Effective diameter, De - 
Height of vessel, h =  
Shape factor, Cf - 
Fundamental frequency, f nt — 
Damping ratio, structural, β = 

Step 1: Give or determine the following:
Step 2: Determine if vessel is rigid or flexible.

a. If ∏ι ≥ 1 Hz, then vessel is considered rigid and:

F = QzGfCfAf

b. If til < 1 Hz, then vessel is considered flexible and:

F — qzGfCfAf

Step 3: Calculate shear and moments at each elevation by 
multiplying force, F, and elevation, Hn, the distance to 
the center of the projected area.

Step 4: Sum the forces and moments at each elevation 
down to the base.
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Determination of Gust Factor, G, for Vessels Where 
∏ι > 1 Hz

For rigid structures, the gust factor may be taken as 0.85 
or as calculated below:
Given: De — (effective diameter) 
h = (overall height)
go. gv = 34

Determine the following values from Table 4-3:
Calculate:

α =  £ =  

b -  ∈ =  
o =  Zmjn — --------

z — max(0.6h, zmin)

Determination of Gust Factor, Gf, for Vessels Where 
∏1 < 1 Hz

In addition to the tabular data above, the following 
must be given to determine the gust factor, Gf:

Given: ∩ι 

V 
β 

(fundamental
natural frequency)

(basic wind speed)
(damping ratio,

structural)

Calculate ( z,Zz, Lz, Q are as determined above):

gR = √2 In(3,600n1) + —0∙577 
v21n(3^6OOn7)

Vz = b(33∕ ∖60J
— ∕ Z ∖ aV. V- - ‰) V(SI)

mLz
n∙='vΓ _

ηh — 4.6∏ιh∕Vz

7jβ — 4.6∏1De∕V2

r∣L — 15.4nιDe∕Vg

Rh = l-⅛l-e-2Sfor77>0>

Vh 2⅞

Rh = 1 for η = 0

Rb =l-Λ(l~e-z'-)for-,>°,

Vb 27⅛

Rb = 1 for η = 0

Vl 2Vl

Rl = 1 for v = 0

7.47 Ni
Rn ^^ (Γ+ 10.3Nιp∕3 

R = J^RnRhRβ(0.53 + 0.47Rl)

(1 + i∙7⅛√g^Q2 + g^R2
Gf = 0.925 --------- y τ

I l + 1.7gv⅛

Sample Problem

Vertical vessel on skirt:
Risk category — III
Basic wind speed, V = 115 mph
Exposure category = C
Effective diameter, De = 8 ft
Height of vessel, h = 200 ft
Shape factor, Cf = 0.9
Fundamental frequency = 0.57 Hz
Damping ratio (structural) = 0.01
Empty weight, W = 100 kips
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Values from Table 4-3: 15.4mDe∕Vz = 15.4(0.57)(8)∕(134) = 0.525

α = 1/6.5 I = 500
b = 0165 e = 1/5.0
c — 0.20 zmj∩ — 1∣5

X-X(l -e~2 ¾)

Rh 7?h 2%
_L---------¼ fl - e~2 (3∙9X = 0.222

- (+92) 2(3.92)2 V 7

Calculate: 1 Iz
z — max(0.6h,zmin) — max(0.6 (200), 15) — 120 ft

_ X- Jy(ι-e-2¾)

Rb ss Vb 2τ∕g

∕QQ∖ V6 ∕ QQ ∖ 1/6
Iz = C ( —) = 0.20 -⅛ ≡≈ 0.161

∖ z ∕ ∖I20∕

_J—---------(1 - e~2 (015X = 0.903
= (0.157) 2(0.157)2 × 7

∕7∖∈ /12O∖1∕5∙olz = *(jj)  = 500(jτ) = 647 ft -2--Λ(l-e-2¾) 
Rl - 17l 2τ)2 7

Q = -------------- J_________
/D +hλ0∙63A 1 +0.63(υe+ )

’ ∖ I^z ∕

1
~ ------------- 7---------- Γ∩77 = 0.874

v+oλj(5±∞P
∖ ∖ 647 )

_________ L-fl-e-2(°-525Λ = 0.725
ss (0.525) 2(0.525)2 ∖ 7

__ 7.47 N1 = 7.47 (2.76) = θ 074
Rn " XX1O.3N1X3 (1 + 10.3(2.76))5/3

r ss ^RnRhRB(0.53 + 0.47RL)

gQ = gv = 3.4

- yCl-(0.074) (0.222) (0.903) (0.53 + 0.47(0.725

gR = Λ∕z2Tn^ AO‰lA+- 0∙577

√21n(3,600n1)

= √∑ln(3,600(0.57)) +______ 91577______
√2 ln(3,600(0.57))

= 4.05

- 1.13

, ∕l + l-7⅛√g^Q2 + g^R2∖ 
Gf = 0.925 J + ι.7gvi- j

V-   κ ( Z ∖ α (88∖ ∕ 1 9f)∖ 1∕6∙5 ∕oo∖- b(33) (βδ)v = («•«) (⅛) (I) (1>5)

= 134 ft/sec

∕ 1 + 1.7(0.161)ι∕(3.4)2(0.874)2+(4.05)2(l∙134)2∖
= o∙925 I 1 + 1.7(3.4)(0.161) I

= 1.20

Ni = ⅛ = (0.57) (647) _
Vz (134) ~ 2∙76

% = 4.6∏1h∕V2 = 4.6(0.57) (200)∕( 134) = 3.92

Vb ~ 4.6n1De∕V2 = 4.6(0.57)(8)∕(134) = 0.157

F = qzGfCfAf = 32.163Kz(0.9)Af = 28.947Af Kz

where qz — 0.00256KzKztKt∣ V3 = 32.163Kz, Af is cal­
culated using the section length and the effective diameter, 
and Kz is determined using the elevations at the top of 
each section.
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Determine Wind Force on Vessel

Elevation q2 Gf Cf hl Af Force on Af, Fi ΣShear, Vi ΣMoment, Mi

190-200 ft 47.1 psf 1.20 0.90 10 ft 80 ft2 4,061 Ib 4,061 Ib 20,303 ft-lb
170-190 ft 46.6 psf 1.20 0.90 20 ft 160 ft2 8,034 Ib 12,095 Ib 181,855 ft-lb
150-170 ft 45.5 psf 1.20 0.90 20 ft 160 ft2 7,848 Ib 19,943 Ib 502,228 ft-lb
130-150 ft 44.3 psf 1.20 0.90 20 ft 160 ft2 7,644 Ib 27,587 Ib 977,520 ft-lb
110-130 ft 43.0 psf 1.20 0.90 20 ft 160 It2 7,417 Ib 35,004 Ib 1,603,423 ft-lb
95-110 ft 41.5 psf 1.20 0.90 15 ft 120 It2 5,371 Ib 40,374 Ib 2,168,759 ft-lb
85-95 ft 40.3 psf 1.20 0.90 10 ft 80 It2 3,472 Ib 43,846 Ib 2,589,860 ft-lb
75-85 ft 39.3 psf 1.20 0.90 10 ft 80 N2 3,391 Ib 47,237 Ib 3,045,274 ft-lb
65-75 ft 38.3 psf 1.20 0.90 10ft 80 ft2 3,303 Ib 50,540 Ib 3,534,161 ft-lb
55-65 ft 37.2 psf 1.20 0.90 10 ft 80 N2 3,205 Ib 53,745 Ib 4,055,587 ft-lb
45-55 ft 35.9 psf 1.20 0.90 10 ft 80 ft2 3,094 Ib 56,839 Ib 4,608,510 ft-lb
35-45 ft 34.4 psf 1.20 0.90 10 ft 80 N2 2,966 Ib 59,806 Ib 5,191,735 ft-lb
27.5-35 ft 32.6 psf 1.20 0.90 7.5 ft 60 ft2 2,110 Ib 61,916 Ib 5,648,191 ft-lb
22.5-27.5 ft 31.0 psf 1.20 0.90 5ft 40 ft2 1,337 Ib 63,253 Ib 5,961,112 ft-lb
17.5-22.5 ft 29.7 psf 1.20 0.90 5ft 40 ft2 1,282 Ib 64,535 Ib 6,280,580 ft-lb
0-17.5 ft 28.2 psf 1.20 0.90 17.5 ft UOft2 4,255 Ib 68,789 Ib 7,447,165 ft-lb

Exposure Categories

The following ground roughness exposure categories 
are considered and defined in ASCE/SEI 7-10 Section 
26.7.3:

» Exposure B: For buildings with a mean roof height of 
less than or equal to 30 ft (9.1 m). Urban and 
suburban areas, towns, city out skirts, wooded areas, 
or other terrain with numerous closely spaced 
obstructions having the size of single family dwell­
ings or larger.

• Exposure C: For cases where Exposures B and D 
do not apply. Open terrain with scattered obstruc­
tions having heights generally less than 30 ft 
(9.1 m).

• Exposure D: Flat, unobstructed coastal areas directly 
exposed to wind blowing over open water.

Notes

1. Most vessels will be classified as Category III.
2. The basic wind speeds on the map, Figures 4-la, 

4-lb, and 4-lc, correspond to a 3-sec. gust speed at 
33 ft above the ground, in Exposure Category C

with a 7% ∕ 3% ∕ 15% probability of exceedance in 
50 years.

3. The constant, 0.00256 (0.613), reflects the mass 
density of air for the standard atmosphere 
(590F (15 oC) at sea level pressure, 29.92 in. of 
mercury (101.325 kPa)). The constant is calcu­
lated by ½ pajr∕g, where pajr is the density of 
air and g is the acceleration due to gravity. The 
mass density of the air will vary as function of 
altitude, latitude, temperature, weather, or season. 
This constant may be varied to suit the actual 
conditions if they are known with certainty. See 
ASCE/SEI 7-10.

4. Short, vertical vessels, vessels in structures, or 
horizontal vessels where the height is divided 
between two pressure zones may be more conve­
niently designed by applying the higher pressure 
uniformly over the entire vessel.

5. Deflection due to wind should be limited to 6 in. per 
100 ft of elevation.

For 15 ft. ≤ z ≤ Zg

Kz = 2.01(z∕zg)2Z“

For z < 15 ft.

Kz = 2.01 (15/Zg)2/a
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Notes:
1. Values are nominal design 3-second gust wind speeds in miles per hour (m∕s) at 33 ft (IOm) above ground for 

Exposure C category.
2. Linear interpolation between contours is permitted.
3. Islands and coastal areas outside the last contour shall use the last wind speed contour of the coastal area.
4. Mountainous terrain, gorges, ocean promontories, and special wind regions shall be examined for unusual wind 

conditions.
5. Wind speeds correspond to approximately a 15% probability of exceedance in 50 years (Annual Exceedance 

Probability = 0.00333, MRI = 300 Years).

Figure 4-1 a. Basic Wind Speeds for Occupancy Category I Buildings and Other Structures. With permission from 
ASCE.
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Notes:
1. Values are nominal design 3-second gust wind speeds in miles per hour (m∕s) at 33 ft (IOm) above ground for 

Exposure C category.
2. Linear interpolation between contours is permitted.
3. Islands and coastal areas outside the last contour shall use the last wind speed contour of the coastal area.
4. Mountainous terrain, gorges, ocean promontories, and special wind regions shall be examined for unusual wind 

conditions.
5. Wind speeds correspond to approximately a 7% probability of exceedance in 50 years (Annual Exceedance 

Probability - 0.00143, MRI = 700 Years).

Figure 4-1 b. Basic Wind Speeds for Occupancy Category Il Buildings and Other Structures. With permission from 
ASCE.
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Noles:
1. Values are nominal design Z seeond gust wind speeds in miles per hour (m∕s) at ZZ ft (IOm) above ground tor 

Exposure C category.
2. Linear interpolation between contours is permitted.
Z. Islands and coastal areas outside the last contour shall use the last wind speed contour of the coastal area.
4. Mountainous terrain, gorges, ocean promontories, and special wind regions shall be examined for unusual wind 

conditions.
5. Wind speeds correspond to approximately a 3% probability of exceedance in 50 years (Annual Exceedance 

Probability = 0.0005UU, MRI - 1700 Years).

Figure 4-1 c. Basic Wind Speeds for Occupancy Category III and IV Buildings and Other Structures. With permission 
from ASCE.
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Figure 4-2. Vertical vessels.

Af — hnDe
Fi -- qzGCrAr

Mi - F∣(hi∕2) + Vi+∣(⅛)

+ M∣+∣

M = LFjttj

Figure 4-4. Vessels on lugs or rings.

Longitudinal

λ πθe
al =
Fl — qzGCt Al

za W FlBq=2⅛

Transverse

Af — Le DeF1 — 0.5 (qzGCf Al) (one support)Mt — Ft B (one support)

Figure 4-3. Horizontal vessels. Figure 4-5. Vessels on legs.

Af — LeDe
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Table 4-1 
Importance Factor (Wind Loads)

Structure Category I

I 0.87
Il 1.00
III 1.15
IV 1.15

Table 4-2
Risk Category of Buildings and Other Structures for Flood, Wind, Snow, Earthquake, and Ice Loads

Buildings and structures that represent a low risk to human life in the event of failure. Category I
All buildings and other structures not covered by Risk Categories I, III, and IV. Category Il

Buildings and other structures containing sufficient quantities of toxic or explosive substances to be dangerous to the Category III
public if released. Typically, the equipment inside of a refinery falls under this category.

Schools, non-emergency health care facilities, jails, non-essential power stations Category III
Essential facilities Category IV

Buildings and other structures containing sufficient quantities of toxic or explosive substances to be dangerous to the Category IV
public if released. (Buildings and other structures containing these substances may be eligible to be classified in a lower 
category if it can be demonstrated to the jurisdictional authority through a special assessment that the lower risk 
category is acceptable).

With permission from ASCE

*zmin — minimum height used to ensure that the equivalent height z is the greater of 0.6 h or zmin.

Table 4-3 
Miscellaneous coefficients

Expos. α Zg (ft∕m) a b C (, (ft∕m) ∈ *zmin (ft∕m)

B 7.0 1200/365.76 1/4.0 0.45 0.30 320/97.54 1/3.0 30/9.14

C 9.5 900/274.32 1/6.5 0.65 0.20 500/152.4 1/5.0 15/4.57

D 11.5 700/213.36 1/9.0 0.80 0.15 650/198.12 1/8.0 7/2.13
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Note: Linear interpolation for intermediate values of height z is accept­
able.
Kz may be determined from the following formula:

Table 4-3a*
Velocity pressure exposure coefficients, Kz

Height above ground level, z Exposure Categories

ft (m) B C D

0-15 (0-4.6) 0.57 0.85 1.03
20 (6.1) 0.62 0.90 1.08
25 (7.6) 0.66 0.94 1.12
30 (9.1) 0.70 0.98 1.16
40 (12.2) 0.76 1.04 1.22
50 (15.2) 0.81 1.09 1.27
60 (18.0) 0.85 1.13 1.31
70 (21.3) 0.89 1.17 1.34
80 (24.4) 0.93 1.21 1.38
90 (27.4) 0.96 1.24 1.40
100 (30.5) 0.99 1.26 1.43
120 (36.6) 1.04 1.31 1.48
140 (42.7) 1.09 1.36 1.52
160 (48.8) 1.13 1.39 1.55
180 (54.9) 1.17 1.43 1.58
200 (61.0) 1.20 1.46 1.61
250 (76.2) 1.28 1.53 1.68
300 (91.4) 1.35 1.59 1.73
350 (106.7) 1.41 1.64 1.78
400 (121.9) 1.47 1.69 1.82
450 (137.2) 1.52 1.73 1.86
500 (152.4) 1.56 1.77 1.89

Table 4-4
Effective diameter, De*

Attached Piping,
D (Vessel Diameter + 2 x Piping with or Ladders, and 
Insulation Thickness) Without Ladders Platforms

≤ 4ft - 0 in.
4ft-0 in. -8 ft — 0 in.
> 8 ft - 0 in.

Dβ = 1.6D 
Dβ=1.4D
Dθ = 1.2D

Dθ = 2.0D
De = 1.6D

* Suggested only; not from ASCE.

Procedure 4-2: Seismic Design - General

Pressure vessels and their supports must be designed to 
resist the forces and loadings anticipated during a seismic 
event ...an earthquake. The seismic design is not defined 
by the ASME Code but by building codes (previously 
NBC, SBC, and UBC, but now IBC) that reference 
technical standards such as ASCE/SEI 7, ACI 318, and 
AISC 360. Many countries have their own seismic stan­
dards and there are international standards as well. The 
ASME Code states in UG-22 that the vessel and support 
structure must be designed to withstand the forces from 
a seismic event.

A seismic event causes the vessel to sway as 
a result of the ground motion. How much loading the 
vessel experiences is dependent on the type of foun­
dation and supports, the size and proportions of the 
vessel, the geographic location of the vessel, and the 

type of soil. A tall, thin, slender cylindrical tower 
mounted at grade, is relatively flexible and will 
therefore have a long period and low frequency. By 
contrast a short, squat vessel will have a short period 
and higher frequency. Vessels mounted in or on 
structures will be influenced by the relative stiffness of 
the structure.

Seismic standards are all based on the geographical and 
statistical data for a given region. The standards use 
various criteria to estimate the loads on the vessel or 
structure and probability of occurrence. Some regions 
have high probability for very strong earthquakes to occur. 
Other regions are almost negligible in terms of seismic 
events. Seismic codes and standards date back to the 
1920’s. Modem, industrial societies have rigorous 
building codes that account for earthquakes. The building 
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codes may not define all types of procedures but they 
allow for the various design procedures.

Additionally, the site class has an effect on the design 
loadings. In general, site classes comprised of hard rock 
will have less intense shaking than site classes composed 
of soft soils.

Seismic design procedures can be accomplished for 
most vessels by one of the two methods as follows;

a. Equivalent Lateral Force (ELF) - Static Analysis
b. Modal Response Spectrum Analysis - Dynamic 

Analysis

Seismic design criteria may provide linear and non­
linear seismic response history procedures, but these are 
not as commonly used for vessels.

Equivalent Lateral Force

The ELF approximates the effect that the ground 
displacements would have on the structure by applying 
an equivalent force to the structure itself. A seismic 
event is a time-dependent phenomena whereby the 
loading is not applied instantaneously, but over a period 
of time. However, the ELF assumes that the entire 
earthquake force is applied instantaneously. The ELF is 
conservative and has served industry and society well 
for many years.

The procedure takes the total base shear and 
distributes it along the length of the column. Once the 
vertical distribution of the lateral seismic force is 
determined, the shear force and bending moment at each 
plane and the sum at the base of the column can be 
determined. The vertical component of the seismic 
design loads can be either added or subtracted to create 
the most stringent condition. These loads used with the 
corresponding load combinations are used to design all 
support components.

Modal Response Spectrum Analysis

The Modal Response Spectrum Analysis (also known 
as a dynamic analysis) more accurately depicts the 
response of the structure to the earthquake. This is done 
by considering the response of multiple modes instead of 
just the first one (as is done in the ELF). Whereas the use 
of a static analysis assumes that a load is applied rela­
tively slowly, a dynamic analysis should be used if the 
application of the load is faster than the response of the 
structure. For this reason a dynamic analysis is mainly 

used for vertical vessels which are basically a cantilev­
ered cylinder. A dynamic analysis frequently results in 
lower overturning moments than the ELF. Lower 
moments in turn translate into reduced thickness for skirt 
and base plate and fewer anchor bolts. For this reason the 
question is asked whether a dynamic analysis is less 
conservative than a static analysis, however the dynamic 
analysis is a more accurate representation of the way the 
structure responds to the earthquake-induced ground 
motion.

For rigid vessels, the first few modes may represent 
the majority of the modal mass participation, whereas 
for flexible vessels, the number of modes may be 20. It 
is for this reason that dynamic analyses lend them­
selves to computerized models. Many seismic design 
standards indicate that the number of modes to be 
included must have a combined mass participation of at 
least 90%.

1 r gti ∣λ 
Natural Frequency f= 7 = C[~ppi 

where w is the uniform weight of beam 
per unit length

Allowable Stresses and Load Combinations

Unlike wind, seismic events are short term loading 
conditions. As a result, the ASME Code Section VIII, 
Division 1 allows for an increase in the allowable stress 
of 1.2. Section VIII, Division 2, building codes, and 
design standards (such as ASCE/SEI 7) use load 
combinations and typically do not allow for an increase 
in allowable stress, however the seismic load is usually 
reduced when combined with other types of loads and so 
the effect is similar. The vessel may only experience an 
earthquake several times during the life of the equipment, 
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though the vessel must be designed to withstand any 
seismic event.

Designing a vessel to be invulnerable to any earthquake 
would be both impractical and uneconomical. Building 
codes and design standards use the ability of the structure 
to yield and absorb energy in a ductile manner during 
a seismic event for design. This is part of the basis of the 
‘R’ factor, which is used to reduce the design strength for 
a structure. As a result of the designed structure under­
going permanent deformation during an earthquake, some 
of the structure may be lightly or severely damaged. In the 
case of vessel support design, it should be understood that 
the anchor bolts provide a benefit to the vessel by yielding 
and absorbing energy that could otherwise have a greater 
impact on the support members.

Period of Vibration

Vessels will vibrate based on an exciting force such as 
wind or earthquake. There are two distinct types of 
loadings as a result of wind. The first is the static force 
from wind loading pressure against the vessel shell. The 
second is a dynamic effect from vortex shedding due to 
wind flow around the vessel. Tall, slender, vertical 
vessels are more susceptible to the effects of vortex 
shedding.

Vessels subject to an external force or ground 
motion will deflect to a specific shape and then return 
to its original position once the applied force is dissi­
pated or removed. The extent of deflection is propor­
tional to the applied force. The vessel, or its support, 
will act as a spring. In the passage to equilibrium, the 
vessel will vibrate freely, through its various modes. 
The period of vibration (POV) is the time it takes the 
vessel to deflect through one mode and return to its 
original position and is measured in seconds. The 
frequency, which is the inverse of POV, is the number 
of cycles per second.

The POV of a pressure vessel is a function of the 
vessel weight, diameter, height, weight distribution, 
temperature, flexibility, type of support, damping 
mechanisms and location if supported in a structure. 
Typically when we are discussing the period of vibration 
for a vessel we are talking about the “first” period of 
vibration, or the first “natural” or “fundamental” period 
of vibration.

All vibrating systems, of which vessels are included, 
have multiple modes of vibration, known as the first 
mode, the second mode, etc. Each individual mode will 
have its own unique characteristics for that particular 
system. The deflected shape of a vessel for any single 
mode of vibration is always the same for that vessel, 
regardless of the magnitude. In other words, though the 
amplitude of displacement changes with time, the relation 
between displacements throughout the height remains 
constant.

The mode with the lowest frequency (longest period) is 
called the first, or fundamental mode. The mode with the 
higher frequencies (shorter periods) are called the higher 
modes. Each mode would have a different POV and 
frequency.

The period of vibration is the inverse of the frequency 
of vibration. Typically the symbol for POV is T and is 
given in seconds. The symbol for frequency is f, and is 
given in hertz, which is cycles per second. T — 1/f and 
f=l∕T.

Generally, vessels with a POV less than 0.30 seconds 
(f ≥ 3.33 Hz) are considered rigid. Vessels with a POV 
between 0.30 and 0.75 seconds (1.33 Hz < f < 3.33 Hz) 
are semirigid. Between 0.75 and 1.25 seconds (0.8 Hz < 
f< 1.33 Hz) are semiflexible and vessels with a POV 
greater than 1.25 seconds (0.80 Hz) are flexible.

A vessel will have a different POV in the empty and full 
condition. It will have a different POV for the new and 
corroded condition. It will have a different POV for hot 
and cold conditions due to the modulus of elasticity of the 
steel at temperature. Vertical vessels on legs and skirts are 
the most flexible. Vessels on lugs and rings are normally 
supported in structures and therefore would be subject to 
the harmonics of the structure itself. Horizontal vessels 
vibrate with their supports as well and are dependent on 
pier deflection.

A vertical vessel is modeled as a cantilever beam 
whereas a horizontal vessel is modeled as a simply sup­
ported beam. A cantilever is a much more prone to 
vibration and deflection then a simply supported beam, 
therefore the POV is typically much higher. Guiding 
a vessel supported in a structure will greatly alter its POV 
because it changes the mode of vibration.

Wind and seismic design standards such as ASCE 
have base shear factors that are a function of the POV. 
This makes sense because the response of the vessel is
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I -- πr3t

Note uniform weight distribution and 
constant cross section. 3Elm

T -- 0.32√y

Be consistent with units. H, D, and t 
are in feet.

2W0f3
3NE(Ix ÷ ly)

Ix and Iy are proper­
ties of legs.

Note variation of either cross 
section or mass.

WoksinS3
6EA

Legs over 7 ft should 
be cross-braced.

yab -- deflection at B 
due to lateral 
load at A

Weights include 
structure.

∕waya + Wbyb + √(Waya - Wbyb)i + 4WaWbyag
T = J 2Z

T = 3.63 ∣WoH3
∈∣mg

Figure 4-6. Formulas for period of vibration, T, and deflection, y.
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General formula for cantilever

which for steel cylidrical shell 
reduces to

T = 0.00000765
fH? IwD 

IdJ 1/ r

where T = period, sec
w - weight, Ib per ft
H = height, ft
D = diameter of shell, ft 
t = thickness of shell, ft

Constant 0.00000765 is based upon:
E - modulus of elasticity of steel

30,000,000 Ib per sqin
I = moment of inertia of shell area

-≈,∙,42(⅞y,
K -1.79 for fundamental period

of vibration
g = 32.2 ft per sec2

Figure 4-7. Period Ofvibration for cylindrical steel shells. Reprinted by permission of Fluor Daniel. Inc., Irvine CA.
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dependent on the relative rigidity of the vessel. The 
more rigid the vessel (lower POV, high frequency) the 
higher the base shear will be. The more flexible (higher 
POV, lower frequency) vessels would have a lower 
base shear.

Notes

1. Vessels mounted in structures at some elevation 
other than grade generally will experience amplified 
base motion near and above the natural frequencies 
of the support structure.
• Light vessels (less than 1 % of structure weight):

a. If vessel frequency > structure frequency, then 
vessel is subjected to maximum acceleration of 
the structure.

b. If vessel frequency < structure frequency, then 
vessel will not be affected by structure. It will 
respond as if it were mounted at grade.

• Medium vessels (less than 20% of structure 
weight): Approximate methods may be used to 
develop the in-structure response spectra. The 
method used should account for interaction 
between vessel and structure (energy feedback). 

Consideration should be given to account for 
ductility of the vessel.

• Heavy vessels (single large vessel or multiple 
large vessels): The vessel(s) is the principal 
vibrating element. It requires a combined seismic 
model, which simulates the mass and stiffness 
properties of vessel and structure.

2. For tall slender vessels, the main concern is bending. 
For short, squat vessels the main concern is base 
shear.

3. The procedures outlined in this chapter are static­
force procedures, which assume that the entire 
seismic force due to ground motion is applied 
instantaneously. This assumption is conservative 
but greatly simplifies the calculation procedure. In 
reality earthquakes are time-dependent events and 
the full force is not realized instantaneously. 
ASCE/SEI 7 allows, and in some cases requires, 
that a dynamic analysis be performed in lieu of the 
static force method. Although much more sophis­
ticated, often the seismic loadings are reduced 
significantly.

Procedure 4*3:  Seismic Design for Vessels [2]

Notation

Cs = seismic response coefficient
Eh — effect of horizontal earthquake-induced forces
Ev — effect of vertical earthquake-induced forces
Fa — short-period site coefficient (at 0.2 second 

period)
Fv — long-period site coefficient (at 1.0 second 

period)
g — acceleration due to gravity, ft∕sec2
Ie — the importance factor
R — response modification coefficient

Sa — design spectral acceleration
Ss — mapped maximum considered earthquake (risk- 

targeted), 5 percent damped, spectral response 
acceleration parameter at short periods

5ι — mapped maximum considered earthquake (risk- 
targeted), 5 percent damped, spectral response 
acceleration parameter at a period of 1 second

SdS — design, 5 percent damped, spectral response 
acceleration parameter at short periods

Spy — design, 5 percent damped, spectral response 
acceleration parameter at a period of 
1 second

Sms = the maximum considered earthquake (risk-tar­
geted), 5 percent damped, spectral response 
acceleration parameter at short periods adjusted 
for site class effects

Smi — the maximum considered earthquake (risk-tar­
geted), 5 percent damped, spectral response 
acceleration parameter at a period of 1 second 
adjusted for site class effects

T — the fundamental period of the structure, seconds
Tl — long-period transition period, seconds (see 

Figure 4-8)
V — total design lateral force or shear at the 

base, lbs
W — effective seismic weight of the structure, lbs
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Design Procedure

Step 1: Determine the following.
Risk Category from Table 4-5
Importance factor as follows:

1.00 for Risk Category I and II
1.25 for Risk Categoiy III
1.50 for Risk Category IV

Site Class as determined by local soil conditions, see
Table 4-6

Site Class D may be used unless a governing 
authority indicates E or F shall be used.

Ss and Si parameters
See http://earthquake.usgs.gov/designmaps

Fa and Fv parameters
See Tables 4-7 and 4-8

Step 2: Calculate Sms anc^ Smi

Sms - PaSs
Smi — FvSi

Step 3: Calculate Sds ≡1 Sdi

* Additional detailing should be addressed for the use of these R 
factors per ASCE∕SE1 7 which include the effects of the solids or 
fluids stored and their interaction with the structure, p-delta effects, 
and other requirements within other design standards.

** For these structures, R may be taken as a value of 3, however, 
additional instructions apply in these cases. If buckling of the 
support is determined to be the governing mode of failure, or if the 
structure is in Risk Category IV, then the seismic response coef­
ficient must be determined using a value of Ie∕R =1.0 and checked 
against the critical buckling resistance (safety factor equal to 1.0).

Sds = (2∕3)*  Sms

Sdi - (2/3) Smi

c t∩ develop a response spectrum
Step 4: Calculate Sa

τfτ^ τ (T - 0.2Sm∕Sos),
It I < Io, (Jo
Sa = Sθs(θA + 0-6T~y

fTs — Sdi/Sds), Sa — Sds,
IfT0 ≤T≤Ts> l

_ Spt
IfTs <T≤Tl> Sa ~ τ ’

SdiTl
If T > Tl , Sa ''Tr

Step 5: Determine Seismic Design Category (SDC) from
Sds and Sdi and use most severe*
SDC A-D are determined from Tables 4-9 and 4-10
SDC E is used where Si is greater than or equal to 0.75
for Risk Categories I, II, and III
SDC F is used where Si is greater than or equal to 0.75 
for Risk Category IV

Step 6: Calculate the vertical seismic load, Ev
Ev — 0.2SdsD, where D is the effect of the dead load

Step 7: Determine the response modification factor*

R = 3 for elevated tanks, vessels, bins or
hoppers on symmetrically braced legs 
(height limits may apply)

R = 2 for elevated tanks, vessels, bins or
hoppers on unbraced or asymmetrically 
braced legs (height limits may apply)

R — 3 for horizontal vessels on welded steel
saddle supports

R = 2 (3**)  steel stacks, chimneys, silos, skirt-
supported vertical vessels

'S

S

Step 8: Calculate the seismic response coefficient, Cs

— t⅝- but need not exceed the following:
∖R∕Ie)

SD1 ∩ rp rpι— ———— for T < Tl, T{R∕Ie) J

⅞i7l

T2(R∕Ie)
for T Tl,

and shall not be less than

Cs = 0.044SDSIe ≤ 0.01

and additionally where Si ≥ 0.6 g
C8 = 0.5Sι∕(Λ∕4)

Step 9: Calculate the seismic base shear, V
V = CsW and Eh-V

http://earthquake.usgs.gov/designmaps


Figure 4-8. Mapped long-period transition period, Tt(s),for the conterminous United States. With permission from ASCE.
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Table 4-5
Risk category of buildings and other structures for wind and earthquake loads

Use or Occupancy of Buildings and Structures Risk Category

Buildings and other structures that represent a low risk to human life in the event of failure

All buildings and other structures except those listed in Risk Categories I, III, and IV

Buildings and other structures, the failure of which could pose a substantial risk to human life.

Buildings and other structures, not included in Risk Category IV, with potential to cause a substantial economic impact 
and/or mass disruption of day-to-day civilian life in the event of failure.

Buildings and other structures not included in Risk Category IV (including, but not limited to, facilities that manufacture, 
process, handle, store, use, or dispose of such substances as hazardous fuels, hazardous chemicals, hazardous 
waste, or explosives) containing toxic or explosive substances where their quantity exceeds a threshold quantity 
established by the authority having jurisdiction and is sufficient to pose a threat to the public if released.

I

Il

III

Buildings and other structures designated as essential facilities.

Buildings and other structures, the failure of which could pose a substantial hazard to the community.

Buildings and other structures (including, but not limited to, facilities that manufacture, process, handle, store, use, or 
dispose of such substances as hazardous fuels, hazardous chemicals, or hazardous waste) containing sufficient 
quantities of highly toxic substances where the quantity exceeds a threshold quantity established by the authority

IV

having jurisdiction to be dangerous to the public if released and is suffi cient to pose a threat to the public if released.3 

Buildings and other structures required to maintain the functionality of other Risk Category IV structures.

a Buildings and other structures containing toxic, highly toxic, or explosive substances shall be eligible for classification to a lower Risk Category if it can 
be demonstrated to the satisfaction of the authority having jurisdiction by a hazard assessment as described in Section 1.5.2 that a release of the 
substances is commensurate with the risk associated with that Risk Category.
With permission from ASCE

Table 4-6
Site classification

Site Class v⅛ N or Nca Su

A. Hard rock
B. Rock
C. Very dense soil and soft rock
D. Stiff soil
E. Soft clay soil

>5,000 ft/s NA NA
2,500 to 5,000 ft/s NA NA
1,200 to 2,500 ft/s >50 >2,000 psf
600 to 1,200 ft/s 15 to 50 1,000 to 2,000 psf
<600 ft/s <15 <1,000 psf

Any profile with more than 10 ft of soil having the following characteristics:
— Plasticity index Pl > 20,
— Moisture content w > 40%^
— Undrained shear strength Su< 500 psf

F. Soils requiring site response analysis in accordance with Section 21.1 See Section 20.3.1 of ASCE/SEI 7.

For SI: 1 ft/s = 0.3048 m/s; 1 lb∕ft2 = 0.0479 kN∕m2. 
With permission from ASCE

Note: Use straight-line interpolation for intermediate values of Ss- 
With permission from ASCE

Table 4-7 
Site coefficient, Fa

Mapped Risk- 
Targeted 
Maximum

Considered Earthquake Spectral
(MCER) Parameter at 
Short Period

Response 
Acceleration

Site Ss = Ss = Ss ≥
Class Ss ≤ 0.25 0.5 Ss = 0.75 1.0 1.25

A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 1.1 1.0 1.0
D 1.6 1.4 1.2 1.1 1.0
E 2.5 1.7 1.2 0.9 0.9
F See Section

11.4.7

Note: Use straight-line interpolation for intermediate values of S1. 
With permission from ASCE

Table 4-8 
Site coefficient, Fv

Mapped Risk- 
Targeted 
Maximum

Considered 
Earthquake (MCER) 
Parameter at 1-s 
Period

Spectral 
Response 
Acceleration

Site S1 = S1 = S1 ≥
Class S1 ≤ 0.1 0.2 S1 = 0.3 0.4 0.5

A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.7 1.6 1.5 1.4 1.3
D 2.4 2.0 1.8 1.6 1.5
E 3.5 3.2 2.8 2.4 2.4
F See Section

11.4.7
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Period,? (sec)
Figure 4-9. Design response spectrum. With permission from ASCE.

Procedure 4-4: Seismic Desigo-VeWeI on Unbraced Legs [4-7]

Table 4-9 
SDC Based on Sds

Table 4-10 
SDC Based on SD1

Value of Sds

Risk Category

Value of SD1

Risk Category
I or Il or III IV I or Il or III IV

Sds < 0.167 A A S01 < 0.067 A A
0.167 ≤ Sds < 0.33 B C 0.067 < So, <0.133 B C
0.33 < Sds < 0.50 C D 0.133 ≤Sdi <0.20 C D
0.50 ≤ Sqs D D 0.20 ≤ Sdi D D

With permission from ASCE With permission from ASCE

Notation

A — cross-sectional area, leg, in.2
V — base shear, Ib
W — operating weight, Ib
n — number of legs

Cv — vertical seismic factor
Ch — horizontal seismic factor 

y — static deflection, in.
Fv — vertical seismic force, Ib
Fh — horizontal seismic force, Ib
Fa — allowable axial stress, psi

Fd — axial load due to dead weight, Ib
Fl — axial load due to seismic or wind, Ib
Fb — allowable bending stress, psi
F,e = Euler stress divided by safety factor, psi
fι — maximum eccentric load, Ib

Vn — horizontal load on leg, Ib
Fn — maximum axial load, Ib
fa — axial stress, psi
fb — bending stress, psi
E — modulus of elasticity, psi
g — acceleration due to gravity, 386 in,∕sec2 
e — eccentricity of legs, in.
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Mb — overturning moment at base, in.-Ib
Mt — overturning moment at tangent line, in.-⅛
M = bending moment in leg, in.-lb

ΣI1 — summation of moments of inertias of all legs 
perpendicular to Fh, in.4

Σ∑2 — summation of moments of inertia of o∏e leg 
perpendicular to Fh, in.4

Figure 4-10. Typical dimensional data and forces for a vessel supported on unbraced legs.

I = moment of inertia of one leg perpendicular 
in.4

Ci = distance from centroid to extreme fiber, in.
Cm = coefficient, 0.85 for compact members
Ki — end connection coefficient, 1.5-2.0
T — period of vibration, sec
r — least radius of gyration, in.

Figure 4-11. Various log configurations.

Angle legs
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Calculations

The following information is needed to complete the 
leg calculations:

No.  ∣u =  
Size Iv =  
A = ∑h =  
r -- ∑∣2=  ∣x = K√∕r =  
Iy = -------------------------------------------------- f^a = ------------------------------------------------
∣z=---------------------------------
Iw= --------------------------------------------------

• Deflection, y, in.

2 W £3
y ^^ 3nE∑I2

Note: Limit deflection to 6 in. per 100 ft or equivalent 
proportion. This calculation is based on the assumption 
that the support legs are pinned at the base and fixed at 
the vessel, and that the vessel is significantly more rigid 
than the supported legs.

• Period of vibration, T, sec.

τ=2√g

• Base shear, V, lb.
See Procedure 4-3.

• Horizontal force at c.g. of vessel, Ffl, lb.
Fh = ChW

• Vertical force at c.g. of vessel, Fv, lb.
Downward: (—)Fv — W

or (l + Cv)W
Upward: (+)Fv — (Cv - 1)W

if vertical seismic is greater than 1.0
• Overturning moment at base, in.-lb.

Mb = LFh
Note: Include piping moments if applicable.

• Overturning moment at bottom tangent line, in.-lb.
Mt = (L — YFh

• Maximum eccentric load, lb.
f  -Fv 4Mt

1 n nD

Note: ft is not considered in leg bending stress if legs are 
not eccentrically loaded.

• Horizontal load distribution, Vn (See Figure 4-12).
The horizontal load on any one given leg, Vn, is 
proportional to the stiffness of that one leg perpen­
dicular to the applied force relative to the stiffness of 
the other legs. The greater loads will go to the stiffer 
legs. Thus, the general equation:

and ∑Vn = V

CASE 1

CASE 2
Figure 4-12. Load diagrams for horizontal load 
distribution.
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• Vertical load distribution, Fn (See Figure 4-13).

The vertical load distribution on braced and 
unbraced legs is identical. The force on any one leg is 
equal to the dead load plus the greater of seismic or 
wind and the angle of that leg to the direction of 
force, V.

• Bending moment in leg, M, in.-lb.

M = fιe±Vn^
• Axial stress in leg, fa, Pgi∙

f =½
a A

• Bending stress in leg, fb, psi-

fb =
Select appropriate formula from Figure 4-11.

For Case 1 For Case 2

F F*
Fd =^iΓ

F -Fv
Fd ~7Γ

_ 4M
Fl = m

_ 4Md1
Fl - —~2~ 

nd^

Fn = Fd ± Fl cos φn
Fn = Fd ± Fl cos φn

• Combined stress.

If — < 0.15, then — + — <1
Fa - Fa Fb

If ½>0.15, then ⅛ + -c"l⅛ < 1
f- f∙ [l-t]pb

where Cm — 0.85

. 12τr⅛f≡ = —7—2
23 (T)

• Maximum compressive stress in shell, fc, psi (See 
Figure 4-16).

L] = W + 2√(Rt)

Above leg:

CASE 1 CASE 2
Figure 4-13. Load diagrams for vertical load distribution.
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Figure 4-14. Application of local loads in head and shell.

General:

f =
c πDt πD2t

Fc = allowable compressive stress is factor “B” from 
ASME Code.

0.125t
Factor “A” = —r—

K

"B" — from applicable material chart of ASME Code, 
Section II, Fart D, Subpart 3.

• Shear load in welds attaching legs.

fl _ Ib
2h in. of weld

See Table 4-14 for allowable loads on fillet welds in 
shear.

• Local load in shell (See Figure 4-14).

For unbraced designs, the shell or shell/head section to 
which the leg is attached shall be analyzed for local 
loading due to bending moment on leg.

Mx = Vn£ sin θ

• Anchor bolts. If the weight W > 4 Mt√d, then no 
uplift occurs and anchor bolts should be made 
a minimum of ¾ in. in diameter. If uplift occurs, then 
the cross-sectional area of the bolt required for 
tension alone would be:

a ⅛ . 2 Ab = - m?

Figure 4-15. Dimensions of leg attachment.

where Ab — area of bolt required
f2 = axial tension load
St = allowable stress in tension

Notes

1. Legs longer than 7 ft should be cross-braced.
2. Do not use legs to support vessels where high 

vibration, shock, or cyclic service is anticipated.
3. Select legs that give maximum strength for 

minimum weight for most efficient design. These 
sections will also distribute local loads over a larger 
portion of the shell.

4. Legs may be made of pipe, channel, angle, rectan­
gular tubing, or beam sections.

5. This procedure assumes a one-mass bending struc­
ture which is not technically correct for tall vessels. 
Tall towers would have distributed masses and 
should be designed independently of support struc­
ture, i.e., legs.
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Table 4-11
Vertical loads on legs, Fn

Quantity of Legs Leg No. Case 1 Case 2

6 1 Fd + 1.000 Fl Fd + 0.866 Fl
2 Fd + 0.500 Fl Fd
3 Fd - 0.500 Fl Fd - 0.866 Fl
4 Fd-1.000 Fl Fd - 0.866 Fl
5 Fd - 0.500 Fl Fd
6 Fd + 0.500 Fl Fd ÷ 0.866 Fl

8 1 Fd+ 1.000 Fl Fd + 0.923 Fl
2 Fd + 0.707 Fl Fd + 0.382 Fl
3 Fd Fd - 0.382
4 Fd - 0.707 Fl Fd - 0.923 Fl
5 Fd-1.000 Fl Fd - 0.923 Fl
6 Fd - 0.707 Fl Fd - 0.382 Fl
7 Fd Fd + 0.382
8 Fd + 0.707 Fl Fd + 0.923 Fl

10 1 Fd + 1.000 Fl Fd + 0.951 Fl
2 Fd ÷ 0.809 Fl Fd + 0.587 Fl

3 Fd + 0.309 Fl Fd
4 Fd - 0.309 Fl Fd - 0.809 Fl
5 Fd - 0.809 Fl Fd - 0.951 Fl
6 Fd-1.000 Fl Fd - 0.951 Fl
7 Fd - 0.809 Fl Fd - 0.587 Fl
8 Fd - 0.309 Fl Fd
9 Fd ÷ 0.309 Fl Fd ÷ 0.587 Fl
10 Fd ÷ 0.809 Fl Fd +0.951 Fl

12 1 Fd ÷ 1.000 Fl Fd + 0.965 Fl
2 Fd + 0.866 Fl Fd + 0.707 Fl

3 Fd + 0.500 Fl Fd + 0.258 Fl
4 Fd Fd - 0.258 Fl
5 Fd - 0.500 Fl Fd - 0.707 Fl
6 Fd - 0.866 Fl Fd - 0.965 Fl
7 Fd - 1.000 Fl Fd - 0.965 Fl
8 Fd - 0.866 Fl Fd - 0.707 Fl

9 Fd - 0.500 Fl Fd - 0.258 Fl
10 Fd Fd + 0.258 Fl

11 Fd + 0.500 Fl Fd + 0.707 Fl

12 Fd + 0.866 Fl Fd + 0.965 Fl

16 1 Fd + 1.000 Fl Fd + 0.980 Fl
2 Fd + 0.923 Fl Fd + 0.831 Fl
3 Fd + 0.707 Fl Fd + 0.555 Fl
4 Fd + 0.382 Fl Fd+ 0.195 Fl

5 Fd Fd-0.195 Fl

6 Fd - 0.382 Fl Fd - 0.555 Fl
7 Fd - 0.707 Fl Fd - 0.831 Fl

8 Fd - 0.923 Fl Fd - 0.980 Fl

9 Fd-1.000 Fl Fd - 0.980 Fl

10 Fd - 0.923 Fl Fd - 0.831 Fl
11 Fd - 0.707 Fl Fd - 0.555 Fl
12 Fd - 0.382 Fl Fd-0.195 Fl
13 Fd Fd+ 0.195 Fl
14 Fd + 0.382 Fl Fd + 0.555 Fl
15 Fd + 0.707 Fl Fd + 0.831 Fl
16 Fd+ 0.923 Fl Fd + 0.980 Fl
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Figure 4-16. Leg sizing chart for vessel supported on four legs.
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Types of Leg Attachment
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Flow Qhart for design of vertical vessels on legs

Figure 4-17. Flow chart for design of vertical vessels on legs.
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Procedure 4-5: Seismic Design - Vessel on Braced Legs

Notation Table 4-12 
Dimensions for d1

Ab — Area, brace, in2
Ac — Area, column, in2

Abr — Area, brace, required, in2
Ca — Corrosion allowance, in
Dc — Centerline diameter of columns, in
E — Modulus of elasticity, psi
f — Maximum force in brace, Lbs

fa — Axial stress, compression, psi
ft — Tension stress, psi

Fa = Allowable axial stress, psi
Fb — Allowable stress, bending, psi

No. of Legs d1

3 .750 Dc
4 .707 Dc
6 .866 Dc
8 .924 Dc
10 .951 Dc
12 .966 Dc
1θ .981 Dc

____________________________________ _____

V(sin2 αn-i+sin2αn)
Vn - n and ΣVn ~ V

Fc — Allowable stress, compression, psi
Fd — Axial load on column due to dead weight, lbs 
Fh — Horizontal seismic force, Lbs
Fl — Axial load on column due to seismic or wind, lbs
Ft — Allowable stress, tension, psi

Fy — Vertical seismic force, Lbs
Fy — Yield strength of material at temperature, psi

g — Acceleration due to gravity, 386 in∕sec2
Ib — Moment of inertia, bracing, in4
Ir — Required moment of inertia, in4
Ic — Moment of inertia, column, in4
k — End connection coefficient, columns

M0 — Overturning moment, in-Lbs
N — Number of columns
n — Number of active rods per panel use 1 for sway 

bracing; 2 for cross bracing
n' — Factor for cross bracing, use 1 for unpinned and 2 

for pinned at center
Q — Maximum axial force in column, Lbs
ι⅛ — Radius of gyration, brace, in
rc — Radius of gyration, column, in
Sr — Slendemess ratio
T — Period of vibration, seconds
V — Base shear, Lbs

Vn — Horizontal force per column, Lbs
Wo — Weight, operating, Lbs

w — Unit weight of liquid, pcf
AL — Change in length of brace, in

δ — Lateral deflection of vessel, in

Vertical Load Distribution, Fn

The vertical load distribution on braced and unbraced 
legs is identical. The force on any one leg is equal to the 
dead load plus the greater of seismic or wind and the angle 
of that leg to the direction of force, V. The general equa­
tion for each case is as follows:

For Case 1: For Case 2:

p Fv F - Fv
Fd = N^ Fd - K

4M c 4Md1
Fl - Nd L Nd2

Fn = Fd ± Fl cos φn Fn = F0 ± Fl cos φn

Design of Columns

• Base Shear,V
Use worst case of wind or seismic
V =________

• Overturning Moment, Mo

M0 = LV
• Maximum Dead load, Fd

Fd = (-)W0∕N
• Maximum EarthquaKeAVind Load, Fe/w

Fl = +/ - 4 M0∕N Dc
• Maximum Column Load, Q

Horizontal Load Distribution, Vn Select worst case from Table or use;

The horizontal load on any one leg is dependent on the 
direction of the leg bracing. The horizontal force, V, is 
transmitted to the legs through the bracing. Thus, the 
general equation:

Q = Fd + ∕ - Fl

Q max compression = Qc =

Q max tension = Qτ =
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CASE 1 CASE 2
Figure 4-18. Load diagrams for horizontal load distribution.

Note: If there is no uplift then there is no tension force.

• Leg selection;

Use: —

Ac =

Compression Case
• Compressive stress, fa

fa = Qc/Ac ≤ Fa

• Slendemess ratio, Sr — kh∕rc 
Fa =

Tension Case
• Tension stress, ft

ft = Qτ∕Ac ≤ Ft

• Allowable tension stress, Ft, 

Fτ = 1.2 (0.6) Fy

Cross Bracing

Note: Loads in cross bracing are tension and 
compression.

Compression Case
• Case 1: Pinned at center

Ir = FLι2∕4π2E

Case 2: Not pinned at center

Ir = FLι2∕π2E



Design of Vessel Supports 219

ESTABLISH LEG & BRACE DIMENSIONS

DIMENSIONS:

φ =360/N =

Rc =

E = 2 [ Sin.5φ(Rc) ] =

E =

aι =

a2 =

E, = E - 2 a1 =

Large Pressure 
Vessel

h =

h' = h - 2 a2 =

Find Angle θ;

Tan θ = E, ∕ h, =

Find Length of Brace, L1

L1 = E' ∕ Sin θ =
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NOTES:

VESSEL ON BRACED LEGS - SEISMIC DESIGN

METHOD 1 METHOD 2 METHOD 3

Vn = Horizshear 
per lug

Worst case from Table 
dependent on number of legs 
and direction of seismic force 
(between legs or through legs).

NA Vn =V∕N

f = Max force in 
brace

f = Vn ∕ n Sin θ f = 2 Wo ∕ 2 N Sin θ f = Vn ∕ Sin θ

ΔL - Change in 
length of brace

ΔL =(f L1)/(EAb) ΔL =(fL1)∕(EAb) ∆L = (2 Wo L1 ) ∕ (2 N E Ab Sin θ)

δ - Lateral 
deflection of Vesse

δ = ∆L ∕ Sin θ δ = ΔL ∕ Sin θ δ = ΔL ∕ Sin θ

T = Period of 
vibration

T = 2π(δ∕g)1β T = 2π(δ∕g)1'2 T = 2ττ(δ∕g)'a

1. Approx POV per ASCE 7-05 ; Ta = Ct hn,
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CASE 1 CASE 2
Figure 4-19. Load diagrams for vertical load distribution.

Table 4-13
Summary of loads, forces & moments at support locations

Qty of 
Columns Leg No.

Case 1: At Columns Case 2: Between Columns

Horiz ( Vn ) Vertical ( Q ) Horiz ( Vn ) Vertical ( Q )

6 1 + 0.083 V Fd+ 1.000 Fl + 0.125 V Fd + 0.866 Fl

2 + 0.208 V Fd + 0.500 Fl + 0.250 V Fd
3 + 0.208 V Fd - 0.500 Fl + 0.125 V Fd - 0.866 Fl

4 + 0.083 V Fd - 1.000 Fl + 0.125 V Fd - 0.866 Fl

5 + 0.208 V Fd - 0.500 Fl + 0.250 V Fd
6 + 0.208 V Fd + 0.500 Fl + 0.125 V Fd + 0.866 Fl

8 1 + 0.036 V Fd + 1.000 Fl + 0.062 V Fd + 0.923 Fl

2 + 0.125 V Fd + 0.707 Fl + 0.187 V Fd + 0.382 Fl

3 + 0.213 V Fd + 0.187 V Fd - 0.382 Fl

4 + 0.125 V Fd - 0.707 Fl + 0.062 V Fd - 0.923 Fl

5 + 0.036 V Fd - 1.000 Fl + 0.062 V Fd - 0.923 Fl

6 + 0.125 V Fd - 0.707 Fl + 0.187 V Fd - 0.382 Fl

7 + 0.213 V Fd + 0.187 V Fd + 0.382 Fl

8 + 0.125 V Fd + 0.707 Fl + 0.062 V Fd + 0.923 Fl

10 1 + 0.019 V Fd + 1.000 Fl + 0.034 V Fd + 0.951 Fl

2 + 0.075 V Fd + 0.809 Fl + 0.125 V Fd + 0.587 Fl

3 + 0.165 V Fd + 0.309 Fl + 0.180 V Fd
4 + 0.165 V Fd - 0.309 Fl + 0.125 V Fd - 0.587 Fl

5 + 0.075 V Fd - 0.809 Fl + 0.034 V Fd - 0.951 Fl

6 + 0.019 V Fd - 1.000 Fl + 0.034 V Fd-0.951 Fl

7 + 0.075 V Fd - 0.809 Fl + 0.125 V Fd - 0.587 Fl

8 + 0.165 V Fd - 0.309 Fl + 0.180 V Fd
9 + 0.165 V Fd + 0.309 Fl + 0.125 V Fd + 0.587 Fl

10 + 0.075 V Fd + 0.809 Fl + 0.034 V Fd + 0.951 Fl

12 1 + 0.011 V Fd + 1.000 Fl + 0.020 V Fd + 0.965 Fl

2 + 0.047 V Fd + 0.866 Fl + 0.083 V Fd + 0.707 Fl

3 + 0.119 V Fd + 0.500 Fl + 0.145 V Fd + 0.258 Fl

4 + 0.155 V Fd + 0.145 V Fd - 0.258 Fl

5 + 0.119 V Fd - 0.500 Fl + 0.083 V Fd - 0.707 Fl

6 + 0.047 V Fd - 0.866 Fl + 0.020 V Fd - 0.965 Fl

7 + 0.011 V Fd - 1.000 Fl + 0.020 V Fd - 0.965 Fl

8 + 0.047 V Fd - 0.866 Fl + 0.083 V Fd - 0.707 Fl

(Continued)
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Table 4-13 
Summary of loads, forces & moments at support locations—cont’d

Qty of 
Columns Leg No.

Case 1: At Columns Case 2: Between Columns

Horiz ( Vn ) Vertical ( Q ) Horiz ( Vn ) Vertical ( Q )

9 + 0.119 V Fd - 0.500 Fl + 0.145 V Fd - 0.258 Fl
10 + 0.155 V Fd + 0.145 V Fd + 0.258 Fl
11 + 0.119 V Fd + 0.500 Fl + 0.083 V Fd + 0.707 Fl
12 + 0.047 V Fd + 0.866 Fl + 0.020 V Fd + 0.965 Fl

16 1 + 0.004 V Fd + 1.000 Fl + 0.009 V Fd + 0.980 Fl
2 + 0.021 V Fd + 0.923 Fl + 0.040 V Fd + 0.831 Fl
3 + 0.062 V Fd + 0.707 Fl + 0.084 V Fd + 0.555 Fl
4 + 0.103 V Fd + 0.382 Fl + 0.115 V Fd+ 0.195 Fl
5 + 0.120 V Fd + 0.115 V Fd-0.195 Fl
6 + 0.103 V Fd - 0.382 Fl + 0.084 V Fd - 0.555 Fl
7 + 0.062 V Fd - 0.707 Fl + 0.040 V Fd-0.831 Fl
8 + 0.021 V Fd - 0.923 Fl + 0.009 V Fd - 0.980 Fl
9 + 0.004 V Fd-1.000 Fl + 0.009 V Fd - 0.980 Fl
10 + 0.021 V Fd - 0.923 Fl + 0.040 V Fd-0.831 Fl
11 + 0.062 V Fd - 0.707 Fl + 0.084 V Fd - 0.555 Fl
12 + 0.103 V Fd - 0.382 Fl + 0.115 V Fd-0.195 Fl
13 + 0.120 V Fd + 0.115 V Fd+ 0.195 Fl
14 + 0.103 V Fd + 0.382 Fl + 0.084 V Fd + 0.555 Fl
15 + 0.062 V Fd + 0.707 Fl + 0.040 V Fd + 0.831 Fl
16 + 0.021 V Fd + 0.923 Fl + 0.009 V Fd + 0.980 Fl

Notes:

1. Radius, Rn in equations will be R1 if a girder is used, Rc if no girder is used.

Use:

Ib=

rb =

Ab=------------------------

• Compressive Stress, fa

fa = Qc/Ac ≤ Fa

• Slendemess ratio, Sr - KL√n'rb n' - 1 for not pinned,
2 for pinned
Fa =

Tension Case
• Tension stress, ft

ft = f∕Ab ≤ Ft
• Allowable tension stress, Ft,

Fτ = 1.2(0.6)Fy

Sway Bracing

Note: Loads in sway bracing are tension only.

» Area of bracing required, Abr

• Allowable tensile stress, Ft,

Fτ = 1.2 (0.6) Fy

End Connections

• Shear per bolt = .5 f ∕ number of bolts
• Shear per inch of weld = .5 f ∕ inch of weld

Table 4-14 
Allowable shear load in kips (bolts and welds per AISC steel 

construction manual, ASD method)

Bolt Size A-307 A-325

.625" 3.68 7.36

.75" 5.30 10.6

.875" 7.21 14.4
1" 9.42 18.8
1.125" 11.9 23.8
WELD SIZE E60XX E70XX
.1875 2.39 2.78
.25 3.18 3.71
.3125 3.98 4.64
.375 4.77 5.57
.4375 5.56 6.50

Abr = f∕Ft
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Table 4-15 
Suggested sizes of legs and cross-bracing

Vessel O.D. (in.)
Tan to Tan 
Length (in.)

Support Leg 
Angle Sizes (in.)

Base Plate 
Size (in.)

Bracing Angle
Size (in.)

Bolt
Size (in.) Y (in.)

Up to 30 Up to 240 (3) 3 × 3 × ¼ 6 × 6 × ⅜ 2×2x¼ ¾ 12
Upto 120 (4) 3 × 3 × ¼ 6 × 6 × ⅜ ¾ 8

30 to 42 121 to 169 (4) 3 × 3 × ¼ 6 × 6 × ⅜ 2 × 2 × ¼ ¾ 10
170 to 240 (4) 3 x 3 x ⅜ 6 × 6 × ½ ¾ 12
Upto 120 (4) 3 × 3 × ⅜ 6 × 6 × ½ 2½ x 2½ x ¼ ¾ 8

43 to 54 121 to 169 (4) 3 × 3 × ⅜ 6 × 6 × ½ ¾ 10
170 to 240 (4) 4 × 4 × ⅜ 8 × 8 × ⅜ ¾ 12
Up to 120 (4) 4 × 4 × ⅜ 8 × 8 × ⅜ 2½ x 2½ x ¼ 1 8

55 to 56 121 to 169 (4) 4 × 4 × ½ 8 × 8 × ½ 1 10
170 to 240 (4) 4 × 4 × ½ 8 × 8 × ½ 1 12
Up to 120 (4) 5 × 5 × ⅜ 9 × 9 × ½ 3×3×¼ 1 ⅛ 8

67 to 78 121 to 169 (4) 5 × 5 × ⅜ 9 × 9 × ½ 1⅛ 10
170 to 240 (4) 6 × 6 × ½ 10x10x ½ 1 ⅛ 12
Up to 120 (4) 6 × 6 × ½ 10x10x ½ 3 × 3 × ¼ 1 ⅛ 10

79 to SO 121 to 169 (4) 6 × 6 × ½ 10 × 10 × ½ 1⅛ 12
170 to 240 (4) 6 × 6 × ½ 10x10x ½ 1⅜ 12
Up to 120 (4) 6 × 6 × ½ 10 × 10 × ½ 3 × 3 × ⅜ 1⅜ 12

91 to 102 121 to 169 (6)6×6× ½ 10 x 10 × ½ 1⅜ 12
170 to 240 (6)6×6× ⅝ 10 × 10 × ¾ 1⅜ 12

Post Connection Plate

See “Design of Ring Girders”

Notes

1. Cross-bracing the legs will conveniently reduce 
bending in legs due to overturning moments (“wind 
and earthquake”) normally associated with unbraced 
legs. The lateral bracing of the legs must be sized to 
take lateral loads induced in the frame that would 
otherwise cause the legs to bend.

2. Legs may be made from angles, pipes, channels, 
beam sections, or rectangular tubing.

3. Legs longer than about 7 ft should be cross-braced.
4. Check to see if the cross-bracing interferes with 

piping from bottom head.
5. Shell stresses at the leg attachment should be 

investigated for local loads. For thin shells, extend 
“Y.” Legs should be avoided as a support method 
for vessels with high shock loads or vibration 
service.

Procedure 4-6: Seismic Design - Vessel on Rings [4,5,81

Notation

cv, Ch — vertical/horizontal seismic factors
Ab — bearing area, in.2

Fv, Fh, — vertical/horizontal seismic force, Ib
N — number of support points
n — number of gussets at supports

p? pe — intemal/extemal pressure, psi
W — vessel weight under consideration, Ib 
σb — bending stress, psi

Cφ — circumferential stress, psi
Kr — internal moment coefficient
Cr = internal tension/compression coefficient 
Z — required section modulus, ring, in.3

j1^2 = moment of inertia of rings, in.4
S — code allowable stress, tension, psi 

Aι-2 " cross-sectional area, ring, in.2 
rj, Tτ = compression/tension loads in rings, Ib 

j4 = internal moment in rings, in.-lb
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(C)

Mb

Tc — Crf cos θ

Bp 
Q 
f

• Tensionjcompression loads in rings. Note’. In general 
the upper ring is in compression at the application of 
the loads and in tension between the loads. The lower 
ring is in tension at the loads and in compression 
between the loads. Since the governing stress is 
normally at the loads, the governing stresses would 
be:

Upper ring:

Alternate constructions

Figure 4-20. Typical dimensional data and forces for a vessel supported on rings.

7 _ Mi
z- S

Note: It is assumed the lower ring is always larger or of 
equal size to the upper ring.

— bending moment in base ring, in.-lb, greater 
of Mx or My

— bearing pressure, psi
— maximum vertical load at supports, Ib
— radial loads on rings, Ib

• Internal moment in rings, Mj and M2∙
Upper ring:

Mi — krfRι cos θ
Lower ring:

M2 — krfR2 cos θ

Note: cos θ is to be used for nonradial loads. Disregard if 
load f is radial.

• Required section modulus of upper ring, Z.

(B)
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LOWER PORTION
GOVERNS

UPPER PORTION
GOVERNS

INFLUENCE OF RING SUPPORT POSITIONING

Mmax = GREATER OF ...

MAA = F1 L3

Or F2L4

Vmax = Greater of F1 or F2

Figure 4-21. Vessel supported on rings (Influence of support positioning).
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Upper Ring

Moment diagrams shown (typical)

Kr Cr

At loads +0.3183 0

Between 
loads

-01617 -0.5

Two loads

Lower Ring

Kr Cr

At loads -.3183 0

Between 
loads + .1817 + .5

Four loads

Kr Cr

At loads -0.1366 + 0.5

Between 
loads

+ 0.0705 + 0.7071

Kr Cr

At loads + 0.0661 -1.2071

Between 
loads -0.034 -1.306

Eight Loads

Kr Cr

At loads -0.0661 +1.2071

Between 
loads +0.034 +1.306

Figure 4-22. Coefficients for rings.
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Θ At Loads Setween Loads

Kr Cr Xr Cr

1o +0.619 -0.017 -0.365 -1.00
2o +0.601 -0.041 -0.366 -0.999
3o +0.584 -0.052 -0.363 -0.998
40 +0.566 -0.071 -0.362 -0.997
50 +0.550 -0.087 -0.360 -0.996
6° +0.532 -0.105 -0.359 -0.995
70 +0.515 -0.122 -0.357 -0.992
8o +0.498 -0.138 -0.355 -0.990
9° +0.481 -0.155 -0.352 -0.986
10o +0.466 -0.171 -0.348 -0.985
15° +0.387 -0.250 -0.329 -0.966
20o +0.315 -0.321 -0.303 -0.940
250 +0.254 -0.383 -0.270 -0.906
30° +0.204 -0.433 -0.229 -0.866
35o +0.167 -0.469 -0.183 -0.819
40o +0.144 -0.492 -0.129 -0.766
45o +0.137 -0.500 -0.070 -0.707

Figure 4-23. Coefficients for rings. (Signs in the table are 
for loads as shown. Reverse signs for loads are in the 
opposite direction.).

Lower ring:

Tτ = Crf cos θ

where Cr is the maximum positive value for Tτ an^ the 
maximum negative value for Tc.
• Maximum circumferential stress in shell, 0φ∙

Compression: in upper ring

∕ ∖PeRm Tcσ* = "n
Tension: in lower ring

PRm χ Tτ
σ∙> = -+τ1

• Maximum bending stress in shell.

θ At Loads Setween Loads

Kr Cr Xr Cr

10 + 0.254 -1.018 -0.143 -1.411
20 + 0.238 -1.040 -0.143 -1.410
3° + 0.221 -1.050 -0.142 -1.409
40 + 0.206 -1.066 -0.140 -1.408
5o + 0.194 -1.079 -0.136 -1.407
6° + 0.178 -1.095 -0.135 -1.406
7° + 0.165 -1.108 -0.133 -1.405
8o + 0.153 -1.117 -0.130 -1.404
9o + 0.141 -1.130 -0.124 -1.397
10o + 0.130 -1.141 -0.119 -1.393
15o + 0.090 -1.183 -0.093 -1.366
20o + 0.069 -1.204 -0.056 -1.329
25o + 0.069 -1.204 -0.008 -1.282
30° + 0.090 -1.183 + 0.049 -1.225
35° + 0.132 -1.141 + 0.115 -1.158
40° + 0.194 -1.079 + 0.190 -1.083
45° + 0.273 -1.000 + 0.273 -1.000

Figure 4-24. Coefficients for rings. (Signs in the table are 
for loads as shown. Reverse signs for loads are in the 
opposite direction.).

Upper ring:
MiCi

σb = ~ιΓ
Lower ring:

M2C2
σb - ∏F
• Maximum bending stress in ring.
Upper ring:

Miy1
σb = ~fΓ
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Figure 4-27. Determining the thickness of the lower ring 
to resist bending.

Table 4-16 
Maximum bending moments in a bearing plate with gussets

£ 
b

__ Γx = 0.5blMx λ[y = J
Γχ = 0.5b 1Mx λxLy = o

0 0 (-)0.500 Bp/2
0.333 0.0078 Bp b2 (-)0.428 Bp/2
0.5 0.0293 Bp b2 (—)0.319 Bp/2
0.666 0.0558 Bp b2 (-)0.227 Bp/2
1.0 0.0972 Bp b2 (-)0.119 Bp/2
1.5 0.1230 Bp b2 (—)0.124 Bp/2
2.0 0.1310 Bpb2 (-)0.125 Bp/2
3.0-∞ 0.1330 Bp b2 (—)0.125 BpIs

Reprinted by permission of John Wiley & Sons, Inc.
From Process Equipment Design, Table 10.3. (See Note 2.)
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1. Rings may induce high localized stresses in shell 
immediately adjacent to rings.

• Properties of upper ring.
• Properties of lower ring. 

Lower ring:

2. When Ub≤1.5, the maximum bending moment 
occurs at the junction of the ring and shell. When 
Ub > 1.5, the maximum bending moment occurs at

M2y2 
σb = I2

the middle of the free edge.
3. Since the mean radius of the rings may be unknown

• Thickness of lower ring to resist bending. 
Bearing area, Ab:

at the beginning of computations, yet is required for 
determining maximum bending moment, substitute 
Rm as a satisfactory approximation at that stage.

Ab = 4. The following values may be estimated:
• Ring thickness: The thickness of each ring is

Bearing pressure, Bp:
B ~*  
βp"Ab

arbitrary and can be selected by the designer. A 
suggested value is

From Table 4-16, select the equation for the maximum 
bending moment in the bearing plate. Use the greater of

t — ∩ α .3 /Mmax 
tb~0∙3V S

Mx or My.

£ _
b -
Mb =
Minimum thickness of lower ring, tb:

• Ring spacing: Ring spacing is arbitrary and can be 
selected by the designer. A suggested minimum 
value is

h = B-D

∕6Mb 
tb = vτ

• Ring depth: The depth of ring cannot be computed 
directly, but must be computed by successive 
approximations. As a first trial,

Notes j O 1 ∕∙^max
d — z.Ia/

V trs

Procedure 4-7: Seismic Design - Vessel on Lugs [5,8-13]

Notation ↑↑J[φ — internal bending moment, circumferential, 
in.-lb/in.

Rm — center line radius of shell, in.
N — number of equally spaced lugs
W — weight of vessel plus contents, Ib

f — radial load, Ib
Fb — horizontal seismic force, Ib
Fv — vertical seismic force, Ib
Vb — horizontal shear per lug, Ib
Vv — vertical shear per lug, Ib
Q — vertical load on lugs, Ib

γ, β = coefficients
Mc — external circumferential moment, in.—Ib
Ml — external longitudinal moment, in.-lb

]∖4x — internal bending moment longitudinal, in. -lb∕ 
in.

N<∕> — membrane force in shell, circumferential, lb∕ 
in.

Nx — membrane force in shell, longitudinal, lb∕in.
P — internal pressure, psi

Ch — horizontal seismic factor
Cv — vertical seismic factor

£ Cj. — multiplication factors for Nψ and Nx for 
rectangular attachments

jζ1. — coefficients for determining β for moment 
loads on rectangular areas
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K1 j<2 — CoefficientsfordetenniningiSforradialloads 
on rectangular areas

K ,Kb> = stress concentration factors (see Note 5) 
ffφ — circumferential stress, psi 
ffx — longitudinal stress, psi
ts — thickness of shell, in.
tp — thickness of reinforcing pad, in.
α — coefficient of thermal expansion, in∕in∕oF 
ζ — radial deflection, in

Figure 4-28. Dimensions and forces for support lug.

Inner
lug

Figure 4-31. Area of loading.

LOWER PORTION 
GOVERNS

UPPER PORTION 
GOVERNS

Mmax - GREATER OF ...

Maa = Fi Lz

Or F2 L4

Vmax = Greater of Fi or F2

Figure 4-32. Vessel supported on lugs (Influence of 
support positioning).

Figure 4-30. Case 2: Lugs above the center of gravity.
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Step 1: Compute forces and moments

Mli — Qia — VhbOuter

M|_2 — 023Sides M∣p — Qpa

Ml3 — θ3θ + V hb M|_3 — Qza ÷ VhbInner

CIRCUMFERENTIAL MOMENT, M1

Mc = VhaSides Mc = Vha

Mli =Q,a-Vhb

LONGITUDINAL MOMENT, Ml

FORCES

Lateral force Fh = ChW

Horizontal shear per lug Vh = Fh/N

Vertical force Fv = (1+Cv)W

Vertical shear per lug Vv = Fv∕N

LOAD DIAGRAMS

Case 1: Two Lugs Case 2: Two Lugs Case 3: Four Lugs

Mc ∕ ∖ Mc4)

I Fh

-4------ -
μ---------L

Fh

Side f (≠--1 

Mc ∖

Γ∖
∖ Side 

ι∙-⅛)

∕ Mc 
3√

Fh

VERTICAL LOADS AT LUGS, Q

Outer lα1=Vv-⅝ ⅛
c
d I ∖ O

Sides Q2 = Vv______________________ I Q2 = Vv

Inner
Q3 = Vv + -~- α3 = vv + ⅛

Step 2: Compute geometric parameters

Y — Rr∏∕t β-∣ — C√Rm β2 = C2∕Rm βl∣β.2

Step 3: Compute equivalent β values (values of Cl, Cc, Kl, and Kc from Tables 4-17 and 4-18)

β Values for Longitudinal Moment β Values for Circumferential Moment

Values of β Cc Kc P

N φ

Nx

β9= Mφ

βh = M×

Values of β Cl Kl β

βa = ∖[βyβ2 N φ

Nx

A =

β<*  ~ κLyz⅛ι β2 Mx
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Step 4: Compute stresses

Forces Figure β Values from Figure Forces and Moments Stress

Longitudinal MomentMembrane 7.23A βa ~
N≠⅞⅜8 ( ∖

Ml V )
-OClMl-

*" ⅛∕> ^
Kn σφ=-τ-≈

7.23B βb≈
Nχ⅞∕< ∕ ∖

Ml ∖ )
nx = <⅛ = _ Kn Nx _ 

σχ ts

Bending 7.24A βc — MψRmβ_ ∕ ∖
Ml ~∖)

M <>ml 
m* = ^fw =

6KbM0 
σφ~~τ~-7.24B βd- Mχ Rm^_ ∕ ∖

Ml “ ∖ )
M = ( )Ml 

Rm
6KbMx 

σx=-i-≈

Circumferential MomentMembrane 7.25A -Ss-
N≠⅛<8 ( ∖

Mc )
()CcMc

* R2m∕>
K∏Nφ 

σ* = -ζ~ =

7.25B -Sf-
Nχ⅛l I ∖

Mc ∖ )
nx = <⅛ = Kn Nx 

σ×≈-

Bending 7.26A Λ≡ MφRrn∕?_  ∕ ∖
Mc ~∖ )

M OMc 6KbMφ 
σ≠=-τ- =

7.26B βh = MxRm∕?_ ∕ ∖ 
Mc ~∖ ) M

Rmβ
6KbMx 

σx=^τ^=

Table 4-17 Table 4-18
Coefficients for circumferential moment, Mc Coefficients for longitudinal moment, Ml

Wft> γ Cc for Cc for Nx Kc for Mφ Kc for Mx 0√02 γ Cl for Nφ Cl for Nx Kl for Mφ Kl for Mx

15 0.31 0.49 1.31 1.84 15 0.75 0.43 1.80 1.24
50 0.21 0.46 1.24 1.62 50 0.77 0.33 1.65 1.16

0.25 100 0.15 0.44 1-16 1.45 0.25 100 0.80 0.24 1.59 1.11
200 0.12 0.45 1.09 1.31 200 0.85 0.10 1.58 1.11
300 0.09 0.46 1.02 1.17 300 0.90 0.07 1.56 1.11

15 0.64 0.75 1.09 1.36 15 0.90 0.76 1.08 1.04
50 0.57 0.75 1.08 1.31 50 0.93 0.73 1.07 1.03

0.5 100 0.51 0.76 1.04 1.16 0.5 100 0.97 0.68 1.06 1.02
200 0.45 0.76 1.02 1.20 200 0.99 0.64 1.05 1.02
300 0.39 0.77 0.99 1.13 300 1.10 0.60 1.05 1.02

15 1.17 1.08 1.15 1.17 15 0.89 1.00 1.01 1.08
50 1.09 1.03 1.12 1.14 50 0.89 0.96 1.00 1.07

1 100 0.97 0.94 1.07 1.10 1 100 0.89 0.92 0.98 1.05
200 0.91 0.91 1.04 1.06 200 0.89 0.99 0.95 1.01
300 0.85 0.89 0.99 1.02 300 0.95 1.05 0.92 0.96

15 1.70 1.30 1.20 0.97 15 0.87 1.30 0.94 1.12
50 1.59 1.23 1.16 0.96 50 0.84 1.23 0.92 1.10

2 100 1.43 1.12 1.10 0.95 2 100 0.81 1.15 0.89 1.07
200 1.37 1.06 1.05 0.93 200 0.80 1.33 0.84 0.99
300 1.30 1.00 1.00 0.90 300 0.80 1.50 0.79 0.91

15 1.75 1.31 1.47 1.08 15 0.68 1.20 0.90 1.24
50 1.64 1.11 1.43 1.07 50 0.61 1.13 0.86 1.19

4 100 1.49 0.81 1.38 1.06 4 100 0.51 1.03 0.81 1.12
200 1.42 0.78 1.33 1.02 200 0.50 1.18 0.73 0.98
300 1.36 0.74 1.27 0.98 300 0.50 1.33 0.64 0.83

Reprinted by permission of the Welding Research Council. Reprinted by permission of the Welding Research Council.
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Analysis when Reinforcing Pads are Used

Assumed

Area of loading for 
radial load, f

2d11 max =
4d1C2 
3C1

Figure 4-33. Dimensions of load areas for radial loads.

Step 2: Compute geometric parameters.

Step I: Compute radial loads f

Case 1 Case 2 Case 3

Outer , 3Mli
,1 = 4G?

f 3Ml1
,1 = 4CΓ

Sides
3M|_2

,2 = 4C7
X 3Ml2f2= 4⅛

Inner , 3Ml3
,3 = 4C?

f 3Ml3,3= 4CΓ

Table 4-19

At Edge of Attachment At Edge of Pad

d ∣∙D. + ts÷tp
r*m  — 2

R — 10 ÷ *s 
κm — ' 2

t = ∖∕ts + tp t = ts

γ - Rm∕t γ = Rm/t

01 = Oi /Rm 01 — d√Rm

02 ~ 4C2∕3Rrn 02 — d2∕Rm

0ι∕ft> 01/02

Step 3: Compute equivalent β values.

Reprinted by permission of the Welding Research Council.

Four values of 0 are computed for use in
determining Nφ, Nx, Mφ, and Mx as follows. The values of K1 and K2 are taken from Table 4-19. Values of coefficient K1 and K2

01/02 ≥ 1 0 ______________K1 K2

β = [1-∣⅛-1)(1-kι)]√fti⅛ ∣βa for Nψ = N φ 0.91 1.48
f⅛ for Nx= Nx 1.68 1.2

βι∣βz < 1

∣βc for Mψ = Mφ 1.76 0.88
β<ι for Mx = Mx 1.2 1.25
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Step 4: Compute stresses for a radial load.

Radial Load

Membrane

Bending

β Values from Figure Forces and Moments StressFigure

7-21A ‰ = NφRm _ ∕ ∖ 
f ~ U Na = O! =' ≠ D∙*m σφ = JS⅛ :

7-21B ft> = NχRm _ / ∖ 
f ~ l J

Nχ=y^=
Rm

σx = ftnNx 
t ~

7-22A 0c =
⅛-()

Mφ = ( )f =

7-22B =
⅛-() Mx = ( )f =

* ~y~ 
σx = θK≥Mj

COMBINING STRESSES
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F

c

Neutral 
axis

e --- .78√Rm t but < 12t

P __ 6Ml cos0 
(h + e)(h + 2e) n

Type 1

Neutral axis

M1b1 
b2h + b?

MLh _ F1h 
b2h + b? b1

aa 4 f. F2 cos0 At top F = —≤ ------
2e n

At bottom f -- —
i

Type 2
Figure 4-34. Radial loads F and f.

e=Γ- l,l

Neutral
axis

for single gusset

F = Mt 
h

Type 3
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Case 2: Load between lugs
Figure 4-35. Vessel supported on (8) lugs.
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Design of Vessel Supported on (8) Lugs

Item Formula Calculation

Lateral Force Fh = Ch W
Horizontal Shear/Lug Vh = Fh ∕ N
Vertical Force Fv = ( 1 + Cv ) W
Overturning Moment M = FhL
Dead Load/Lug Vv = Fv∕N
Worst Case Vertical Live Load per Lug Fl = 4 M ∕ N B

VERTICAL LIVE LOAD ON EACH LUG, Fbn

LUG CASE 1 CASE 2

1 - Fl - .924 Fl

2 - .707 Fl - .383 Fl

3 0 ÷ .383 Fl

4 +.707 Fl + .924 Fl

5 + fl + .924 Fl

6 - .707 Fl + .383 Fl

7 0 - .383 Fl

8 + .707 Fl - .924 Fl

Formulas in Table are based on the following equations;

CASE 1 Fl = 4M cos≠n /NB

CASE 2 Fl = 4M cos<∕>n ∕ N B1

Vertical Load on any Lug Qn = Vv ÷ FLn

Worst Case Load per Lug Q = Vv + Fl

Longitudinal Moment for any Given Lug Ml∩ = Qn a +/- Vh b

Longitudinal Moment for any Worst Case Ml -Qa +/- Vh b --------------------------------------

Data
Design of Vessel Supported on (8) Lugs (Example)

ITEM
Lateral Force
Horizontal Shear/Lug
Vertical Force
Overturning Moment
Dead Load/Lug
Worst Case Vertical Live Load per Lug

FORMULA 
Fh = Ch W 
Vh = Fh ∕ N 
Fv = (1 + Cv ) W 
M = FhL 
Vv = Fv ∕ N 
Fl = 4 M ∕ N B

CALCULATION
Fh = .1 (141κ) = 14.1κ
Vh = 14.1κ∕8= 1.76κ
Fv = (1 + .2) 141κ = 169.2κ
M = 14.1κ (84") = 1184 In-Kips
Vv = 169.2κ∕8 = 21.15κ
Fl = 4(1184''κ ) ∕ (8) 160.25” = 3.69κ

Ch = .1
Cv = ∙2 
W = 141κ 
L = 84" 
3-12" 
b = 6.24"
B = 160.25"
B1 = 113.31

VERTICAL LIVE LOAD ON EACH LUG, Ftn

CASE 2
- .924 Fl
- .383 Fl 
+ .383 Fl 
+ .924 Fl 
+ .924 Fl 
+ .383 Fl
- .383 Fl
- .924 Fl

LUG
1
2
3
4
5
6
7
8

CASE 1
-Fl
- .707 Fl 
0
+.707 Fl
+ fl
- .707 Fl 
0
+ .707 Fl

Formulas in Table are based on the following equations;

CASE 1
CASE 2
Vertical Load on any Lug
Worst Case Load per Lug
Longitudinal Moment for any Given Lug
Longitudinal Moment for any Worst Case

Fl = 4 M cos≠n ∕ N B 
Fl = 4 M cos≠n ∕ N B1 
Qn = vV + F[_n 
Q = Vv + Fl 
Ml∩ = Qn a +/- Vh b 
Ml = Q a +/- Vh b

Q = 21.15 +3.69 = 24.84κ

Ml = 24.84κ (12”) + 1.76κ (6.24”) = 309 in-Kips
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Check lug for radial thermal expansion, ζr

DT — Design temperature, oF
R — Radius = B ∕ 2
α — Coefficient of thermal expansion, in∕in∕ oF

ΔT — Change in temperature from 70 oF

ζr = α ΔT R =

Example;
R = 80.125 in

DT = 925oF
α — 7.9(10^6) in∕in∕oF

ΔT = 925 - 70 = 855°F
ζr = 7.9(10~6) 855 (80.125) = .541 in

Use slotted holes!

Size of anchor bolts Required, Ar

Due to Overturning Moment
Ar = [(4 M∕B) — W][l∕(Nb Sb)]

Nb — Number of anchor bolts
If Ar is negative, there is no uplift.

Due to Shear

Shear ∕ lug, fz

fs = Fh∕Nb

Ar — fs/Fs

Use minimum size of anchor bolts of 0.75 in diameter.

Notes

1. A change in location of the c.g. for various oper­
ating levels can greatly affect the moment at lugs 
by increasing or decreasing the “L” dimension. 
Different levels and weights should be investigated 
for determining worst case (i.e., full, half-full, 
empty, etc.)

2. This procedure ignores effects of sliding friction 
between lugs and beams during heating/cooling 
cycles. These effects will be negligible for 
small-diameter vessels, relatively low operating 

temperatures, or where slide plates are used to 
reduce friction forces. Other cases should be 
investigated.

3. Since vessels supported on lugs are commonly 
located in structures, the earthquake effects will be 
dependent on the structure as well as on the vessel. 
Thus horizontal and vertical seismic factors must 
be provided.

4. If reinforcing pads are used to reduce stresses in the 
shell or a design that uses them is being checked, 
then Bijlaard recommends an analysis that converts 
moment loadings into equivalent radial loads. The 
attachment area is reduced about two-thirds. 
Stresses at the edge of load area and stresses at the 
edge of the pad must be checked. See “Analysis 
When Reinforcing Pads are Used.”

5. Stress concentration factors are found in the 
procedure on local stresses.

6. To determine the area of attachment, see “Attach­
ment Parameters.” Please note that if a top 
(compression) plate is not used, then an equivalent 
rectangle that is equal to the moment of inertia of 
the attachment and whose width-to-height ratio is 
the same must be determined. The neutral axis is 
the rotating axis of the lug passing through the 
centroid.

7. Stiffening effects due to proximity to major stiff­
ening elements, though desirable, have been 
neglected in this procedure.

8. Assume effects of radial loads as additive to those 
due to internal pressure, even though the loadings 
may be in the opposite directions. Although 
conservative, they will account for the high 
discontinuity stresses immediately adjacent to the 
lugs.

9. In general, the smaller the diameter of the vessel, 
the further the distribution of stresses in the 
circumferential direction. In small diameter 
vessels, the longitudinal stresses are confined to 
a narrow band. The opposite becomes true for 
Iarger diameter vessels or larger Rm∕t ratios.

10. If shell stresses are excessive, the following 
methods may be utilized to reduce the stresses:
a. Add more lugs.
b. Add more gussets.
c. Increase angle θ between gussets.
d. Increase height of lugs, h
e. Add reinforcing pads under lugs.
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g. Add top and bottom plates to lugs or increase 
width of plates.

f. Increase thickness of shell course to which lugs 
are attached.

h. Add circumferential ring stiffeners at top and 
bottom of lugs.

Procedure 4-8: Seismic Design - Vessel on Skirt [1,2,3]

Notation B — code allowable compressive stress, psi
F — lateral seismic force for uniform vessel, kips

T — period of vibration, sec
Si — code allowable stress, tension, psi
H — overall height of vessel from bottom of base 

plate, ft
hx — height from base to center of section or e.g. 

of a concentrated load, ft
hj — height from base to plane under consider­

ation, ft
a, β, γ — coefficients from Table 4-20 for given plane 

based on hx∕H
Wx = total weight of section, kips
W — weight of concentrated load or mass, kips

W0 — total weight of vessel, operating, kips
W∣1 = total weight of vessel above the plane under 

consideration, kips
wx — uniformly distributed load for each section, 

kips/ft
Fx — lateral force applied at each section, kips
V — base shear, kips

Vx — shear at plane x, kips
Mx — moment at plane x, ft-kips
Mb — overturning moment at base, ft-kips

D — mean shell diameter of each section, ft or in.
E — modulus of elasticity at design temperature, 

IO6 psi
E) — joint efficiency

t — thickness of vessel section, in.
Fj — internal design pressure, psi
Pe — external design pressure, psi

∆α, ∆γ — difference in values of α and γ from top to 
bottom of any given section

lx — length of section, ft
σxt — longitudinal stress, tension, psi
σxc = longitudinal stress, compression, psi
Ro — outside radius of vessel at plane under 

consideration, in.
A — code factor for determining allowable 

compressive stress, B

Ch — horizontal seismic factor

Cases

Case 1: Uniform Vessels. For vessels of uniform cross 
section without concentrated loads (i.e., reboilers, 
packing, large liquid sections, etc.) weight can be 
assumed to be uniformly distributed over the entire 
height.

W0 -

H -

D =

t =

∕H∖ 2 ∕W D
T = 0.0000265 ( ) √-z≤-

∖dJ V Ht

Note: P.O.V. may be determined from chart in Figure 
4-6 H and D are in feet; t is in inches.

V = ChW0

F = V

Mb = 2/3 (FH)

Moment at any height hj

∕2H ∖Ma = Ffy--hi ∖

Case 2: Nonuniform Vessels
Procedure for finding period of vibration, moments, 

and forces at various planes for nonuniform vessels.
A "nonuniform" vertical vessel is one that varies in 

diameter, thickness, or weight at different elevations. This 
procedure distributes the seismic forces and thus base 
shear, along the column in proportion to the weights of
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Figure 4-36. Typical dimensional data, forces, and 
loadings on a uniform vessel supported on a skirt (δ = 
deflection).

each section. The results are a more accurate and realistic 
distribution of forces and accordingly a more accurate 
period of vibration. The procedure consists of two main 
steps:

Step 1: Determination of period of vibration (P.O.V.), T. 
Divide the column into sections of uniform weight and 
diameter not to exceed 20% of the overall height. A 
uniform weight is calculated for each section. Diameter 
and thicknesses are taken into account through factors 
α and γ. Concentrated loads are handled as separate 
sections and not combined with other sections. Factor 

β will proportion effects of concentrated loads. The 
calculation form is completed for each section from left 
to right, then totaled to the bottom. These totals are used 
to determine T (P.O.V.) and the P.O.V. in turn is used 
to determine V and Ft.

Step 2: Determination of forces, shears, and moments.
Again, the vessel is divided into major sections as in 
Step 1; however, longer sections should be further 
subdivided into even increments. For these calcula­
tions, sections should not exceed 10% of height. 
Remember, the moments and weights at each plane 
will be used in determining what thicknesses are 
required. It is convenient to work in 8 to 10 foot 
increments to match shell courses. Piping, trays, 
platforms, insulation, fireproofing, and liquid weights 
should be added into the weights of each section where 
they occur. Overall weights of sections are used in 
determining forces, not uniform weights. Moments 
due to eccentric loads are added to the overall moment 
of the column.

Notes for nonuniform vessels

1. Combine moments with corresponding weights at 
each section and use allowable stresses to deter­
mine required shell and skirt thicknesses at the 
elevation.

2. Vjj Δ a and Wβ∕I 1 are separate totals and are 
combined in computation of P.O.V.

3. (D/10)3 is used in this expression if kips are used. 
Use (D)3 if Ib are used.

4. For vessels having a lower section several times the 
diameter of the upper portion and where the lower 
portion is short compared to the overall height, the 
P.O.V. can more accurately be determined bv 
finding the P.O.V. of the upper section alone (see 
Figure 4.38a).

5. For vessels where R/t is large in comparison to 
the supporting skirt, the P.O.V, calculated by 
this method may be overly conservative. More 
accurate methods may be employed (see 
Figure 4.38b).

6. Make sure to add moment due to any eccentric loads 
to total moment
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Figure 4-37. Nonuniform vessel illustrating a) Note 4 and 
b) Note 5.

Plane 7

Plane 6

Plane 5

Plane 4

Plane 3

Plane 2

Plane 1

hx — hl,2,3,4,5-
VVx — W lj2,3,4,5—
Fχ = F 1j2,3,4,5∙∙∙

Wx — Wi52,3,4,5-
Mx — Mi2,3,4,5∙∙∙
4 — 1,2,3,4,5-

Wx
wx = -T^

Mi≈ΣFx(hx-hi)

Figure 4-38. Typical dimensional data, forces, and 
loadings on a nonuniform vessel supported on a skirt.
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Step 1: PERIOD OF VIBRATION

—

Part
ωor W 

k/ft hx/H α ∆aorβ
ω∆aor 
Wβ∕H γ ∆γ

E(D∕10)3tΔγ
Note 3

1.0 2.103 1.0

0 0 0
Σ = Σ =

T = (H_? I∑ω∆α +∑Wβ∕H
U00J V ∑E(D∕10)3tΔ/

See Notes 2 and 3
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Step 1: PERIOD OF VIBRATION EXAMPLE
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Step 2: SHEAR AND MOMENTS

hi (ft) Part W1 (kips) hx(ft)

Wxhx(ft- 
kips) Fx(kips)

Vj @ btm 
(kips) Mi (kips)

Σ = Σ =
0 0

V ( k >fx =---i- Wχh^
∑wxhx

Mi=Fx(hx-hi) + vi+l(hi + l-hi)+Mi+1

k = 1 for structures with periods of 0.5 seconds or less
k = 2 for structures with periods of 2.5 seconds or more
k shall be linearly interpolated with perdiods between 0.5 and 2.5 seconds
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Step 2: SHEAR AND MOMENTS EXAMPLE

hi (ft) Part wx (kips) N (ft) Wxhx(ft- 
kips) Fx(kips)

Vj @ btm 
(kips) Mi (kips)

112 112.0

⅜
Il 
I

12
'-0

"
100

12 14.16 106 1501 7.32

7.32 43.92

90
11 11.8 95 1121 5.47

12.79 144.44

10
'-0

" _

80
I 10 11.8 85 1003 4.89

I

I

I

I
I-—

17.68 296.76

10
'-0

"

70
9 11.8 75 885 4.32

21.99 495.11

J0
,-0

n

L 60
8 8.26 65 537 2.62

24.61 728.13λo-.oΓ

-

7 5.9 55 325 1.58
26.19 982.15

J0
,-0

∖

L _J0
6 27.8 45 1251 6.10

32.29 1274.58

10
,-0

" „

L _J0
5 27.8 35 973 4.74

37.04 1621.25

φ 
10

,-0
" 

10
'-0

"

- 20
4 27.8 25 695 3.39
3 10 20 200 0.98

- __10

41.40 2008.58
2 27.8 15 417 2.03

43.44 2432.78k

J 

10
'-0

"

_ __ 0
1 8.75 5 44 0.21

43.65 2868.21

— Σ =
194

Σ =
8951

V ( k ) 43 65 ( kAFx=------ -—■— W v h v I Fx = ——— wx h x
∑Wχh⅛l 8951 I x xJ

Mj =Fx(hx -hi)+Vi + ∣(hj + ι-hj) + Mj + ι

k = 1 for structures with periods of 0.5 seconds or less
k = 2 for structures with periods of 2.5 seconds or more
k shall be linearly interpolated with perdiods between 0.5 and 2.5 seconds
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Longitudinal Stresses

Compression
Bσxt

Allowable longitudinal stresses, 
tension : SiEi —

σχc

In the following equations, D is in inches. The term 
"48Mχ" is used for ft-lb or ft-kips. If in.-lb or in.-kips are 
used, then the term "4Mχ" should be substituted where 
"48Mχ" is used. The allowable stresses SiEi or B may be 
substituted in the equations for t to determine or verify 
thickness at any elevation. Compare the stresses or 
thicknesses required at each elevation against the thick­
ness required for circumferential stress due to internal 
pressure to determine which one will govern. If there is no 
external pressure condition, assume the maximum 

Tension
SiE1 ∣

compression will occur when the vessel is not pressurized 
and the term PeD∕4t will drop out.

. .j Pjv 48Mx Wh 
rt∙vl — tension side — ——I------5-------- —
σ*t 4t 7τD2t τrDt

. .. Z λPeD 48Mx Whztvr — compression side = (—) —----------- ~--------- -λc 4t 7τD2t πDt

Elevation Mx Wn D t

_

----------- —.
.___-

----------- -— _______---

------------ -—

_______ —

—

—--

-__ _

...

........... ........
__________
_____ _____

—
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Reprinted by permission of the Chevron Corp., San Francisco.

Notes

Table 4-20 
Coefficients for determining period of vibration of free-standing cylindrical shells having varying cross sections and mass 

distribution

hχ
H α β V

hχ
H α β U α β

Y

1.00 2.103 8.347 1.000000 0.65 0.3497 2.3365 0.99183 0.30 0.010293 0.16200 0.7914
0.99 2.021 8.121 1.000000 0.64 0.3269 2.2240 0.99065 0.29 0.008769 0.14308 0.7776
0.98 1.941 7.898 1.000000 0.63 0.3052 2.1148 0.98934 0.28 0.007426 0.12576 0.7632
0.97 1.863 7.678 1.000000 0.62 0.2846 2.0039 0.98789 0.27 0.006249 0.10997 0.7480
0.96 1.787 7.461 1.000000 0.61 0.2650 1.9062 0.98630 0.26 0.005222 0.09564 0.7321

0.95 1.714 7.246 0.999999 0.60 0.2464 1.8068 0.98455 0.25 0.004332 0.08267 0.7155
0.94 1.642 7.037 0.999998 0.59 0.2288 1.7107 0.98262 0.24 0.003564 0.07101 0.6981
0.93 1.573 6.830 0.999997 0.58 0.2122 1.6177 0.98052 0.23 0.002907 0.06056 0.6800
0.92 1.506 6.626 0.999994 0.57 0.1965 1.5279 0.97823 0.22 0.002349 0.05126 0.6610
0.91 1.440 6.425 0.999989 0.56 0.1816 1.4413 0.97573 0.21 0.001878 0.04303 0.6413

0.90 1.377 6.227 0.999982 0.55 0.1676 1.3579 0.97301 0.20 0.001485 0.03579 0.6207
0.89 1.316 6.032 0.999971 0.54 0.1545 1.2775 0.97007 0.19 0.001159 0.02948 0.5992
0.88 1.256 5.840 0.999956 0.53 0.1421 1.2002 0.96688 0.18 0.000893 0.02400 0.5769
0.87 1.199 5.652 0.999934 0.52 0.1305 1.1259 0.96344 0.17 0.000677 0.01931 0.5536
0.86 1.143 5.467 0.999905 0.51 0.1196 1.0547 0.95973 0.16 0.000504 0.01531 0.5295

0.85 1.090 5.285 0.999867 0.50 0.1094 0.9863 0.95573 0.15 0.000368 0.01196 0.5044
0.84 1.038 5.106 0.999817 0.49 0.0998 0.9210 0.95143 0.14 0.000263 0.00917 0.4783
0.83 0.988 4.930 0.999754 0.48 0.0909 0.8584 0.94683 0.13 0.000183 0.00689 0.4512
0.82 0.939 4.758 0.999674 0.47 0.0826 0.7987 0.94189 0.12 0.000124 0.00506 0.4231
0.81 0.892 4.589 0.999576 0.46 0.0749 0.7418 0.93661 0.11 0.000081 0.00361 0.3940

0.80 0.847 4.424 0.999455 0.45 0.0678 0.8876 0.93097 0.10 0.000051 0.00249 0.3639
0.79 0.804 4.261 0.999309 0.44 0.0612 0.6361 0.92495 0.09 0.000030 0.00165 0.3327
0.78 0.762 4.102 0.999133 0.43 0.0551 0.5872 0.91854 0.08 0.000017 0.00104 0.3003
0.77 0.722 3.946 0.998923 0.42 0.0494 0.5409 0.91173 0.07 0.000009 0.00062 0.2669
0.76 0.683 3.794 0.998676 0.41 0.0442 0.4971 0.90448 0.06 0.000004 0.00034 0.2323

0.75 0.646 3.845 0.998385 0.40 0.0395 0.4557 0.89679 0.05 0.000002 0.00016 0.1966
0.74 0.610 3.499 0.998047 0.39 0.0351 0.4167 0.88684 0.04 0.000001 0.00007 0.1597
0.73 0.576 3.356 0.997656 0.38 0.0311 0.3801 0.88001 0.03 0.000000 0.00002 0.1218
0.72 0.543 3.217 0.997205 0.37 0.0275 0.3456 0.87088 0.02 0.000000 0.00000 0.0823
0.71 0.512 3.081 0.996689 0.36 0.0242 0.3134 0.86123 0.01 0.000000 0.00000 0.0418

0.70 0.481 2.949 0.998101 0.35 0.0212 0.2833 0.85105 0. 0. 0. 0.
0.69 0.453 2.820 0.995434 0.34 0.0185 0.2552 0.84032
0.68 0.425 2.694 0.994681 0.33 0.0161 0.2291 0.82901
0.67 0.399 2.571 0.993834 0.32 0.0140 0.2050 0.81710
0.88 0.374 2.452 0.992885 0.31 0.0120 0.1826 0.80459

compression:
0.125t

Ro

B — from applicable material chart of ASME Code, 
Section II, Part D, Subpart 3.
Note: Joint efficiency for longitudinal seams in 
compression is 1.0.

1. This procedure is for use in determining forces and 
moments at various planes of uniform and nonuni­
form vertical pressure vessels.

2. To determine the plate thickness required at any 
given elevation compare the moments from both 
wind and seismic at that elevation. The larger of 
the two should be used. Wind-induced moments 
may govern the longitudinal loading at one 
elevation, and seismic-induced moments may 
govern another.
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Procedure 4-9: Seismic Design - Vessel on Conical Skirt

Nomenclature

A — ASME Code strain factor, dimensionless 
Ab — Area of base plate supported on steel, in2 
At — Area required for one anchor bolt, in2 
As = Area of shear band, Ls X ts, in2 
Bp — Allowable bearing pressure, PSI 
Do — OD of vessel shell, in

Dsk — OD of skirt at base plate, in
E — Modulus of elasticity, PSI

Fc — Allowable compressive stress, PSI
f — Load at support points, Lbs

fp — Bearing pressure, PSI
F-p — Allowable stress, tension, PSI
Fy — Minimum specified yield strength of skirt 

at design temperature, PSI
Fi or F2 — Seismic load for upper or lower portion of 

vessel
Maa or BB — Overturning moment due to earthquake, 

In-Lbs, at elevation A-A or B-B
Mb — Bending moment, In-Lbs

Mx or My — Internal bending moment in base plate, in­
lbs

N — Number of support points
Nb — Number of anchor bolts

P — Design pressure, PSIG
Pτ, Pc — Load at top of skirt, tension or compres­

sion, Lbs/in
Q — Load at support points, Lbs

Rm — Mean radius of shell, in
S — Shell allowable stress, tension, PSI

Sb — Allowable stress, anchor bolts, PSI
t — Thickness of shell, in

tr — Thickness required, skirt, in
V — Base shear, Lbs

vmax — Greater of V1 or V2, Lbs
W — Weight, operating, Lbs

Wi — Weight of vessel, insulation, piping, etc 
above LOS. Include weight of contents if 
contents are supported above the LOS. Do 
not include weight of skirt, Lbs

W2 — Weight of vessel, insulation, piping, etc., 
below LOS. Include weight of contents if 
supported below the LOS. Do not include 
weight of skirt or base.

wτ, Wc — Uniform load in shell, tension or 
compression, Lbs/in

AT — Temperature differential in skirt; DT - 
70oF

λ — Damping Factor
σtτ — Longitudinal tension stress, skirt, PSI
σLc — Longitudinal compressive stress, skirt,

PSI
<7δt — Stress in skirt due to AT loading, PSI 
σχ — Longitudinal bending stress in shell, PSI 
τr = Allowable shear stress in shear band, PSI 

τw — Allowable shear stress in weld, PSI

SIMPLE VESSEL DIAGRAM
SEE NOTE 1
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SKIRT DIMENSIONS

t

*-s
SHELL

DIMENSIONS OF SHEAR BAND
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AIR SPACE

INSULATION

SKIRT VENT

BTM. BASE PLATE

________ REF. TAN. LINE

SKIRT BASE 
DETAIL TYPE

(2) TYPE “A” -> 
INSUL. RINGS

SEE DETAIL 
BELOW

UNDERSKIRT
BEFORE PLACING
ON SUPPORT

TYPE "A" INSUL.
RING

FIREPROOFING —< 
PROVIDE 1/2" SQ. ∖ 
NUTS ON CENTERS ∣ 
FOR SUPPORT

(I)TYPEuB 
INSULATION RING.

HOT BOX SEGMENTAL RING
FOR TEMP > 500 0F

SKIRT O D., Dsκ

TYPE “B" 
INSUL. RING

W.P.

SKIRT & BASE DETAILS

BASE PLATE LOADING

DETAIL OF SHEAR BAND

Table 4-21
Maximum bending moment in a bearing plate with gussets

a/b
Mx x = .5b 

. y = e . My x - .5b 
y = 0

0 
.333

0 
.0078 Bp b2

(-).500 Bp I2
(-).428 Bp P

.5 .0293 Bp b2 (—).319 Bp P

.666 .0558 Bp b2 (-).227 Bp P
1.0 .0972 Bp b2 (-).119Bp P
1.5 .1230 Bp b2 (-).124 Bp P
2.0 .1310 Bp b2 (-).125 Bp P
3.0—∞ .1330 Bp b2 (-).125 Bp P

Reprinted by permission of John Wiley & Sons, Inc.
From Process Equipment Design, Table 10.3 (See Note 2.)
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Calculation

Case 1: Simplified Approach (Note 1)

GIVEN:

D = L =  
F =---------------- L2= 
W=

Calculate moments;

Maa = FL2

Mbb = FL

Case 2: Rigorous Approach (Note 2)
GIVEN:

Hs = L3 = 

U = W1 = 
W2 = F1 =
F2=

Vmax — Greater of Fi or F2

Mmax — Greater of following;

Maa - Fi L3

Or — F2 L4

Mbb = (Vmsx Hs) ÷ Mmax

W = Wi + W2

Design of Skirt

• Uniform loads in vessel at ELEV A-A;

wτ = [(-)W∕(πDo)] + [(4 MAA∕(π Do2)] 

wc = [(-)W∕(πDo)] - [(4 Maa∕(π Do2)]

• Find angle, θ, by layout or calculation;

X = .5 [(D-2e)-(Do + 2ts)]

Tan θ = X∕(Hs - tb)

θ =______ __

• Uniform load in skirt at ELEV A-A
pτ = wτ∕Cos θ
Pc = wc∕Cos θ

• Allowable stress, skirt;

1. Compression, Fc
Assume a thickness of skirt and calculate;

A = (.125tsκ)∕(.5Dsκ)
Fc = (AE∕2)< .5 Fy

2. Tension, Fψ

S = from ASME II(D) < .66 Fy

Fτ = 1.2S 

• Thickness required, skirt, tr

Tension; tr = pτ∕Fτ
Comp; tr = Pc/Fc

Use tsκ =

• Stress due to AT

GAT = [(48 AT)/(Hs - tb)][Do tsκ]v2

• Longitudinal stress in skirt due to loadings;

Tension; σtτ = (pτ∕tsκ)÷σ∆τ
Comp; σtc = (Pc∕tsκ) + <^at

Shear Ring

• Allowable shear stresses;

Ring; τr = .7 S
Weld; τw = .4 S

• Minimum length of shear band, Lmm

Lmin = We/

• Size fillet welds, w1 and w2

w = Wi + W2

w — wc∕(-707 τw)

Use wι = w2 =---------------

. Thickness required for shear band, ts

ts = 2 wι

Use ts =.
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Base Plate

The base plate thickness depends on how the vessel is 
supported. The vessel can either have continuous support 
or partial support. Partial support describes a vessel sup­
ported on 4 or 8 points on steel in a structure. Continuous 
support describes a concrete table top where there is full 
width, 360o contact between the base plate and the 
support.

Case A: Full Support
• Maximum load, f

Note: The maximum loading is assumed to occur at 
the bolt circle.

f = [w∕πD] ± [4Mbb/tcD2]

• Bearing pressure, fp
fp = f/d < Bp

• Base plate thickness, ⅛

tb = C[(3fp)∕(.6Fy)]'z2

Case B: Partial Support
• Load Q

Q = W∕N±Mbb∕D

• Bearing pressure, fp

fp — Q∕Ab
• Maximum bending moment, Mb, from Table 4-21 

a/b —

Mb — greater of Mχ or My

• Thickness of base plate, tb

tb = [(6 Mb∕ .6 Fy)]1/2

Anchor Bolts

• Determine if anchor bolts are required due to uplift 
Nb At = [(48 Mbb∕D) - W][l∕Sb]

If Nb At is negative, then anchor bolts are not 
required. Use minimum size and maximum spacing 
for this case.
If Nb At is positive then anchor bolts are required.

• Area required, At
At = [(48 Mbb /B) - W][l∕Nb Sb]

Use Nb —---------------

db —---------------

Longitudinal Stress in Shell due to Shear Band

• Cross sectional area of shear band, As 

As - Ls ts

• Damping Factor, λ

λ = 1.285∕(Rm t)1/2

• Bending moment in shell, M
M — [P∕2 λ2] [As/(As +1 Ls + 2 t∕λ)]

• Longitudinal bending stress in shell, σχ

σx = 6 M∕t2

Notes

1. The “Simplified Approach” is valid for average size 
vessels where L/D < 5 and the support point is near 
the C.G. of the vessel. The simplified approach 
applies the full seismic force at the C.G. of the 
vessel.

2. The “Rigorous Approach” is for vessel where 
L/D > 5 or the vessel is supported near the top or 
bottom of the vessel. In such cases the simplified 
approach may not be adequate. In this case the 
vessel is divided into two parts; the upper and lower 
part. The division between the upper and lower part 
is the line of support.

3. A third approach, not shown here, would be to 
determine the loadings by determining the shear 
and moments at each weld plane for each part 
of the vessel. This procedure is illustrated in 
Procedure 4-8.

4. The upper weight, Wι, will produce a compressive 
force in the shell equal to Wt ∕ A, where A is the 
cross sectional area of the vessel.

5. The lower weight, W2, will produce a tensile force 
in the vessel shell equal to W2 ∕ A. This would be 
additive to effects due to internal pressure.

6. The effects of the unbalanced inward (or outward) 
load on the shell to cone junction should be 
evaluated for circumferential membrane and 
bending stresses, as well as longitudinal bending 
stresses.
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LOWER PORTION 
GOVERNS

UPPER PORTION 
GOVERNS

Mmax = GREATER OF ...

Maa = Fi L3

Or F2 L4

Mbb = (Vmax Hs) + Mmax

Vmax = Greater of F1 or F2

Figure 4-39. Vessel supported on conical skirt (Influence of support positioning).

Procedure 4-10: Design of Horizontal Vessel on Saddles [1,3,14,15]

Notation W0 — operating weight of vessel, Ib
Mi — longitudinal bending moment at saddles,

Ar — cross-sectional area of composite ring 
stiffener, in.2

E = joint efficiency
Ei = modulus of elasticity, psi
Ch — seismic factor
Ii — moment of inertia of ring stiffener, in.4 
tw — thickness of wear plate, in.
ts — thickness of shell, in.
th — thickness of head, in.
Q — total load per saddle (including piping loads, 

wind or seismic reactions, platforms, operating 
liquid, etc.) Ib

in.-lb
M2 — longitudinal bending moment at midspan, 

in.-lb
S — allowable stress, tension, psi

Sc — allowable stress, compression, psi
S1-14 — shell, head, and ring stresses, psi
Ki_9 — coefficients

Fl — longitudinal force due to wind, seismic, 
expansion, contraction, etc., Ib

Fτ — transverse force, wind or seismic, Ib 
σx — longitudinal stress, internal pressure, psi 
σφ — circumferential stress, internal pressure, psi
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σe — longitudinal stress, external pressure, psi
σs — circumferential stress in stiffening ring, psi
σ⅛ — latitudinal stress in head due to internal pres­

sure, psi
Fy — minimum yield stress, shell, psi

P — internal pressure, psi 
Pe — external pressure, psi 
Ks — pier spring rate, 
μ — friction coefficient 
y — pier deflection, in.

Figure 4-40. Typical dimensions for a horizontal vessel supported on two saddles.

longitudinal bending at saddles (tension at top, compression at bottom)

S11 -- additional tension in head (A ≤ R∕2)

S4 -- longitudinal bending at 
midspan

S5-7 -- tangential shear—results 
in diagonal lines in shell

S14 -- circumferential stress 
in stiffener

S8 = tangential shear in head (A ≤ R∕2)

horn of saddle

Figure 4-41. Stress diagram.
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• Flat heads where A/R < 0.707.
• 100%-6% F&D heads where A/R < 0.44.
• 2:1 S.E. heads where A/R < 0.363.

M2 is negative for

• Hemi-heads.
• If any of the below conditions are exceeded.

Figure 4-42. Moment diagram.
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Longitudinal Forces, Fl

Case 1: Pier Deflection

P Ksy
Fli = t

Sa = S

Case 2: ExpansionZContraction

F L2 — μQo

Sa = S

Case 3: Wind

FL3 = Fwl — AfCfGqz

Sa=1.33S

Case 4: Seismic

Fl4 = Fe = ChWo

Sa = 1.33S

Case 5: ShippingfTransportation

Fls (See Chapter 10.)

Sa = 0.9Fy

Case 6: Bundle Pulling

Fl6 = Fp

Sa = 0.9Fy

Full load applies to fixed saddle only!

Note: For Cases 5 and 6, assume the vessel is cold and not pressurized.

X = Fixed Saddle
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Transverse Load: Basis for Equations

• Unit load at edge of base plate, wu.
Wu = Wi + W2

• Derivation of equation for w2.
M E2

σ = — M = FB Z = -
Z 6

Therefore
M _ 6FB
Σ - ~Er

• Equivalent total load β2.
Q2 — wuE

This assumes that the maximum load at the edge of the 
baseplate is uniform across the entire baseplate. This is 
very conservative, so the equation is modified as follows:

• Using a triangular loading and 2/3 rule to develop 
a more realistic “uniform load”

FB 3 FB
F1 ~ (2∕3)E - ^2E~

3FB E  6FB _ 3FB 
2E ' 2 ^ ⅞2 ~ "e2^

Therefore the total load, Qp, due to force F is
3FB 3FB

Qf = w3E = -=E = —-
E E

This method is based on the rationale that the load is no 
longer spread over the entire saddle but is shifted to one 
side.

• Combined force, ⅛∙

Q2 = √F2 + Q2 

• Angle, θp.

θn arctan 
Q

• Modified saddle angle, θ∣.

θχ
∖θ↑

= 22 -⅛
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Due to... Diagram

Saddle Reactions and Moments for Exchangers or Vessels with Offset Saddles
Load per Saddle

(Ws + F y)L3
U2 —---------- -------------

Qi (Ws + Fy)L2

L1 2A

r. WsL2 FxB 
°1 =~LΓ+2A

rι W8L3 ι FxB
U2 —

rι WsL2 FzB
Ql =~LΓ+ττ

WsL3 FzB
θ2 = πr+-LΓ
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W
OAL = Li + L2 + L3 w =

w (Li +L2)2-Lj
Qi =---------- :

ZL4

Q2 = W - Q1

wLjM1 = ~γ

wL?m= = V
Mx - *< l+x)2 

x 2

w(L2 + X1)2
Mxι — ---------- ------------QiXi 

w(L3 - X2)2
Mx2 = 2 '

Types of Stresses and Allowables

• Si to S4: longitudinal bending.
Tension: Si, S3, or S4 + σx < SE
Compression: S2, S3, or S4 — σe < Sc

where Sc — factor “B” or S or tsE√16r 
whichever is less.

1. Compressive stress is not significant where Rm∕t 
<200 and the vessel is designed for internal pressure 
only.

2. When longitudinal bending at midspan is excessive, 
move saddles away from heads; however, do not 
exceed A ≥ 0.2 L.

3. When longitudinal bending at saddles is excessive, 
move saddles toward heads.
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4. If longitudinal bending is excessive at both saddles 
and midspan, add stiffening rings. If stresses are still 
excessive, increase shell thickness.

• S5 to Sg < 0.8S: tangential shear.
1. Tangential shear is not combined with other 

stresses.
2. If a wear plate is used, ts may be taken as ts + tw, 

providing the wear plate extends R/10 above the 
horn of the saddle.

3. If the shell is unstiffened, the maximum tangential 
shear stress occurs at the horn of the saddle.

4. If the shell is stiffened, the maximum tangential 
shear occurs at the equator.

5. When tangential shear stress is excessive, move 
saddles toward heads, A < 0.5 R, add rings, or 
increase shell thickness.

6. When stiffening rings are used, the shell-to-ring 
weld must be designed to be adequate to resist the 
tangential shear as follows:

Q Ib allowable shear
πr in. circumference in. of weld

• Sn + Oh < 1.25 SE: additional stress in head.
1. Sn is a shear stress that is additive to the hoop 

stress in the head and occurs whenever the saddles 
are located close to the heads, A ≤ 0.5 R. Due to 
their close proximity the shear of the saddle 
extends into the head.

2. If stress in the head is excessive, move saddles 
away from heads, increase head thickness, or add 
stiffening rings.

• Si) and Sio <1.5 S and 0.9Fy: circumferential 
bending at hom of saddle.
IIfa wear plate is used, ts may be taken as ts + tw 

providing the wear plate extends R/10 above the 
hom of the saddle. Stresses must also be checked 
at the top of the wear plate.

2. If stresses at the hom of the saddle are excessive:
a. Add a wear plate.
b. Increase contact angle θ.
c. Move saddles toward heads, A < R.
d. Add stiffening rings.

• Si2 < 0.5Fy or 1.5 S: circumferential compressive 
stress.
1. Ifs wear plate is used, ts may be taken as ts + tw, 

providing the width of the wear plate is at least 

b + 1.56√rtL

2. If the shell is unstiffened the maximum stress 
occurs at the hom of the saddle.

3. If the shell is stiffened the maximum hoop 
compression occurs at the bottom of the shell.

4. If stresses are excessive add stiffening rings.
• (+)S]3 + σψ < 1.5 S: circumferential tension 

stress—shell stiffened.
• (-)S]3 — σs < 0.5Fy: circumferential compression 

stress—shell stiffened.
• (-)S]4 — σs < 0.9Fy: circumferential compression 

stress in stiffening ring.

Procedure for Locating Saddles

Trial 1: Set A —0.2 D and θ — 120° and check stress at the 
hom of the saddle, Sy or Sio- This stress will govern for 
most vessels except for those with large L/R ratios.

Trial 2: Increase saddle angle θ to 150° and recheck 
stresses at hom or saddle, Sy or Sio-

Trial 3: Move saddles near heads (A — R∕2) and return θ to 
120°. This will take advantage of stiffness provided by 
the heads and will also induce additional stresses in the 
heads. Compute stresses S4, Sz, and Sy or S>y. A wear 
plate may be used to reduce the stresses at the hom or 
saddle when the saddles are near the heads (A < R∕2) and 
the wear plate extends R/10 above the hom of the saddle.

Trial 4: Increase the saddle angle to 150° and recheck 
stresses S4, S8, and S9 or Si0- Increase the saddle angle 
progressively to a maximum of 168° to reduce stresses.

Trial 5: Move saddles to A = 0.2L and 0=120° and 
design ring stiffeners in the plane of the saddles using 
the equations for S13 and Si4 (see Note 7).

Total Saddle Reaction Forces, Q.

Shell Stresses

There are 14 main stresses to be considered in the 
design of a horizontal vessel on saddle supports:

Q = greater of Qi or Q2

Longitudinal, Qi
0 - w" + f∙-b 
q' ~1~ + L1

Transverse, Q2
λ _ wo 3FtB 
Q2 2 + E
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40 
- 50 <υ 
-L 60

Example shown by arrows
R ≡ 5'1 Use 120* saddles
L = 80' [A≈ R/2 or less 
f ≈ ¼*J Check head-plate thickness

4 70 
.e 
Z> 80 
∣ 90 
∣ 100

l≡ 110 
120 
130
140

Figure 4-43. Chart for selection of saddles for horizontal vessels. Reprinted by permission of the American Welding 
Society.

51 — longitudinal bending at saddles without stiff­
eners, tension

52 = longitudinal bending at saddles without stiff­
eners, compression

Sz — longitudinal bending at saddles with stiffeners
54 — longitudinal bending at midspan, tension at

bottom, compression at top
55 — tangential shear—shell stiffened in plane of

saddle
Sf, — tangential shear—shell not stiffened, A > R/2
57 — tangential shear—shell not stiffened except by

heads, A ≤ R/2
58 = tangential shear in head—shell not stiffened

A ≤ R/2
59 — circumferential bending at horn of saddle—shell

not stiffened, L ≥ 8R
Si0 — circumferential bending at horn of saddle—shell 

not stiffened, L < 8 R

Sn — additional tension stress in head, shell not stiff­
ened, A < R/2

512 = circumferential compressive stress—stiffened or
not stiffened, saddles attached or not

513 = circumferential stress in shell with stiffener in
plane of saddle

Sj4 = circumferential stress in ring stiffener

Longitudinal Bending
• Sι, longitudinal bending at saddles—without stiff­

eners, tension.

Mi 6Q
8AH + 6A2 - 3R2 + 3H2

3L + 4H

St = ( + )
M1

Kιr2ts
• ‰ longitudinal bending at saddles—without stiff­

eners, compression.
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Figure 4-44. Saddle reaction forces.

Mi 
K7r2ts

• S3, longitudinal bending at saddles—with Stijfeners-
Mi 

τrr2ts
. S4, longitudinal bending at midspan.

M2 = 3Q
3L2 + 6R2 - 6H2 - 12AL - 16AH'

3L + 4H

S4 = (±)
M2 

πr2ts

Tangential Shear
• S5, tangential shear—shell stiffened in the plane of 

the saddle.

• S6, tangential shear—shell not stiffened, A > 0.5R.

c K2Q
s6 = ~ff~ Γts

L — 2A
L + ^H

S79 tangential shear—shell not stiffened, A < 0.5R.
c K3Q 

= ——
Γts

Sg, tangential shear in head—shell not stiffened,
A < 0.5R.
q K3Q

Γth

Note: If shell is stiffened or A > 0.5R, Sg — 0.

Circumferential Bending
• S9, circumferential bending at horn of saddle—shell 

not stiffened (L>8R).

c ( ∖ Q 3κ*Q
' l 4ts(b + 1.56√rL) 2t2

Note: ts = ts + tw and t2 —12 + t‰ only if A ≤ 0.5R and 
wear plate extends R/10 above hom of saddle.
• S io. circumferential bending at hom of saddle—shell 

not stiffened (L < 8R).

c ∖ Q 12k*Q r510 ¼ts(b+ 1.56√r⅛) Lts2

Note: Requirements for ts are same as for 89.

Additional Tension Stress in Head
• S11, additional tension stress in head—shell not 

stiffened, A < 0.5R.

e K4Q
Su = ——

rth

Note: If shell is stiffened or A > 0.5R, Sn = 0.

Circumferential Tension/Compression
• S12, circumferential compression.

ς ( ∖ K5Q
V ⅛(b + 1.56√r⅛)

Note: ts = ts + tw only if wear plate is attached to 
shell and width of wear plate is a minimum of 
b + 1.56 √rξ?

• S13, circumferential stress in shell with stiffener (see 
Note 8).

K8Q K9QrC

Note: Add second expression if vessel has an internal 
stiffener, subtract if vessel has an external stiffener.

• Si4, circumferential compressive stress in stiffener 
(see Note 8).

K8Q K9Qrd
si4 = h-a?--

Pressure Stresses
PRm

σχ 2ts

PRm
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_ PIRm
σs Ar

PeRm 
σe — -------
2ts

σh — <7> maximum circumferential stress in head is 
equal to hoop stress in shell

Combined Stresses

Tension Compression

Stress Allowable Stress Allowable

Si ÷ σx SE = —S2 - σe Sc =
S3 + σx SE = -S3 - σe Sc =
S4 ÷ σx SE = —S4 - σe Se =
θ11 ÷ σh 1.25SE = -S↑3-σs 0.5Fy =
$13 ÷ σφ 1.5SE = —S-∣4 - σs 0.9Fy =

K1 =3.14 if the shell is stiffened by ring or head (A<R∕2).

Contact
Angle 0 Ki* K2 K2 K4 K5 K2 K5 Ks

Contact
Angle 0 K1* K2 K2 K4 K5 K2 K5 Ks

120 0.335 1.171 0.880 0.401 0.760 0.603 0.340 0.053 152 0.518 0.781 0.466 0.289 0.669 0.894 0.298 0.031
122 0.345 1.139 0.846 0.393 0.753 0.618 0.338 0.051 154 0.531 0.763 0.448 0.283 0.665 0.913 0.296 0.030
124 0.355 1.108 0.813 0.385 0.746 0.634 0.336 0.050 156 0.544 0.746 0.430 0.278 0.661 0.933 0.294 0.028
126 0.366 1.078 0.781 0.377 0.739 0.651 0.334 0.048 158 0.557 0.729 0.413 0.272 0.657 0.954 0.292 0.027
128 0.376 1.050 0.751 0.369 0.732 0.669 0.332 0.047 160 0.571 0.713 0.396 0.266 0.654 0.976 0.290 0.026
130 0.387 1.022 0.722 0.362 0.726 0.689 0.330 0.045 162 0.585 0.698 0.380 0.261 0.650 0.994 0.286 0.025
132 0.398 0.996 0.694 0.355 0.720 0.705 0.328 0.043 164 0.599 0.683 0.365 0.256 0.647 1.013 0.282 0.024
134 0.409 0.971 0.667 0.347 0.714 0.722 0.326 0.042 166 0.613 0.668 0.350 0.250 0.643 1.033 0.278 0.024
136 0.420 0.946 0.641 0.340 0.708 0.740 0.324 0.040 168 0.627 0.654 0.336 0.245 0.640 1.054 0.274 0.023
138 0.432 0.923 0.616 0.334 0.702 0.759 0.322 0.039 170 0.642 0.640 0.322 0.240 0.637 1.079 0.270 0.022
140 0.443 0.900 0.592 0.327 0.697 0.780 0.320 0.037 172 0.657 0.627 0.309 0.235 0.635 1.097 0.266 0.021
142 0.455 0.879 0.569 0.320 0.692 0.796 0.316 0.036 174 0.672 0.614 0.296 0.230 0.632 1.116 0.262 0.020
144 0.467 0.858 0.547 0.314 0.687 0.813 0.312 0.035 176 0.0687 0.601 0.283 0.225 0.629 1.137 0.258 0.019
146 0.480 0.837 0.526 0.308 0.682 0.831 0.308 0.034 178 0.702 0.589 0.271 0.220 0.627 1.158 0.254 0.018
148 0.492 0.818 0.505 0.301 0.678 0.853 0.304 0.033 180 0.718 0.577 0.260 0.216 0.624 1.183 0.250 0.017
150 0.505 0.799 0.485 0.295 0.673 0.876 0.300 0.032

Figure 4-45. Coefficients.
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Notes:

Table 4-22 
Coefficients for Zick’s analysis (angles 80o to 120o)

SADDLE ANGLE θ K1 K2 K3 κ4 K5

A/R ≤ 0.5 A/R ≥ 1.0

K7 K6 K6K6 K6

80 0.1711 2.2747 2.0419 0.6238 0.9890 0.0237 0.0947 0.3212 0.3592 -0.0947
81 0.1744 2.2302 1.9956 0.6163 0.9807 0.0234 0.0934 0.3271 0.3592 0.0934
82 0.1777 2.1070 1.9506 0.6090 0.9726 0.0230 0.0922 0.3331 0.3593 0.0922
83 0.1811 2.1451 1.9070 0.6018 0.9646 0.0227 0.0910 0.3391 0.3593 0.0910
84 0.1845 2.1044 1.8645 0.5947 0.9568 0.0224 0.0897 0.3451 0.3593 0.0897
85 0.1879 2.0648 1.8233 0.5877 0.9492 0.0221 0.0885 0.3513 0.3593 0.0885
86 0.1914 2.0264 1.7831 0.5808 0.9417 0.0218 0.0873 0.3575 0.3592 0.0873
87 0.1949 1.9891 1.7441 0.5741 0.9344 0.0215 0.0861 0.3637 0.3591 0.0861
88 0.1985 1.9528 1.7061 0.5675 0.9273 0.0212 0.0849 0.3700 0.3590 0.0849
89 0.2021 1.9175 1.6692 0.5610 0.9203 0.0209 0.0838 0.3764 0.3588 0.0830
90 0.2057 1.8832 1.6332 0.5546 0.9134 0.0207 0.0826 0.3828 0.3586 0.0826
91 0.2094 1.8497 1.5981 0.5483 0.9067 0.0204 0.0815 0.3893 0.3584 0.0815
92 0.2132 1.8172 1.5640 0.5421 0.9001 0.0201 O.0803 0.3959 0.3582 0.0803
93 0.2169 1.7856 1.5308 0.5360 0.8937 0.0198 0.0792 0.4025 0.3579 0.0792
94 0.2207 1.7548 1.4984 0.5300 0.8874 0.0195 0.0781 0.4092 0.3576 0.0781
95 0.2246 1.7247 1.4668 0.5241 0.8812 0.0192 0.0770 0.4160 0.3573 0.0770
96 0.2285 1.6955 1.4360 0.5183 0.8751 0.0190 0.0759 0.4228 0.3569 0.0759
97 0.2324 1.6670 1.4060 0.5125 0.8692 0.0187 O.0748 0.4296 0.3565 0.0748
98 0.2364 1.6392 1.3767 0.5069 0.8634 0.0184 0.0737 0.4366 0.3561 0.0737
99 0.2404 1.6122 1.3482 0.5013 0.8577 0.0182 0.0727 0.4436 0.3557 0.0727
100 0.2445 1.5858 1.3203 0.4959 0.8521 0.0179 0.0716 0.4506 0.3552 0.0716
101 0.2486 1.5600 1.2931 0.4905 0.8466 0.0176 0.0706 0.4577 0.3547 0.0706
102 0.2523 1.5349 1.2666 0.4852 0.8412 0.0174 0.0696 0.4649 0.3542 0.0696
103 0.2570 1.5104 1.2407 0.4799 0.8359 0.0171 0.0686 0.4721 0.3536 0.0686
104 0.2612 1.4865 1.2154 0.4748 O.8308 0.0169 0.0675 0.4794 0.3531 0.0675
105 0.2655 1.4631 1.1907 0.4697 0.8257 0.0166 0.0666 0.4868 0.3525 0.0666
106 0.2698 1.4404 1.1665 0.4647 0.8207 0.0164 0.0656 0.4942 0.3518 0.0656
107 0.2742 1.4181 1.1429 0.4597 0.8159 0.0161 0.0646 0.5017 0.3512 0.0646
108 0.2786 1.3964 1.1199 0.4549 0.8111 0.0159 0.0636 0.5092 0.3505 0.0636
109 0.2830 1.3751 1.0974 0.4500 0.8064 0.0157 0.0627 0.5168 0.3498 0.0627
110 0.2875 1.3544 1.0753 0.4453 0.8018 0.0154 0.0617 0.5245 0.3491 0.0617
111 0.2921 1.3341 1.0538 0.4406 0.7973 0.0152 0.06O8 0.5322 0.3483 0.0608
112 0.2966 1.3143 1.0327 0.4360 0.7928 0.0150 0.0599 0.5400 0.3475 0.0599
113 0.3013 1.2949 1.0121 0.4314 0.7885 0.0147 0.0590 0.5478 0.3467 0.0590
114 0.3059 1.2760 0.9920 0.4269 0.7842 0.0145 0.0581 0.5557 0.3459 0.0581
115 0.3107 1.2575 0.9723 0.4225 0.7800 0.0143 0.0572 0.5636 0.3451 0.0572
116 0.3154 1.2394 0.9530 0.4181 0.7759 0.0141 0.0563 0.5717 0.3442 0.0563
117 0.3202 1.2216 0.9341 0.4137 0.7719 0.0139 0.0554 0.5797 0.3433 0.0554

118 0.3251 1.2043 0.9157 0.4095 0.7680 0.0136 0.0546 0.5878 0.3424 0.0546
119 0.3300 1.1873 0.8976 0.4052 0.7641 0.0134 0.0537 0.5960 0.3414 0.0537

120 0.3349 1.1707 0.8799 0.4011 0.7603 0.0132 0.0529 O.6043 0.3405 0.0529

θ Ki Kz Kg κ4 Ks Ks Ks κ7 Ks Kg
SADDLE ANGLE A/R < 0.5 A/R ≥ 1.0

________ _

1. These coefficients are derived from Zick’s equations.
2. The ASME Code does not recommend the use of saddles with an included angle, θ, less than 120°. Therefore the values in this table should be 

used for very small-diameter vessels or to evaluate existing vessels built prior to this ASME recommendation.
3. Values of K6 for A/R ratios between 0.5 and 1 can be interpolated.



Design of Vessel Supports 265

Figure 4-46. Saddle dimensions.

Table 4-23 
Slot dimensions

Temperature
0F

Distance Between Saddles

10ft 20ft 30ft 40ft 50ft

-50 0 0 0.25 0.25 0.375
100 0 0 0.125 0.125 0.250
200 0 0.250 0.375 0.375 0.500
300 0.250 0.375 0.625 0.750 1.00
400 0.375 0.625 0.875 1.125 1.375
500 0.375 0.750 1.125 1.500 1.625
600 0.500 1.00 1.375 1.875 2.250
700 0.625 1.125 1.625 2.125 2.625
800 0.750 1.250 1.625 2.375 3.000
900 0.750 1.375 2.000 2.500 3.375
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* Table is in inches and pounds and degrees.

Table 4-24 
Typical saddle dimensions*

Vessel 
O.D.

Msximum
Opei-Sting

WeigM A B C D E E Q H
Bolt 

Dismetei- θ
Appwximsle 
Weigkt∕8et

24 15,400 22 21 N.A. 0.5 7 4 0.25 15.2 -I 122° 80
30 16,700 27 24 9 4 16.5 120° 100
36 15,700 33 27 12 6 18.8 125° 170
42 15,100 38 30 15 20.0 123° 200
48 25,330 44 33 18 22.3 127° 230
54 26,730 48 36 20 22.7 121° 270
60 38,000 54 39 23 25.0 124° 310
66 38,950 60 42 26 27.2 127° 35D
72 50,700 64 45 10 28 0.375 27.6 122° 420
78 56,500 70 48 11 0.75 31 8 29.8 124° 710
84 57,525 74 51 12 33 30.2 121° 810
90 64,200 80 54 13 36 32.5 123° 880
96 65,400 86 57 14 39 34.7 125° 940
102 94,500 92 60 15 42 10 0.500 37.0 11∕4 126° 1,350
108 85,000 96 63 16 44 ! 37.3 123° 1,430
114 164,000 102 66 17 47 0.625 39.6 125° 1,760
120 150,000 106 69 18 49 40.0 122° 1,800
132 127,500 118 75 20 55 44.5 125° 2,180
144 280,000 128 81 22 60 47.0 124° 2,500
156 266,000 140 87 24 66 51.6 126° 2,730

Notes

1. Horizontal vessels act as beams with the following 
exceptions:
a. Loading conditions vary for full or partially full 

vessels.
b. Stresses vary according to angle θ and distance 

“A.”
c. Load due to weight is combined with other loads.

2. Large-diameter, thin-walled vessels are best sup­
ported near the heads, provided the shell can take 
the load between the saddles. The resulting stresses 
in the heads must be checked to ensure the heads 
are stiff enough to transfer the load back to the 
saddles.

3. Thick-walled vessels are best supported where 
the longitudinal bending stresses at the saddles 
are about equal to the longitudinal bending at 
midspan. However, “A” should not exceed 
0.2 L.

4. Minimum saddle angle θ= 120°, except for small 
vessels. For vessels designed for external pressure 
only θ should always — 120°. The maximum angle 
is 168° if a wear plate is used.

5. Except for large L/R ratios or A > R∕2, the gov­
erning stress is circumferential bending at the horn 
of the saddle. Weld seams should be avoided at the 
horn of the saddle.

6. A wear plate may be used to reduce stresses at the 
horn of the saddle only if saddles are near heads (A 
< R∕2), and the wear plate extends R/10 (5.73 deg.) 
above the horn of the saddle.

7. If it is determined that stiffening rings will be 
required to reduce shell stresses, move saddles away 
from the heads (preferable to A — 0.2 L). This will 
prevent designing a vessel with a flexible center and 
rigid ends. Stiffening ring sizes may be reduced by 
using a saddle angle of 150°.

8. An internal stiffening ring is the most desirable from 
a strength standpoint because the maximum stress in 
the shell is compressive, which is reduced by 
internal pressure. An internal ring may not be 
practical from a process or corrosion standpoint, 
however.

9. Friction factors:
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Surfaces Friction Factor, μ

Lubricated steel-to-concrete 
Steel-to-steel
Lubrite-to-steel

• Temperature over 500oF
• Temperature 500oF or 

less
• Bearing pressure less 

than 500 psi
Teflon-to-Teflon

• Bearing 800 psi or more
• Bearing 300 psi or less

0.45
0.4

0.15
0.10

0.15

0.06
0.1

Procedure 4-11: Design of Saddle Supports for Large Vessels [4,15-17,20]

Notation

As — cross-sectional area of saddle, in.2
Ab — area of base plate, in.2
Ap — pressure area on ribs, in.2
Ar — cross-sectional area, rib, in.2
Q — maximum load per saddle, Ib

Qi = Qo + Qk, Ib
Q2 = Qo + Ql, Ib
Q0 — load per saddle, operating, Ib
Qτ — load per saddle, test, Ib
Ql — vertical load per saddle due to longitudinal loads, 

Ib
Qr — vertical load per saddle due to transverse loads, 

Ib
Fl — maximum longitudinal force due to wind, 

seismic, pier deflection, etc. (see Procedure 4-10 
for detailed description)

Fa — allowable axial stress, psi
Fb — allowable bending stress, psi
Fτ — transverse wind or seismic load, Ib
N — number of anchor bolts in the fixed saddle
at — cross-sectional area of bolts in tension, in.2
Y — effective bearing length, in.
T — tension load in outer bolt, Ib

nι — modular ratio, steel to concrete, use 10
Fb — allowable bending stress, psi
Fy — yield stress, psi
fh — saddle splitting force, Ib
fa — axial stress, psi
fb — bending stress, psi
fu — unit force, lb∕in.

Bp — bearing pressure, psi
M — bending moment, or overturning moment, in.-lb

I — moment of inertia, in.4
Z — section modulus, in.3
r — radius of gyration, in.

Ki — saddle splitting coefficient
n — number of ribs, including outer ribs, in one 

saddle
P — equivalent column load, Ib
d — distance from base to centroid of saddle arc, in.

W0 — operating weight of vessel plus contents, Ib
Wψ — vessel weight full of water, Ib

<τψ — tension stress, psi
w — uniform load, Ib

Forces and Loads

Vertical Load per Saddle
For loads due to the following causes, use the given 

formulas.

Operating weight.

M0 2
Test weight.

Qτ = ^I 
τ 2

Longitudinal wind or seismic.
FlBQl = ^
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Figure 4-47. Graph for determining web and rib thicknesses.

Optional 168o saddle—optimum size for large vessels

Figure 4-48. Dimensions of horizontal vessels and saddles.
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0.5Fτ
.. γfc-
B

Transverse
Figure 4-49. Saddle loadings.

Transverse wind or seismic.
3FτB

⅛--

Maximum Loads
• Vertical.

greater of Qi, Q2, or Qτ

Qi = Qo ÷ Qr

Q2 = Qo ÷ Ql

• Longitudinal.
Fl — greater of Fli through Fl6

Saddle Properties
• Preliminary web and rib thicknesses, tw and J. From 

Figure 4-47:

J — tw
• Number of ribs required, n.

Round up to the nearest even number.

• Minimum width of saddle at top, Gτ, in.

Gψ —
' 5.012Fl

J(n- l)Fb
h+τ4^1 -sin

1.9o

where Fl and Fb are in kips and ksi or Ib and psi, and 
J, h, A are in inches.

• Minimum wear plate dimensions.

Width:

H = Gτ + 1.56√R⅛

Thickness:

 (H - Gτ)2
γ 2.43R

• Moment of inertia of saddle, I. See Figure 4-50

C2 = h - C1

i = ∑ay2 + ^i<j-c,^ay

• Cross-sectional area of saddle (excluding shell).

As = £a-a,

Design of Saddle Parts

Web
Web is in tension and bending as a result of saddle 

splitting forces. The saddle splitting forces, ⅛, are the sum 
of all the horizontal reactions on the saddle.

• Saddle coefficient. See Table 4-25

1 + cos β — 0.5 sin2 β 
π — β + sin β cos β

Note: β is in radians.
• Saddle splitting force. See Figure 4-51 and 4-52

fh = Kι(QorQτ)
• Tension stress.

στ = ¼ < 0.6Fy
As

Note: For tension assume saddle depth “h” as R/3 
maximum.

• Bending moment.

θ is in radians.
M - fhd

• Bending stress.

fb = <0.66 Fy
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A -- Area of 
section, 
in.2

Y -- distance 
from axis 
to center 
of section, 
in.

I0 -- Moment 
of inertia 
of section,

Note: I0 for rectangles > —■

in.*

A Y AY AY2 ∣0

φ

(S)

Σ

Base plate with center web see Figure 4-53
• Area.

Ab = AF
• Bearing pressure.

BBp “ Ab

• Base plate thickness.

Figure 4-51. Saddle splitting forces.

Figure 4-50. Cross-sectional properties of saddles.

Note: Circumferential bending at 
horn is neglected for 
this calculation.

Figure 4-52. Bending in saddle due to splitting forces.

QFNow M = -≤- 
8

7 = Δ⅛
6

M 
and fb = —

Therefore

3QF
4A⅛



Table 4-25 
Values of K1

kι 2θ

0.204 120°
0.214 126°
0.226 132°
0.237 138°
0.248 144°
0.260 150°
0.271 156°
0.278 162°
0.294 168°

Figure 4-53. Loading diagram of base plate.

r3QF
4AFb

Assumes uniform load fixed in center.

Base plate analysis for offset web (see Figure 4-54)
• Overall length, ]Γ L.

Web Lw = A - 2dι - 2 J
ribs Lf — n(G tw)

" L — Lw + Lr

• Unit linear load, fit.
/u — =^-Ib∕linear in.

• Distances t∖ and U-
Λ = d2 + tw + ww + tb
I2 = F - £1

• Loads ∕ moment.
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Figure 4-54. Load diagram and dimensions for base 
plate with an offset web.

/u
f,∖ + 0.5∕⅛

..M — —-
6

Bending stress, ft,.
, 6M
Λ - ~v2^

⅛

Anchor Bolts

Anchor bolts are governed by one of the three 
following load cases:

1. Longitudinal load: If Q0 > Ql, then no uplift occurs, 
and the minimum number and size of anchor bolts 
should be used.
If Qo < Ql, then uplift does occur:

Ql ~ Qo- = load per bolt
N

2. Shear: Assume the fixed saddle takes the entire 
shear load.
Fi— — shear per bolt
N
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3. Transverse load: This method of determining uplift 
and overturning is determined from Ref. [20] (see 
Figure 4-56).

M = 0.5 Fτ B
M

e - Qo

If e < A/g, then there is no uplift.

If e ≥ A∕β, then proceed with the following steps. This 
is an iterative procedure for finding the tension force, T, in 
the outermost bolt.

Step 1: Find the effective bearing length, Y. Start by 
calculating factors K1.3.

Ki

K2

K3

= 3(e - 0.5A)

-⅛⅛ + ∙)
Γ

z , Γa
= (-)K2 1+J

Step 2: Substitute values of Kj_3 into the following 
equation and assume a value of Y = ⅜ A as a first trial.

Y3+ K1Y2+ K2Y+ K3 = 0

If not equal to 0, then proceed with Step 3.
Step 3: Assume a new value of Y and recalculate the 

equation in Step 2 until the equation balances out to 
approximately 0. Once Y is determined, proceed to 
Step 4.

Step 4: Calculate the tension force, T, in the outermost 
bolt or bolts.

Figure 4-55. Dimensions and loading for base plate and 
anchor bolt analysis.

T = (-)Q0

ΓA Y ■ 
2 3 e
Δ-* +∕ 

L2 3 j ■

Step 5: Select an appropriate bolt material and size 
corresponding to tension force, T.

Step 6: Analyze the bending in the base plate.
Distance, x — 0.5A + f — Y
Moment, M-Tx
Bending stress, f↑3 — —y

tb

Ribs

Outside Ribs
• Axial load, P.

P = BpAp

• Compressive stress, fa.

• Radius of gyration, r.

• Slendemess ratio, (↑∕r.

∕ι∕r =

Outside Ribs

Figure 4-56. Dimensions of outside saddle ribs and 
webs.

area of rib and web, in.2

pressure area, = 0.5Fe
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Unit force, fu.

f -½
tu - 2A

Bending moment, M.

M = 0.5fue∕ι

Bending stress, Fb — 6.66 Fy.
r _ MC1 ∕ π
fb — j < f⅛

Combined stress.

‰⅛<1
Fa Fb

Inside Ribs
• Axial load, P.

P = BpAp

• Compressive stress, fa.

• Radius of gyration, r.

• Slendemess ratio, ⅛∕r∙

Z2∕r =
Fa =

• Unit force, fu.

f = ½
u 2A

• Bending moment, M.

M = fuZ2e
• Bending stress, fb-

MC2
fb = T

• Combined stress.

Figure 4-57. Dimensions of inside saddle ribs and webs.

Notes

1. The depth of web is important in developing stiff­
ness to prevent bending about the cross-sectional 
axis of the saddle. For larger vessels, assume 6 in. as 
the minimum depth from the bottom of the wear 
plate to the top of the base plate.

2. The full length of the web may be assumed effective 
in carrying compressive stresses along with ribs. 
Ribs are not effective at carrying compressive load if 
they are spaced greater than 25 times the web 
thickness apart.

3. Concrete compressive stresses are usually consid­
ered to be uniform. This assumes the saddle is rigid 
enough to distribute the load uniformly.

4. Large-diameter horizontal vessels are best supported 
with 168o saddles. Larger saddle angles do not 
effectively contribute to lower shell stresses and are 
more difficult to fabricate. The wear plate need not 
extend beyond center lines of vessel in any case or 
6o beyond saddles.

5. Assume fixed saddle takes all of the longitudinal 
loading.

Table 4-26
Allowable tension load on bolts, kips, per AISC

Nominal Bolt Diameter, in 0.625 0.750 0.875 1.000 1.125 1.250 1.375 1.500
Cross-sectional Area, ab, in2 0.3068 0.4418 0.6013 0.7854 0.9940 1.2272 1.4849 1.7671
A-307 Ft 22.5 6.9 9.9 13.5 17.7 22.4 27.6 33.4 39.8
A-325 Ft 45.0 13.8 19.9 27.1 35.3 44.7 55.2 66.8 79.5
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Table 4-27 
∣^arge diameter saddle supports

■ ∙ '

DIA (Ft) A B
D 
(Note 3) E F 6 Gb Gi- H J N N tw

Approx wt for
2 Saddles (Kips)

14 155 92 1.375 19 18 9 16 28 34 0.75 8 8 1 0.75 0.75 7

15 171 100 1.375 21 18 9 16 28 34 0.75 8 8 1 0.75 0.75 8

16 183 108 1.375 18 18 9.25 16 28 34 1 10 8 1.125 0.875 0.875 10

17 193 114 1.625 19 21 10.75 19 31 37 1 10 8 1.25 1 1 11

18 207 122 1.625 17 21 11 19 31 37 1.125 12 12 1.375 1.125 1 12

20 207 132 1.625 17 21 11 19 31 37 1.125 12 12 1.375 1.125 1.125 15.5

22 219 144 1.875 18 24 12.5 22 34 40 1.25 12 12 1.5 1.25 1.25 19

24 241 156 1.875 17 24 12.5 22 34 40 1.25 14 12 1.5 1.25 1.25 22

26 255 172 1.875 18 24 12.5 22 34 40 1.375 14 12 1.625 1.25 1.25 26

28 275 184 2.125 17 27 14 25 37 43 1.375 16 16 1.625 1.375 1.25 31
30 308 196 2.125 19 27 14.25 25 37 43 1.5 16 16 1.75 1.5 1.375 37
32 328 208 2.125 18 27 14.25 25 37 43 1.5 18 16 1.75 1.5 1.375 44
34 346 220 2.375 19 31 16 29 41 47 1.75 18 16 2 1.75 1.375 54
36 364 230 2.375 18 31 16 29 41 47 1.75 20 16 2 1.75 1.375 66
38 384 244 2.375 19 32 16.25 30 42 48 2 20 16 2.25 2 1.5 80
40 404 256 2.625 20 34 17.75 32 44 50 2 20 20 2.5 2 1.5 100

Notes:

1. All dimensions are in inches unless noted otherwise
2. All saddles in this size range must be fully designed. The dimensions shown are a starting place or to be used for estimating only!
3. Assume that anchor bolts diameter is d - .125", where d is the diameter of the hole. Assume that slots for sliding saddle are 6 d long.
4. N = Number of ribs
5. n = Number of anchor bolts
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Procedure 4-12: Design of Base Plates for Legs [20,21]

Notation Beam legs:

Y — effective bearing length, in.
M — overturning moment, in.-Ib

Mb — bending moment, in.-Ib
P — axial load, Ib
ft — tension stress in anchor bolt, psi
A — actual area of base plate, in.2

Ar — area required, base plate, in.2
Pe — ultimate 28-day strength, psi
fc — bearing pressure, psi
fl — equivalent bearing pressure, psi

Fb — allowable bending stress, psi
Ft — allowable tension stress, psi
Fc — allowable compression stress, psi
Es — modulus of elasticity, steel, psi
Ec — modulus of elasticity, concrete, psi

n — modular ratio, steel-concrete
n' — equivalent cantilever dimension of base plate, 

in.
Bp — allowable bearing pressure, psi

Ki,2,3 — factor
T — tension force in outermost bolt, Ib
C — compressive load in concrete, Ib
V — base shear, Ib
N — total number of anchor bolts
Nt — number of anchor bolts in tension
Ab — cross-sectional area of one bolt, in.2
As = total cross-sectional area of bolts in tension, 

in.2
a — coefficient

Ts — shear stress

Ar ^^ 0∙7f'

D - 0.95d
m = -. 2

B - 0.8d
n= 2

_ b tw
^ 2(d - 2tf)

n' = b 2t" √1 + 3,2≈3 <≡eβ Tab,e *- 27)

Pipe legs:
B - 0.707W

m= 2

⅛m2

y Fb
• Axial load plus bending, load condition #1, full 

compression, uplift, e < D/fr (See Figure 4-59) 
Eccentricity:

M D 
e= P≤6

Loadings:
P Γ 6ef' - a[1 + d]

, P f ι 6e(D - 2a)^

f' - a[i+~
Moment:

a2B
Mb = — (∕ι +2∕c)

Calculations O
Thickness:

• Axial loading only, no moment. ∣6Mb
Angle legs:

'∙-⅛

L = greater of m, n, or n'

t - VBFb

• Axial load plus bending, condition #2, partial
compression, uplift, e > D∣(,∙ ($ee Figure 4-59) 
Eccentricity:

t = ∕3fcL2
V Fb

M D
e - P^ > ^6
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Figure 4-58. Dimensions and loadings of base plates.

Coefficient: (See Table 4-29)

Dimension:
f = 0.5d + z

By trial and error, determine Y, effective bearing 
length, utilizing factors Kι-3∙

Factors:
∕ D∖Ki = 3V + 2)

6nrAs .
κ2 = (f + e)

D

K3 = (—)K2(0.5D+/)

By successive approximations, determine distance Y. 
Substitute K 1.3 into the following equation and assume an 
initial value of Y = ⅜ A as a first trial.

Y3 + KiY2 ÷ K2Y + K3 = 0

T = (-)P

Tension force:
∣^D Y
2 ~ 3^~e

>-2 3 -

Bearing pressure:
~2(P + T) 

c YB c

Moment:
x = 0.5D +/ — Y

Mt = Tx

= fc
Y-a

a2B
Mc — -7- (fι + 2∕c) 

0

where Mb is greater of Mτ or Mc.

• Anchor bolts.
Without uplift: design anchor bolts for shear only.

V
Ts - na;

With uplift: design anchor bolts for full shear and 
tension force, T.

T
ft ~ f⅜a;
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Load Condition #1

Full compression, no uplift, e ≤ D/6 Partial compression, uplift, e > D/6

Figure 4-59. Load conditions on base plates.

Table 4-28 
Values of n, for beams

Column Section n Column Section n'

W14×730-W14× 145 5.77 WIO X 45-WIO X 33 3.42
W14× 132-W14×90 5.64 W8 x 67 - W8 x 31 3.14
W14 × 82 — W14 × 61 4.43 W8 x 28 - W8 x 24 2.77
W14×53-W14×43 3.68 W6x25-W6x 15 2.38
W12×336-W12×65 4.77 W6× 16-W6×9 1.77
W12×58-W12×53 4.27 W5× 19-W5× 16 1.91
W12 × 50 — W12 × 40 3.61 W4× 13 1.53
WIO x 112-W10×49 3.92

Table 4-29
Average properties of concrete

Water 
ContenVB

Ultfc 28 Allowable
Allowable
Bp (psi)

Coefficient, 
nr

-Day Str 
ag (psi)

Compression, 
Fc (psi)

7.5 2000 800 500 15
6.75 2500 1000 625 12
6 3000 1200 750 10
5 3750 1400 938 8

Reprinted by permission of John Wiley & Sons, Inc.

Figure 4-61. Dimensions for base plates—angle/pipe.Figure 4-60. Dimensions for base plates-beams.
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Dimensions for Type 1—(2) Bolt Base Plate

Column Size
D, 
in.

B, 
in.

E, 
in.

w, 
in.

Min Plate Thk, 
in.

Max Bolt φ, 
in.

W4 8 8 4 ¼ ⅝ ¾
W6 8 8 4 ⅛ ¾ ¾
W8 10 10 6 ¼ ¾ ¾
Wl 0-33 thru 

45
Wl 0-49 thru 

112

12 12 6 5∕16 ¾ 1

13 13 6 5∕16 ¾ 1

Wl 2-40 thru
50

14 10 6 5∕16 ⅞ 1

Wl 2-53 thru 
58

Wl 2-65 thru 
152

14 12 6 5∕16 ⅞ 1

15 15 8 5∕l6 ⅞ 1¼

Dimensions for Type 2—(4) Bolt Base Plate

Column Size D, in. B, in. G, in. E, in. W, in.

Min 
Plate 
Thk, in.

Max
Bolt φ, 
in.

W4 10 10 7 7 ¼ ⅝ 1
W6 12 12 9 9 5∕16 ¾ 1
W8 15 15 11 11 ⅜ ⅞ 1
W10-33 thru 45 17 15 13 11 ⅜ ⅜ 1¼
Wl 0-49 thru 112 17 17 13 13 ⅜ ⅜ 1¼
Wl 2-40 thru 50 19 15 15 11 ⅜ 1 1½
Wl 2-53 thru 58 19 17 15 13 ⅜ 1 1½
Wl 2-65 thru 152 19 19 15 15 ⅜ 1 1½

Dimensions for Angle Legs

Leg Size D X m Min. Plate Thk

L2 in. × 2 in. 4 in. 1.5 1 ½ in.
L2½in. x 2½in. 5 in. 1.5 1.25 ½ in.
L3 in. × 3 in. 6 in. 1.75 1.5 ½ in.
L4 in. × 4 in. 8 in. 2 2 ⅝ in.
L5 in. × 5 in. 9 in. 2.75 2 ⅝ in.
L6 in. × 6 in. 10 in. 3.5 2 ¾ in.

Dimensions for Pipe Legs

Leg Size D E m Min. Plate Thk

3 in. NPS 7 ½in. 4 ½ in. 2.5 in. ½ in.
4 in. NPS 8 ½in. 5 ½ in. 2.7 in. ½ in.
6 in. NPS 10 in. 7 in. 2.7 in. ⅝ in.
8 in. NPS 11 ½in. 8 ½ in. 2.7 in. ¾ in.
10 in. NPS 14 in. 10 in. 3.2 in. ⅞ in.
12 in. NPS 16 in. 12 in. 3.5in. 1 in.

Procedure 4-13: Design of Lug Supports

Notation

Q — vertical load per lug, Ib
Qa — axial load on gusset, Ib
Qb — bending load on gusset, Ib

n — number of gussets per lug
Fa — allowable axial stress, psi
Fb — allowable bending stress, psi
fa — axial stress, psi
fb — bending stress, psi
A — cross-sectional area of assumed column, in.2
Z — section modulus, in.3
w — uniform load on base plate, lb∕in.
I — moment of inertia of compression plate, in.4

Ev — modulus of elasticity of vessel shell at design 
temperature, psi

Es — modulus of elasticity of compression plate at 
design temperature, psi

e — log base 2.71
Mb — bending moment, in.-lb

Mx — internal bending moment in compression plate, 
in.-lb

K — spring constant or foundation modulus
β — damping factor

Design of Gussets

Assume gusset thickness from Table 4-30.
Qa = Q sin θ

Qb = Q cos S

b sin θ
C = —

A = tgC

Fa = 0.4Fy

Fb = 0.6Fy
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Z =

Mb

fa '

fb: Z Thickness required base plate.

6Mb
⅛ = (b - <∕>)FbDesign of Base Plate

QiMb = ^

nA
Mb

n

Qa

tgc2

__ Q∣√n Bearing.
Q w = — 
al

wd2 
Mb = "T

Figure 4-62. Dimensions and forces on a lug support.

= bearing 
width

Single Gusset
• Bending. Assume to be a simply supported beam. 

where Mb is greater moment from bending or 
bearing.
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Figure 4-63. Loading diagram of base plate with one 
gusset.

Double Gusset
• Bending. Assume to be between simply supported 

and fixed.

Mb = 21
O

Figure 4-64. Loading diagram of base plate with two 
gussets.

. Bearing.
Q

W = al
wl?

Mb = To

• Thickness required base plate.

6Mb 
(b - ≠)Fb

where Mb is greater moment from bending or 
bearing.

Compression Plate

Single Gusset

h

Assume thickness tc and calculate I and Z:

Figure 4-65. Loading diagram of compression plate with 
one gusset.

tc/
12

tcy2
6

f   Mχ
fb   2 < θ∙6Fy

Note'. These calculations are based on a beam on elastic 
foundation methods.
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Double Gusset

Figure 4-66. Loading diagram of compression plate with 
two gussets.

Table 4-30
Standard lug dimensions

Type e b y X h tg = tb Capacity (Ib)

1 4 6 2 6 6 3∕8 23,500
2 4 6 2 6 9 7∕16 45,000
3 4 6 2 6 12 ½ 45,000
4 5 7 2.5 7 15 θ∕l6 70,000
5 5 7 2.5 7 18 5∕8 70,000
6 5 7 2.5 7 21 1 Vl6 70,000
7 6 8 3 8 24 3∕4 100,000

M« = ⅛ ['+ <e~ft (cos βx — sin βx))]

β x is in radians.
_ Mx _ 

fb — < 0.6Fy

Procedure 4-14: Design of Base Details for Vertical Vessels - Shifted Neutral Axis Method [43,13,17,18]

Notation

Ab — required area of anchor bolts, in.2
Bj — anchor bolt diameter, in.
Bp — allowable bearing pressure, psi
bp — bearing stress, psi
C — compressive load on concrete, Ib 
d — diameter of bolt circle, in.

db — diameter of hole in base plate of 
compression plate or ring, in.

Flt — longitudinal tension load, lb∕in.
Flc — longitudinal compression load, lb∕in.

Fb — allowable bending stress, psi
Fc — allowable compressive stress, concrete, 

psi
Fs — allowable tension stress, anchor bolts, 

psi
Fy — minimum specified yield strength, psi 
fb — bending stress, psi

fc — compressive stress, concrete, psi
fs — equivalent tension stress in anchor bolts, 

psi
Mb — overturning moment at base, in.-Ib
Mt — overturning moment at tangent line, in.- 

Ib
Mx — unit bending moment in base plate, 

circumferential, in.-lb/in.
My — unit bending moment in base plate, 

radial, in.-lb/in.
H — overall vessel height, ft
δ — vessel deflection, in.

Mo — bending moment per unit length in.-lb∕ 
in.

N — number of anchor bolts
n — ratio of modulus of elasticity of steel to 

concrete
P — maximum anchor bolt force, Ib

Pt — maximum axial force in gusset, Ib
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E — joint efficiency of skirt-head attachment 
weld

Ra — root area of anchor bolt, in.2
r — radius of bolt circle, in.

Wb — weight of vessel at base, Ib
Wt — weight of vessel at tangent line, Ib
w — width of base plate, in.

Zi — section modulus of skirt, in.3
St — allowable stress (tension) of skirt, psi
Sc — allowable stress (compression) of skirt, 

psi
G — width of unreinforced opening in skirt, 

in.
r j Z,K — coefficients

C°, ,γ1,γ2 = coefficients for moment calculation in 
compression ring

S — code allowable stress, tension, psi
Ei — modulus of elasticity, psi
ts — equivalent thickness of steel shell which 

represents the anchor bolts in tension, 
in.

T — tensile load in steel, Ib
v — Poisson’s ratio, 0.3 for steel

B — code allowable longitudinal compres­
sive stress, psi

Equivalent Area Method

The “Equivalent Area Method” is also known as the 
“Shifted Neutral Axis Method”. This procedure is in 
contrast with the “Centered Neutral Axis Method” which 
assumes that the neutral axis is on the centerline. The 
Centered Neutral Axis Method is easier to apply but also 
results in a conservative anchorage design. The Equivalent 
Area method is more accurate and will result in reduced 
anchorage requirements. Both methods are used to 
determine the anchorage requirements and the base plate 
details of a vertical vessel supported on a skirt.

The Equivalent Area Method is based on reinforced 
concrete beam design that utilizes a balance between 
the steel in tension and the concrete in compression. 
Because of the different properties the neutral axis is 
shifted from the centerline. This procedure enables the 
designer to find the exact position of the neutral axis 
and compute the properties required based on this 
location.

In order to find the minimum anchor bolt area required 
that is consistent with a given base ring area and a given 
working stress in the anchor bolts, it is necessary to resort 
to a trial and error basis, an iterative procedure. To start, 
the variables are either given or assumed. The variables in 
this process are as follows;

Butt welded

Small-diameter 
vessels only

Figure 4-67. Skirt types.

Conical
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Type 1: Without gussets

arni∏ - 2 in.

Cnu∏ ≡ vk in­

Type 2: With gussets

arni∏ - 2 in.

CmkI - 1 ⅛ in-

Type 4: Top ring

Figure 4-68. Base details of various types of skirt-supported vessels.

Table 4-31 
Bolt chair data

Table 4-32 
Number of anchor bolts, N

Size (in.) Am∣n Ra ^min b θmin Skirt Diameter (in.) Minimum Maximum

¾-10 5.50 0.302 2 3.50 1.5 24-36 4 4
⅞-9
1-8
1 ⅛-7
1 ¼-7

5.50 0.419 2 3.50 1.5 42-54 4 8
5.50 0.551 2 3.50 1.5 60-78 8 12
5.50 0.693 2 3.50 1.5 84-102 12 16
5.50 0.890 2 3.50 1.5 108-126 16 20

1 ⅜-6 5.50 1.054 2.13 3.50 1.75 132-144 20 24
1 ½-6 5.75 1.294 2.25 3.50 2
1 ⅝-5 ½ 5.75 1.515 2.38 4.00 2 *See also Table 4-40
1 ¾-5
1 7/8-5

6.00 1.744 2.5 4.00 2.25
6.25 2.049 2.63 4.00 2.5

2-4 ½ 6.50 2.300 2.75 4.00 2.5 Table 4-33
2¼-4 ½ 7.00 3.020 3 4.50 2.75 Allowable stress for bolts, F<2½—4
2 ¾-4

7.25
7.50

3.715 3.25 4.50 3
4.618
5.621

3.50
3.75

4.75
5.00

3.25
3.50 Spec

Diameter Allowable Stress3-4 8.00
(in.) (KSl)

A-307 All 20.0
A-36 All 19.0
A-325 <1-1/2” 44.0
A-449 <1” 39.6

1-1/8” to 1-1/2” 34.7
1-5/8” to 3” 29.7
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Table 4-34 
Average properties of concrete

Water 
Content/ 
Bag

Ult 28—Day 
Str (psi)

Allowable 
Compression, 
Fc (psi)

Allowable
Bp (PSi)

Coefficient, 
n

7.5 2000 800 500 15
6.75 2500 1000 625 12
6 3000 1200 750 10
5 3750 1400 938 8

★See also Table 4-43
Reprinted by permission of John Wiley & Sons, Inc.

Table 4-36
Constant for moment calculation, γι, and γ2

b/£ 7ι 72

1.0 0.565 0.135
1.2 0.350 0.115
1.4 0.211 0.085
1.6 0.125 0.057
1.8 0.073 0.037
2.0 0.042 0.023
∞ 0 0

Reprinted by permission of John Wiley & Sons, Inc.

1vyr ∕x = 0.5b∖ __ ∕x=.5b∖fb__________________ M<y = l )________________ My ( y = 0 )_

Table 4-35
Bending moment unit length

0 0 -0.5fc I1 2 3 4 5
0.333 0.0078fcb2 —0.428fc F2
0.5 0.0293fcb2 —0.319fc f2
0.667 0.0558fcb2 —0.227fc e2
1.0 0.0972fcb2 —0.119fc ^2
1.5 0.123fcb2 —0.124fc f2
2.0 0.131fob2 -0.125fc f2^
3.0 0.133fcb2 —0.125 V2
∞ 0.133fcb2 —0.125fc tz

1. Width of base ring
2. Quantity of anchor bolts
3. Sizes of anchor bolts
4. Strength of anchor bolts
5. Strength of concrete

If the width of the base plate is increased, the neutral 
axis will be displaced toward the compression side and the 
stresses in the concrete and steel will be reduced. The 
maximum compressive stress between base plate and the 
concrete occurs at the outer periphery of the base plate. 
When uplift occurs, part of the base plate lifts up, resulting 
in a shift of the neutral axis toward the compression side.

The value of K represents the location of the neutral axis 
between the anchor bolts in tension and the concrete in 
compression. A preliminary value of K is estimated based 
on a ratio of the “allowable” stresses of the anchor bolts and 
concrete and a ratio of the modulus of elasticity of the two 
materials. From this preliminary value, anchor bolt sizes 
and numbers are determined and actual stresses computed. 
Using these actual stresses, the location of the neutral axis

Reprinted by permission of John Wiley & Sons, Inc.

Table 4-37 
Values of constants as a function of K

K Cc Ct J Z K Cc Ct J Z

0.1 0.852 2.887 0.766 0.480 0.55 2.113 1.884 0.785 0.381
0.15 1.049 2.772 0.771 0.469 0.6 2.224 1.765 0.784 0.369
0.2 1.218 2.661 0.776 0.459 0.65 2.333 1.640 0.783 0.357
0.25 1.370 2.551 0.779 0.448 0.7 2.442 1.510 0.781 0.344
0.3 1.510 2.442 0.781 0.438 0.75 2.551 1.370 0.779 0.331
0.35 1.640 2.333 0.783 0.427 0.8 2.661 1.218 0.776 0.316
0.4 1.765 2.224 0.784 0.416 0.85 2.772 1.049 0.771 0.302
0.45 1.884 2.113 0.785 0.404 0.9 2.887 0.852 0.766 0.286
0.5 2.000 2.000 0.785 0.393 0.95 3.008 0.600 0.760 0.270

Reprinted by permission of John Wiley L Sons, Inc.

is found and thus an actual corresponding K value. A 
comparison of these K values tells the designer whether the 
location of the neutral axis that was assumed for selection 
of anchor bolts was accurate. In successive trials, the 
anchor bolt sizes and quantity and width of base plate can 
be varied to obtain an optimum design. At each trial a new 
K is estimated and calculations repeated until the estimated 
K and actual K are approximately equal. This indicates 
both a balanced design and accurate calculations.

Rather than apportioning a load to each anchor bolt, the 
anchor bolt area is assumed as a continuous uniform 
cylinder whose thickness corresponds to the area of the 
bolts.

The equations can be manipulated to find the exact 
width of base plate required, wr, for the parameters of each 
case. The equation is;

wr = [Wb + (Ct fs - Cc fc ∏)r ts]∕(Cc fc r)

Example is based on the illustrated case in this 
procedure;
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Trial 1: Trial 2:

Wb = 194,000 Lbs Ct = 2.355

Ct = 2.113 Cc = 1.610

Cc = 1.884 ts — 0.225 in

n = 10 fs = 12, IOOPSI

r — 52.5 in fc = 611 PSI

ts — 0.225 in wr = [194,000 + (2.355(12,100) - 1.61(611)10)

fs = 13,660 PSI 

fc = 449 PSI
× 52.5(.225)∕[1.610(611)52.5] = 8.02 in

wr = [194,000+ (2.113 (13,660) - 1.884(449) 10)

× 52.5(225)∕[1.884(449)52.5] = 9.79in
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ANCHOR BOLTS: EQUIVALENT AREA METHOD

Jd

__________________________PROCEDURE___________________
1. Calculate preliminary K value based on allowables.
2. Make preliminary selection of anchor bolts and width of base 

plate.
3. Calculate loads and stresses.
4. Calculate K based on actual stresses and compare with value 

computed In Step 2.
5. If difference exceeds .01, select a new K between both values and 

repeat Steps 2-8.

TRIAL 1
1 ________________ __________
Fs (Table 4-33)
Fc (Table 4-34) 
n (Table 4-34) 
Wb
2 Approximate K Using Allowables

Data
Mb
d

Coefficients

Cc

Ct

J

3 Tensile Load In Steel____________
Mb -Wb(Zd)

Jd
4 Number of Anchor Bolts Required

Trd Ra (Table 4-31)
^“F.rCi
Ab∕N ∣Use ( )
5 Stress in Equivalent Steel Band

. NR. 
ts"'7d'

τ 
tβrCt

β Compresslve Load in Concrete
c = τ⅛wb I
7 Stress In Concrete

'c “ ((w - <.) + ntβ∣rCc

S Recheck K Using Actual f. and fc

TRIAL 2
1 Data

2 Approximate K Using Allowables

3 Tensile Load in Steel

4 Number of Anchor Bolts Required

in.2

bolts___________________________
5 Stress in Equivalent Steel Band

6 Compressive Load in Concrete

7 Stress In Concrete

8 Recheck K Using Actual f. and fe

See example of completed form on next page.
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ANCHOR BOLTS: EQUIVALENT AREA METHOD EXAMPLE

PROCEDURE

1 Data

rrc-7
4 Number of Anchor Bolts Required4 Number of Anchor Bolts Required

Ra (Table 4-31)

Use( 2o )

7 Stress in Concrete

I
K =

in Steel

A 
nf<

1. Calculate preliminary K value based on allowables
2- Make preliminary selection of anchor bolts and width of base

3. Calculate loads and stresses.
4. Calculate K based on actual stresses and compare with value 

computed in Step 2.
5. If difference exceeds .01, select a new K between both values and 

repeat Steps 2-8.

-i⅛,* b0lts

3 Tensile Load in Steel__________________________________

y>W∙ι⅜⅜ (MfJL8 3H-∣ K 
.1⅛⅞(⅛,1¾)

κ*ΓΓ≡~'∙ wp cκ 
ι⅜c⅛∣) ≈∙3,⅜

te- .ττ÷ ⅛^.∙n⅞(5t⅛)τ∙½⅛^

t , ------⅞.⅛.i.'Z----------- 7 ,,,
IaTM(JlA)LM •£[

8 Recheck K Using Actual f« and fc

-aLl⅛ ι*2  q<¾ ∣∕) 
'lo

NRt 
rd

TRIAL 1________ _
Data

* Trd ⅞4t 1Γ g.τ⅞ - - 
F√θj l⅛ (M∙¾⅛)t,ll⅞ b1

6 Compressive Load in Concrete
C - T + Wb - /44- - i

f β_____ 0______ β .... ⅞¾⅜ ----- - - β Uu Q

[(w - W + nt,)rCc Q∣O-.I2⅛+115]51<(IIH) KV<
8 Recheck K Using Actual f, and fe

• -'2.HT ≠ .444 
ιoξλ∙rt) Mo ¾o∙ D l

A√N.<-7 ⅛Z¾0 :137
5 Stress in Equivalent Steel Band 

lθ(3.7ι⅛)

≡3.1t⅛ in2

6 Compressive Load In Concrete

7 Stress In Concrete

Mb-Wb(Zd)

Jd

T . 2>4< , 13.«, K⅛i
∙'2'1* ,,°uicΓ .724(5r.-)2.∕ιr z.∣⅞κ⅜∣ o<

∙3¾⅛>,T τ⅜*⅛,τ⅛  
ι¼ W∙∙Jβ) 23≤s 5

_____________¾<l.8⅞∣b⅞e to<) ⅞⅛,⅜eouτ⅜
5 Stress In Equivalent Steel Band

TRIAL 2

Fs (Table 4-33) • r>κ⅛∣ Mb « 3c⅜U
U⅛fc UJs β∙-2S 

an < K∙.w
Fc (Table 4-34) • t∙l KSl d M 6.1%’ or ∣o¾m

n (Table 4-34) « Io_________ r « 4 ∙lβ'er 5‰S'*
wb «l<H KiPs
2 Approximate K Using Allowables Coefficients 2 Approximate K Using Allowables

IZ 1

- √H4

c° - J.fiβ4∙ K--1⅛∕___
Cc- ∣.⅛∣o J- ∙7⅛∙⅛ 
c⅜∙ .¾,1⅛. z- .>⅛X⅞-

K ≡----------
1 i f> c. - 1.∣ ∣⅜

J - -7SH
z - .4e>4
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Figure 4-69. Loading diagram of base plate with gussets 
and chairs.

Type 1: Without Chairs or Gussets
K — from “Anchor Bolts.”

I =

fc — from “Anchor Bolts.”

d =

• Bending moment per unit length.

M0 = 0.5fcl2

• Maximum bearing load.

bP = fc("d÷w) < bP (see Table 4"34) 

ZJxQ

• Thickness required.

Type 2: With Gussets Equally Spaced, Straddling 
Anchor Bolts

• With same number as anchor bolts.

l_
b

Mo — greater of Mx or My from Table 4-35

configurations.

• With twice as many gussets as anchor bolts.

, πd
= 2N

l_
b

M0 — greater of Mx or My from Table 4-35

Type 3 or 4: With Anchor Chairs or Full Ring
• Between gussets.

P = FsRa

6M0 
(w - db)Fb

plate
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• Between chairs.
_£
bs

Mo — greater of Mx or My from Table 4-35

Top Plate or Ring (Type 3 or 4)

• Minimum required height of anchor chair (Type 3 
or 4).

hmin
7.29<5d

H
18 in.

• Minimum required thickness of top plate of anchor 
chair.

tc = Jf- (0.375b - 0.22db)
V Fbe

Top plate is assumed as a beam, e x A with partially fixed 
ends and a portion of the total anchor bolt force P∕3, 
distributed along part of the span. (See Figure 4-71.)

• Bending moment, Mo, in top ring (Type 4). 
b
7
γi — (see Table 4-36)
γ2 — (see Table 4-36)

1. If a — f/2 and b/f > 1, My governs

P Γ ∕2Am° = TΞ (l+v)log(-)+(l-γ1) 
4τr L ∖7ΓgJ

2. If a ≠ ^/2 but b/^ > 1, My governs

M0 4π

3. If b/£ < 1, invert b/£ and rotate axis X-X and Y-Y
90o

Mo 4τr
(1 + v)log

Gussets

Thickness required is

Type 2. Assume each gusset shares load with each 
adjoining gusset. The uniform load on the base is fc, 
and the area supported by each gusset is f, × b. 
Therefore the load on the gusset is

Pi = fc€b

_ Pι(6a — 2£)
8 Fbf2
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Type 3 or 4.

p . 3 ■ 
tg - 18,000 ∕, > 8 in'

Skirt

• Thickness required in skirt at compression plate or 
ring due to maximum bolt load reaction.
For Type 3:

1.0
72

+1

Z 
1.77Atb tb 
∖∕Rtsk .tsk.

S-T
lsk

1.32Z
1.43 Ah2

- Rtsk
F [4Ah2]0333

0.031 
λ∕Rtsk

< 25 ksi

For Type 4:
Consider the top compression ring as a uniform ring 
with N number of equally spaced loads of magnitude.

Pa
^h

See Procedure 7-1 for details.
The moment of inertia of the ring may include a portion 
of the skirt equal to 16 ⅛ on either side of the ring (see 
Figure 4-74).
• Thickness required at opening of skirt.

Note: If skirt is stiffened locally at the opening to 
compensate for lost moment of inertia of skirt cross 
section, this portion may be disregarded.
G — width of opening, in.

fb -J ⅛⅛Wb 
πD — 3G L D

Figure 4-73. Dimensions and loadings on skirt due to 
load P.

Actual weights and moments at the elevation of the 
opening may be substituted in the foregoing equation if 
desired.

Skirt thickness required:

fb ∕ fb
8Fy °r V 4,640,000

whichever is greater

• Determine allowable longitudinal stresses.
Tension

St — Iesserof 0.6Fy or 1.2 S

Compression

Sc = 0.333 Fy

— 1.2 x factor “B”

_ tskEι
~ 16 R

= 1.2 S

whichever is less.
Longitudinal forces

Flt
48 Mb 

TrD2
Wb
7ΓD

Flc = (-)
48 Mb 

πD2
Wb 
πD

Skirt thickness required

. _ Flt 
tsk —

Ot

or Flc 
Sc

whichever is greater.
• Thickness required at skirt-head attachment due 

to Mt.
Longitudinal forces

or
Flc 

0.707ScE

c 48 Mt Wt
LT ~ tγD2 τrD 
 . .48 Mt Wt

Skirt thickness required

. _ Flt
IcV ----

0.707 StE

whichever is greater.
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Notes

1. Base plate thickness:
• If t ≤ ½ in., use Type 1.
• If ½ in. < t ≤ ¾ in., use Type 2.
• If t > ¾ in., use Type 3 or 4.

2. To reduce sizes of anchor bolts:
• Increase number of anchor bolts.
• Use higher-strength bolts.
• Increase width of base plate.

3. Number of anchor bolts should always be a multiple 
of 4. If more anchor bolts are required than spacing 
allows, the skirt may be angled to provide a larger 
bolt circle or bolts may be used inside and outside of 
the skirt. Arc spacing should be kept to a minimum 
if possible.

4. The base plate is not made thinner by the addition of 
a compression ring, ⅛ would be the same as required 
for chair-type design. Use a compression ring to 
reduce induced stresses in the skirt or for ease of 
fabrication when chairs become too close.

5. Dimension “a” should be kept to a minimum to 
reduce induced stresses in the skirt. This will 
provide a more economical design for base plate, 
chairs, and anchor bolts.

6. For heavy-wall vessels, it is advantageous to have 
the center lines of the skirt and shell coincide if 
possible. For average applications, the O.D. of the 
vessel and O.D. of the skirt should be the same.

7. Skirt thickness should be a minimum of R∕200.

Procedure 4-15: Design of Base Details for Vertical Vessels - Centered Neutral Axis Method

Notation

E — joint efficiency
Ei — modulus of elasticity at design temperature, psi 
Ab — cross-sectional area of bolts, in.2 

d — diameter of bolt circle, in.
Wb — weight of vessel at base, Ib
Wτ — weight of vessel at tangent line, Ib 

w — width of base plate, in.
S — code allowable stress, tension, psi 
N — number of anchor bolts

E,c — allowable bearing pressure, concrete, psi 
Fy — minimum specified yield stress, skirt, psi 
Fz — allowable stress, anchor bolts, psi 

fjγτ — axial load, tension, lb∕in.-circumference 
⅛c = ax'a∣ load, compression, lb∕in.-circumference 
Fγ — allowable stress, tension, skirt, psi 
Fc — allowable stress, compression, skirt, psi 
Fb = allowable stress, bending, psi 
fs — tension force per bolt, Ib 
fc — bearing pressure on foundation, psi

Ivlb — overturning moment at base, ft-lb 
p√Iτ — overturning moment at tangent line, ft-lb

Allowable Stresses

Ft — lesser of<
∙0.6Fy =

•1.2 S =

' ∙ O.333Fy =

Fc — lesser of <
•1.2 Factor B —

* IskEl _
' 16 R “

t ∙1.2S =

Fb = 0.6 Fy

F' — 500 psi for 2000 Ib concrete

750 psi for 3000 Ib concrete

0.125tsk
Factor A — —-— —

R

Factor B = from applicable material chart of ASME Code,
Section II, Part D, Subpart 3

Anchor Bolts
• Force per bolt due to uplift.

_ 48Mb Wb
s dN N

• Required bolt area, At>.

-4=
Use ()diameter bolts
Note-. Use four ¾-in.-diameter bolts as a minimum.



292 Pressure Vessel Design Manual

tsκ ≡ in. minimum

3 × 3 × % in­
minimum

Figure 4-74. Typical dimensional data and forces for 
a vertical vessel supported on a skirt.

r Vr-I in.

Base Plate

• Bearing pressure, fc (average at bolt circle).

f = 48Mb l = 
τrd2w 7rdw

• Required thickness of base plate, ⅛.
 

∕ 3ft _ i ∕ jic 
b y 20,ooo

5h,τT

Thickness required of skirt at base plate, tsk. 

. ftτ
tsk = greater of — = 

r,τ
fLC or —— = 
Fc

Thickness required of skirt at skirt-head 
attachment.

Longitudinal forces, fιτ fl c.

  48Mb Wb
f LT ^^ Λr - πD

, , .48Mb Wb

ftτ —

fLC —

Thickness required:

Longitudinal forces:

f f___ 48Mτ
Ilt,iLC i λ

πDz

tsk = greater of p 
0.707 FτE

Wt 
7ΓD

fLC or --------------  —
0.707 FcE

Notes

1. This procedure is based on the centered neutral axis 
method and should be used for relatively small or 
simple vertical vessels supported on skirts.

2. If moment Mb is from seismic, assume Wb as the 
operating weight at the base. If Mb is due to wind, 
assume empty weight for computing the maximum 
value of fLT and operating weight for fkc∙
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Procedure 4-16: Design of Anchor Bolts for Vertical Vessels

Notation

Ab — Cross sectional area of anchor bolt, in2
Ar — Area of one anchor bolt required, In2
Db — Diameter of bolt circle, Ft
M — Overturning moment due to wind or seismic, Ft- 

Ibs
N — Number of anchor bolts
Sb — Allowable tensile stress, PSI
W — Weight of vessel under consideration. Typically 

use empty for wind and full for seismic for worst 
case, Lbs

Formulas
NAb = [(48M∕Db)-W] [l∕Sb]

. If N Ab is negative, no anchor bolts are required

. If N Ab is positive, than anchor bolts are required
• Size of anchor bolts required is as follows, Ar;

Ar = [(48M∕Db)-W] [l∕(NSb)]

Notes

1. Values for Sb in table are based on .333 Fo
2. Assumes centered neutral axis method

(Continued)

Table 4-38 
Area of anchor bolts, Ab

Table 4-39 
Allowable stress, KSI

DIA Ab DIA Ab MATL DIA Fy Fu Sb

¾"-10
7/8”-9
1''-8
1-1/4”—7
1-1/2”—6

.302

.419

.551

.890
1.294

1 -3/4”—5 
2”—4-1/2 
2-1/2”—4 
2-3/4”—4 
3''-4

1.744
2.3
3.715
4.618
5.621

A-36
A-307
A-193-87

A-449

<4''
<8''
<2.5''
2.5 -4"
<1"
1-1.5"
<3''

36
36
105
95
92
81
58

58
60
125
115
120
105
90

19.14
20
41.25
38
39.6
34.65
29.7

Table 4-40 
Recommended quantity and spacing of anchor bolts

Diameter, D Quantity, N Spacing, bs (Ft)

Ft In MIN (1) MAX (2) MlN (3) MAX <4)

2
3
4
5
6
7
8

24
36
48
60
72
84
96

4 4
4
8
12
12
16
16

1.75
2.35
1.57
1.31
1.57
1.37
1.57

6

9
10
11
12
13
14
15

108
120
132
144
156
168
180

8 20
20
24
24
28
28
32

1.41
1.57
1.44
1.57
1.46
1.57
1.47

6

16
17
18
19
20

192
204
216
228
240

12 32
36
36
40
40

1.57
1.48
1.57
1.49
1.57

6
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Table 4-40 
Recommended quantity and spacing of anchor bolts—cont’d

Diameter, D Quantity, N Spacing, bs (Ft)

Ft In MIN (1) MAX (2) MlN (3) MAX (4)

21 252 44 1.5
22 264 44 1.57

23 276 16 48 1.51 6
24 288 48 1.57
25 300 52 1.51
26 312 52 1.57
27 324 56 1.51
28 336 56 1.57
29 348 60 1.51

30 360 20 60 1.57 6
31 372 64 1.52
32 384 64 1.57

Notes:
1. Minimum quantity is based on minimum arc spacing of 4, and maximum arc spacing of 6'.
2. Maximum quantity is based on 2D.
3. Minimum spacing of anchor bolts is based on the maximum quantity of anchor bolts, π Db∕Nrnax.
4. Maximum spacing is based on 6' max arc spacing as practical limit.
5. Minimum anchor bolt size is 3/4".

Table 4-41
Anchor bolt torque values

Bolt Dia (in) Tensile Area, Ra
Design Bolt Tension (XIPZ) 
(1)(2)____________________

Torque Bolt Tension (KIPS)
(4)_______________________ Torque (Ft-Ebs)

CASE 2: A-449

0.75-10 UNC 0.302 8.5 9.1 85
0.875 - 9 UNC 0.419 11.9 12.8 140
1-8 UNC .551 15.1 16.8 210
1.25-7 UNC 0.89 23.9 27.5 430
1.5-6 UNC 1.294 33.8 40.5 760
1.75-5 UNC 1.744 42.5 54.9 1200
2-4.5 UNC 2.3 53.5 72 1800
2.25-4.5 UNC 3.02 69.2 93.5 2630
2.5 -4 UNC 3.715 85.2 115.2 3600
2.75 -4 UNC 4.618 99.3 142.3 4890
3-4 UNC 5.621 113.9 171.7 6440

CASE 2: A-449

0.75-10 UNC 0.302 22 23.5 220
0.875 - 9 UNC 0.419 29.6 32 350
1-8 UNC .551 38.8 43.2 540
1.25-7 UNC 0.89 53.9 62.1 970
1.5-6 UNC 1.294 76 91.2 1710
1.75-5 UNC 1.744 68.5 88.2 1930
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Table 4-41
Anchor bolt torque values—cont'd

Bolt Dia (in) Tensile Area, Ra
Design Bolt Tension (KIPS)
(1)(2)____________________

Torque Bolt Tension (KIPS)
(4)_______________________ Torque (Ft-Lbs)

CASE 2: A-449

2-4.5 UNC 2.3 86.3 116 2900
2.25 - 4.5 UNC 3.02 111.1 150.8 4230
2.5 -4 UNC 3.715 137.2 185.6 5800
2.75 -4 UNC 4.618 159.9 228.9 7870
3-4 UNC 5.621 183.7 276.8 10380

Notes:
1. Values in Table for A-36 and A-307 bolts are based on approximately 25 KSI tensile stress on the tensile area.
2. Values in Table for A-449 bolts are based on .7 Fy tensile stress on the tensile area.
3. The threads and underside of nuts should be waxed prior to installation to reduce friction.
4. Torque bolt tension allows a % increase over bolt tension to allow for loss of pretension due to creep of concrete and bolt material.
5. All torque values result in a tension stress less than .8 Fy.

Procedure 4-17: Properties of Concrete

Notation

f C = Ultimate 28 day Compressive Stress, PSI 
Fc — Allowable Compressive Stress, PSI 
Bp — Allowable Bearing pressure, PSI

Es — Modulus of elasticity, steel, PSI
Ec — Modulus of elasticity, concrete, PSI 

n — Ratio, Es ∕ Ec

Table 4-42 
Soil bearing pressure

Type of Soil Bearing Pressure, PSF

Rock 4000
Rocky 3000
Gravel 2000
Sandy 1500
Clay 1000

Table 4-43 
Allowable stress, concrete

Ultimate 28 Day 
Compressive 
Stress, f,c (PSI)

Allowable
Compressive
Stress, Fc (PSI) I

Allowable Bearing
Pressure, Bp

[1) (PSI)(2)
Ratio, 
n

2000 800 500 15
2500 1000 625 12
3000 1200 750 10
3750 1500 938 8
4000 1600 1000 6

Notes:

1. Fc = 40% of f,c
2. Bp = 25%0ff,c
3. See ACI 318 or AISC Steel construction Manual for Fc based on 

either ASD or LRFD methods.
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