
Longitudinal Stresses

In the following equations, D is in inches. The term
"48MX" is used for ft-lb or ft-kips. If in.-lb or in.-kips are
used, then the term "4MX" should be substituted where
"48MX" is used. The allowable stresses S1E1 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

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

sxt ¼ tension side ¼ PiD
4t

þ 48Mx

pD2t
� Wh

pDt

sxc ¼ compression side ¼ ð�Þ PeD
4t

� 48Mx

pD2t
� Wh

pDt

• Allowable longitudinal stresses.

tension : S1E1 ¼

Elevation M
x

W
n

D t

Tension

S
1
E

1
σ

xt
σ

xc
B

Compression
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compression:

A ¼ 0:125t
Ro

B ¼ from applicable material chart of ASME Code,
Section II, Part D, Subpart 3.
Note: Joint efficiency for longitudinal seams in
compression is 1.0.

Notes

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.

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

distribution

hx
H a b g

hx
H a b g

hx
H a b

g

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 2.0089 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 0.88884 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

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

Design of Vessel Supports 247



Procedure 4-9: Seismic Design – Vessel on Conical Skirt

Nomenclature

A ¼ ASME Code strain factor, dimensionless
Ab ¼ Area of base plate supported on steel, in2

At ¼ Area required for one anchor bolt, in2

AS ¼ Area of shear band, LS X tS, in
2

BP ¼ Allowable bearing pressure, PSI
DO ¼ OD of vessel shell, in
DSK ¼ OD of skirt at base plate, in

E ¼ Modulus of elasticity, PSI
Fc ¼ Allowable compressive stress, PSI
f ¼ Load at support points, Lbs
fP ¼ Bearing pressure, PSI
FT ¼ Allowable stress, tension, PSI
Fy ¼ Minimum specified yield strength of skirt

at design temperature, PSI
F1 or F2 ¼ Seismic load for upper or lower portion of

vessel
MAA or BB ¼ Overturning moment due to earthquake,

In-Lbs, at elevation A-A or B-B
Mb ¼ Bending moment, In-Lbs

MX or My ¼ Internal bending moment in base plate, in-
lbs

N ¼ Number of support points
Nb ¼ Number of anchor bolts
P ¼ Design pressure, PSIG

pT, pC ¼ Load at top of skirt, tension or compres-
sion, Lbs/in

Q ¼ Load at support points, Lbs
Rm ¼ Mean radius of shell, in
S ¼ Shell allowable stress, tension, PSI
Sb ¼ Allowable stress, anchor bolts, PSI
t ¼ Thickness of shell, in
tr ¼ Thickness required, skirt, in
V ¼ Base shear, Lbs

Vmax ¼ Greater of V1 or V2, Lbs
W ¼ Weight, operating, Lbs
W1 ¼ 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 ¼ 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.

wT, wC ¼ Uniform load in shell, tension or
compression, Lbs/in

DT ¼ Temperature differential in skirt; DT –

70o F
l ¼ Damping Factor

sLT ¼ Longitudinal tension stress, skirt, PSI
sLC ¼ Longitudinal compressive stress, skirt,

PSI
sDT ¼ Stress in skirt due to DT loading, PSI
sX ¼ Longitudinal bending stress in shell, PSI
sr ¼ Allowable shear stress in shear band, PSI
sw ¼ Allowable shear stress in weld, PSI

C.G.
SHEAR
BAND

L.O.S.

B

D

SIMPLE VESSEL DIAGRAM

SEE NOTE 1

L

A A

F

B

f or Qf or Q

V

pT

wT

L2

pC

WCW

C.L. of BOLT
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C.G. OF UPPER
PORTIONF1

W1

W2

Wc

pc

WT

pT

L3

L1

L4
HS

L2

F2

A L.O.S A

B

C.L. of BOLT

f or Q

f or Q

C.G. OF LOWER
PORTION

B

D

Vmax

DETAIL OF FORCES

θ

VESSEL OD,Do

Hs tSK

c
e

d

t
b

θ

θ = 30° MAX

15° PREFERRED

SKIRT DIMENSIONS

tS

LS

W1

HS

W2

SHELL

t

DIMENSIONS OF SHEAR BAND
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(2) TYPE “A”
INSUL. RINGS

SEE DETAIL
BELOW

AIR SPACE

W.P.

HOT BOX SEGMENTAL RING
FOR TEMP > 500 ºF

TYPE “A” INSUL.
RING

INSULATE SHELL
UNDER SKIRT
BEFORE PLACING
ON SUPPORT

BTM. BASE PLATE

SKIRT O.D., DSK

REF. TAN. LINE

INSULATION

SKIRT VENT

SKIRT BASE
DETAIL TYPE

TYPE “B”
INSUL. RING

FIREPROOFING
PROVIDE 1/2” SQ.
NUTS ON CENTERS
FOR SUPPORT

(1) TYPE “B”
INSULATION RING.

SKIRT & BASE DETAILS

ts

SKIRT BAND

DETAIL OF SHEAR BAND

W.P.

BLEND

R

R

15º

45º

L (4) 6 DIA. VENTS
EQUALY SPACED
c

Load area

Load area
Support
steel

b

a

a

b

BASE PLATE LOADING

Ab

b

y

x

x x

x

y

y

y

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

a/b
Mx

	
x[ :5b
y[ ‘



My

	
x[ :5b
y[0




0 0 (�).500 Bp l
2

.333 .0078 Bp b
2 (�).428 Bp l

2

.5 .0293 Bp b
2 (�).319 Bp l

2

.666 .0558 Bp b
2 (�).227 Bp l

2

1.0 .0972 Bp b
2 (�).119 Bp l

2

1.5 .1230 Bp b
2 (�).124 Bp l

2

2.0 .1310 Bp b
2 (�).125 Bp l

2

3.0�N .1330 Bp b
2 (�).125 Bp l

2

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:

Calculate moments;

MAA ¼ F L2

MBB ¼ F L

Case 2: Rigorous Approach (Note 2)
GIVEN:

Vmax ¼ Greater of F1 or F2

Mmax ¼ Greater of following;

MAA ¼ F1 L3

Or ¼ F2 L4

MBB ¼ ðVmax HSÞ þMmax

W ¼ W1 þW2

Design of Skirt

• Uniform loads in vessel at ELEV A-A;

wT ¼ ����
W=

�
p DO

��þ ��
4 MAA=

�
p DO

2��
wC ¼ ����

W=
�
p DO

��� ��
4 MAA=

�
p DO

2��

• Find angle, q, by layout or calculation;

X ¼ :5 ½ðD� 2 eÞ � ðDO þ 2 tSÞ	

Tan q ¼ X=ðHS � tbÞ
q ¼ ________

• Uniform load in skirt at ELEV A-A

pT ¼ wT=Cos q

pC ¼ wC=Cos q

• Allowable stress, skirt;

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

A ¼ ð:125 tSKÞ=ð:5 DSKÞ
FC ¼ �

A E=2
�
< :5 Fy

2. Tension, FT

S ¼ from ASME II
�
D
�
< :66 Fy

FT ¼ 1:2 S

• Thickness required, skirt, tr
Tension; tr ¼ pT=FT
Comp; tr ¼ pC=FC

Use tSK ¼ ________

• Stress due to DT

sDT ¼ ��
48 DT

��
HS � tb

��½DO tSK	1=2

• Longitudinal stress in skirt due to loadings;

Tension; sLT ¼ ðpT=tSKÞ þ sDT

Comp; sLC ¼ ðpC=tSKÞ þ sDT

Shear Ring

• Allowable shear stresses;

Ring; sr ¼ :7 S

Weld; sw ¼ :4 S

• Minimum length of shear band, Lmin

Lmin ¼ wC=sr

• Size fillet welds, w1 and w2

w ¼ w1 þ w2

w ¼ wC=ð:707 swÞ
Use w1 ¼ w2 ¼ _________

• Thickness required for shear band, tS
tS ¼ 2 w1

Use tS ¼_________

D ¼ _________ L ¼ __________

F ¼ _________ L2 ¼ __________

W ¼ _________

HS ¼ _________ L3 ¼ __________

L4 ¼ __________ W1 ¼ __________

W2 ¼ __________ F1 ¼ ___________

F2 ¼ ___________
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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 ¼ �
W=p D

�� �
4 MBB=p D2�

• Bearing pressure, fP
fP ¼ f=d < BP

• Base plate thickness, tb

tb ¼ C
��
3 fP

��
:6 Fy

��1=2

Case B: Partial Support
• Load Q

Q ¼ W=N�MBB=D

• Bearing pressure, fP
fP ¼ Q=Ab

• Maximum bending moment, Mb, from Table 4-21

a=b ¼
Mb ¼ greater of MX or My

• Thickness of base plate, tb

tb ¼ ��
6 Mb=:6 Fy

��1=2

Anchor Bolts

• Determine if anchor bolts are required due to uplift

Nb At ¼ ½ð48 MBB=DÞ �W	½1=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 ¼ ½ð48 MBB=DÞ �W	½1=Nb Sb	

Use Nb ¼ _________

db ¼ _________

Longitudinal Stress in Shell due to Shear Band

• Cross sectional area of shear band, AS

AS ¼ LS tS

• Damping Factor, l

l ¼ 1:285=ðRm tÞ1=2

• Bending moment in shell, M

M ¼ �
P=2 l2

��
AS=

�
AS þ t LS þ 2 t=l

��
• Longitudinal bending stress in shell, sX

sX ¼ 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, W1, will produce a compressive
force in the shell equal to W1 / 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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Procedure 4-10: Design of Horizontal Vessel on Saddles [1,3,14,15]

Notation

Ar ¼ cross-sectional area of composite ring
stiffener, in.2

E ¼ joint efficiency
E1 ¼ modulus of elasticity, psi
Ch ¼ seismic factor
I1 ¼ moment of inertia of ring stiffener, in.4

tw ¼ thickness of wear plate, in.
ts ¼ thickness of shell, in.
th ¼ thickness of head, in.
Q ¼ total load per saddle (including piping loads,

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

Wo ¼ operating weight of vessel, lb
M1 ¼ longitudinal bending moment at saddles,

in.-lb
M2 ¼ longitudinal bending moment at midspan,

in.-lb
S ¼ allowable stress, tension, psi
Sc ¼ allowable stress, compression, psi

S1–14 ¼ shell, head, and ring stresses, psi
K1–9 ¼ coefficients
FL ¼ longitudinal force due to wind, seismic,

expansion, contraction, etc., lb
FT ¼ transverse force, wind or seismic, lb
sx ¼ longitudinal stress, internal pressure, psi
sf ¼ circumferential stress, internal pressure, psi

L3

L3

L4

L4

F2

F2

LOWER PORTION

GOVERNS

UPPER PORTION

GOVERNS

F1

F1

LOS

LOS

Mmax = GREATER OF ...

Vmax = Greater of F1 or F2

MBB = (Vmax Hs) + Mmax

MAA = F1 L3

Or    F2 L4

Figure 4-39. Vessel supported on conical skirt (Influence of support positioning).
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se ¼ longitudinal stress, external pressure, psi
ss ¼ circumferential stress in stiffening ring, psi
sh ¼ latitudinal stress in head due to internal pres-

sure, psi
Fy ¼ minimum yield stress, shell, psi

P ¼ internal pressure, psi
Pe ¼ external pressure, psi
Ks ¼ pier spring rate,
m ¼ friction coefficient
y ¼ pier deflection, in.

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

Figure 4-41. Stress diagram.
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Figure 4-42. Moment diagram.
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Transverse Load: Basis for Equations

Method 1

• Unit load at edge of base plate, wu.

Wu ¼ W1 þW2

• Derivation of equation for w2.

s ¼ M
Z

M ¼ FB Z ¼ E2

6
Therefore

M
Z

¼ 6FB

E2

• Equivalent total load Q2.

Q2 ¼ 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”

F1 ¼ FB
ð2=3ÞE ¼ 3FB

2E

w3 ¼ 3FB
2E

O
E
2
¼ 6FB

2E2 ¼ 3FB

E2

Therefore the total load, QF, due to force F is

QF ¼ w3E ¼ 3FB

E2 E ¼ 3FB
E

Method 2

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, Q2.

Q2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2 þ Q2

q

• Angle, qH.

qH ¼
�
arctan

�
F
Q

• Modified saddle angle, q1.

q1 ¼ 2

	
q

2



� qH
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Saddle Reactions and Moments for Exchangers or Vessels with Offset Saddles

Due to. Load per Saddle Diagram

Fx Q1 ¼ WsL2
L1

þ FxB

2A

A

B

Fx

Q2 ¼ WsL3
L1

þ FxB

2A

Fy Q1 ¼ ðWs þ FyÞL2
L1

L3 L2

Fy

Fy

C.G.

Q1 Q2

Q2 ¼ ðWs þ FyÞL3
L1

Fz Q1 ¼ WSL2
L1

þ FzB

L1
L1

Fz

Q1 Q2
Q2 ¼ WSL3

L1
þ FzB

L1

258 Pressure Vessel Design Manual



OAL ¼ L1 þ L2 þ L3 w ¼ W
OAL

Q1 ¼
w
h
ðL1 þ L2Þ2�L2

3

i
2L1

Q2 ¼ W� Q1

M1 ¼ wL2
2

2

M2 ¼ Q1

�
Q1

2w
� L2

�

M3 ¼ wL2
3

2

Mx ¼ wðL2 � XÞ2
2

Mx1 ¼ wðL2 þ X1Þ2
2

� Q1X1

Mx2 ¼ wðL3 � X2Þ2
2

Types of Stresses and Allowables

• S1 to S4: longitudinal bending.

Tension : S1; S3; or S4 þ sx < SE

Compression : S2; S3; or S4 � se < Sc

where Sc¼ factor “B” or S or tsE1/16r
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.

M1

M2

M3

W

W
X1X

L1L2 L3

–X2

Q1 Q2

–

Note:  W = weight of vessel plus any impact factors
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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 S8< 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 þ 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:

St ¼ Q
pr

:
lb

in: circumference
<

allowable shear
in: of weld

• S11þ sh < 1.25 SE: additional stress in head.
1. S11 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.

• S9 and S10< 1.5 S and 0.9Fy: circumferential
bending at horn of saddle.
1. If a wear plate is used, ts may be taken as ts þ tw

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

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

• S12< 0.5Fy or 1.5 S: circumferential compressive
stress.
1. If a wear plate is used, ts may be taken as ts þ tw,

providing the width of the wear plate is at least

bþ 1:56
ffiffiffiffiffi
rts

p
:

2. If the shell is unstiffened the maximum stress
occurs at the horn 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.
• (þ)S13þ sf< 1.5 S: circumferential tension
stressdshell stiffened.

• (�)S13� ss< 0.5Fy: circumferential compression
stressdshell stiffened.

• (�)S14� ss< 0.9Fy: circumferential compression
stress in stiffening ring.

Procedure for Locating Saddles

Trial 1: Set A¼ 0.2 L and q¼ 120� and check stress at the
horn of the saddle, S9 or S10. This stress will govern for
most vessels except for those with large L/R ratios.

Trial 2: Increase saddle angle q to 150� and recheck
stresses at horn or saddle, S9 or S10.

Trial 3:Move saddles near heads (A¼R/2) and return q to
120�. This will take advantage of stiffness provided by
the heads and will also induce additional stresses in the
heads. Compute stresses S4, S8, and S9 or S10. A wear
plate may be used to reduce the stresses at the horn or
saddlewhen the saddles are near the heads (A< R/2) and
the wear plate extends R/10 above the horn of the saddle.

Trial 4: Increase the saddle angle to 150� and recheck
stresses S4, S8, and S9 or S10. Increase the saddle angle
progressively to a maximum of 168� to reduce stresses.

Trial 5: Move saddles to A¼ 0.2L and q¼ 120� and
design ring stiffeners in the plane of the saddles using
the equations for S13 and S14 (see Note 7).

Total Saddle Reaction Forces, Q.

Q ¼ greater of Q1 or Q2

Longitudinal, Q1

Q1 ¼ Wo

2
þ FLB

Ls

Transverse, Q2

Q2 ¼ Wo

2
þ 3FtB

E

Shell Stresses

There are 14 main stresses to be considered in the
design of a horizontal vessel on saddle supports:
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S1 ¼ longitudinal bending at saddles without stiff-
eners, tension

S2 ¼ longitudinal bending at saddles without stiff-
eners, compression

S3 ¼ longitudinal bending at saddles with stiffeners
S4 ¼ longitudinal bending at midspan, tension at

bottom, compression at top
S5 ¼ tangential sheardshell stiffened in plane of

saddle
S6 ¼ tangential sheardshell not stiffened, A>R/2
S7 ¼ tangential sheardshell not stiffened except by

heads, A�R/2
S8 ¼ tangential shear in headdshell not stiffened,

A� R/2
S9 ¼ circumferential bending at horn of saddledshell

not stiffened, L � 8R
S10 ¼ circumferential bending at horn of saddledshell

not stiffened, L< 8R

S11 ¼ additional tension stress in head, shell not stiff-
ened, A� R/2

S12 ¼ circumferential compressive stressdstiffened or
not stiffened, saddles attached or not

S13 ¼ circumferential stress in shell with stiffener in
plane of saddle

S14 ¼ circumferential stress in ring stiffener

Longitudinal Bending
• S1, longitudinal bending at saddlesdwithout stiff-
eners, tension.

M1 ¼ 6Q

	
8AHþ 6A2 � 3R2 þ 3H2

3Lþ 4H




S1 ¼ ð þ Þ M1

K1r2ts
• S2, longitudinal bending at saddlesdwithout stiff-
eners, compression.

Figure 4-43. Chart for selection of saddles for horizontal vessels. Reprinted by permission of the American Welding
Society.
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S2 ¼ ð�Þ M1

K7r2ts
• S3, longitudinal bending at saddlesdwith stiffeners.

S3 ¼ ð�Þ M1

pr2ts
• S4, longitudinal bending at midspan.

M2 ¼ 3Q

	
3L2 þ 6R2 � 6H2 � 12AL� 16AH

3Lþ 4H




S4 ¼ ð�Þ M2

pr2ts

Tangential Shear
• S5, tangential sheardshell stiffened in the plane of
the saddle.

S5 ¼ Q
prts

2
64L� 2A

Lþ 4
3
H

3
75

• S6, tangential sheardshell not stiffened, A> 0.5R.

S6 ¼ K2Q
rts

2
64L� 2A

Lþ 4
3
H

3
75

• S7, tangential sheardshell not stiffened, A� 0.5R.

S7 ¼ K3Q
rts

• S8, tangential shear in headdshell not stiffened,
A� 0.5R.

S8 ¼ K3Q
rth

Note: If shell is stiffened or A> 0.5R, S8¼ 0.

Circumferential Bending
• S9, circumferential bending at horn of saddledshell
not stiffened (L� 8R).

S9 ¼ ð�Þ Q
4tsðbþ 1:56

ffiffiffiffiffi
rts

p Þ �
3K6Q
2t2s

Note: ts¼ ts þ tw and ts
2¼ ts

2 þ tw
2 only if A £ 0.5R and

wear plate extends R/10 above horn of saddle.
• S10, circumferential bending at horn of saddledshell
not stiffened (L< 8R).

S10 ¼ ð�Þ Q
4tsðbþ 1:56

ffiffiffiffiffi
rts

p Þ �
12K6QR

Lt2s

Note: Requirements for ts are same as for S9.

Additional Tension Stress in Head
• S11, additional tension stress in headdshell not
stiffened, A� 0.5R.

S11 ¼ K4Q
rth

Note: If shell is stiffened or A> 0.5R, S11¼ 0.

Circumferential Tension/Compression
• S12, circumferential compression.

S12 ¼ ð�Þ K5Q
tsðbþ 1:56

ffiffiffiffiffi
rts

p Þ
Note: ts¼ ts þ tw only if wear plate is attached to
shell and width of wear plate is a minimum of
bþ 1.56

ffiffiffiffiffiffi
rts:

p

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

S13 ¼ ð�ÞK8Q
Ar

� K9QrC
I1

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

• S14, circumferential compressive stress in stiffener
(see Note 8).

S14 ¼ ð�ÞK8Q
Ar

� K9Qrd
I1

Pressure Stresses

sx ¼ PRm

2ts

sf ¼ PRm

ts

Figure 4-44. Saddle reaction forces.
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se ¼ PeRm

2ts

ss ¼ PIRm

Ar

sh ¼ sf, maximum circumferential stress in head is
equal to hoop stress in shell

Combined Stresses

Tension Compression

Stress Allowable Stress Allowable

S1þ sx SE ¼ eS2 - se Sc ¼
S3þ sx SE ¼ eS3 - se Sc ¼
S4þ sx SE¼ eS4 - se Sc ¼
S11þ sh 1.25SE¼ eS13 - ss 0.5Fy ¼
S13þ sf 1.5SE¼ eS14 - ss 0.9Fy ¼

Figure 4-45. Coefficients.
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Table 4-22
Coefficients for Zick’s analysis (angles 80� to 120�)

SADDLE ANGLE q

A/R £ 0.5 A/R ‡ 1.0

K1 K2 K3 K4 K5 K6 K6 K7 K8 K9

80 0.1711 2.2747 2.0419 0.6238 0.9890 0.0237 0.0947 0.3212 0.3592 e0.0947

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 0.0803 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 0.0748 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 0.2528 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 0.8308 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 0.0608 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 0.6043 0.3405 0.0529

q

SADDLE ANGLE

K1 K2 K3 K4 K5 K6 K6 K7 K8 K9

A/R� 0.5 A/R ‡ 1.0

Notes:

1. These coefficients are derived from Zick’s equations.

2. The ASME Code does not recommend the use of saddles with an included angle, q, 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.
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Figure 4-46. Saddle dimensions.

Table 4-23
Slot dimensions

Temperature
�F

Distance Between Saddles

10ft 20ft 30ft 40ft 50ft

e50 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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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 q 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 q¼ 120�, except for small
vessels. For vessels designed for external pressure
only q should always¼ 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 A¼ 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:

Table 4-24
Typical saddle dimensions*

* Table is in inches and pounds and degrees.
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Procedure 4-11: Design of Saddle Supports for Large Vessels [4,15–17,20]

Notation

As ¼ cross-sectional area of saddle, in.2

Ab ¼ area of base plate, in.2

Ap ¼ pressure area on ribs, in.2

Ar ¼ cross-sectional area, rib, in.2

Q ¼ maximum load per saddle, lb
Q1 ¼ QoþQR, lb
Q2 ¼ QoþQL, lb
Qo ¼ load per saddle, operating, lb
QT ¼ load per saddle, test, lb
QL ¼ vertical load per saddle due to longitudinal loads,

lb
QR ¼ vertical load per saddle due to transverse loads,

lb
FL ¼ maximum longitudinal force due to wind,

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

Fa ¼ allowable axial stress, psi
Fb ¼ allowable bending stress, psi
FT ¼ transverse wind or seismic load, lb
N ¼ number of anchor bolts in the fixed saddle
at ¼ cross-sectional area of bolts in tension, in.2

Y ¼ effective bearing length, in.
T ¼ tension load in outer bolt, lb
n1 ¼ modular ratio, steel to concrete, use 10
Fb ¼ allowable bending stress, psi
Fy ¼ yield stress, psi
fh ¼ saddle splitting force, lb
fa ¼ axial stress, psi
fb ¼ bending stress, psi
fu ¼ unit force, lb/in.

Bp ¼ bearing pressure, psi
M ¼ bending moment, or overturning moment, in.-lb
I ¼ moment of inertia, in.4

Z ¼ section modulus, in.3

r ¼ radius of gyration, in.
K1 ¼ saddle splitting coefficient
n ¼ number of ribs, including outer ribs, in one

saddle
P ¼ equivalent column load, lb
d ¼ distance from base to centroid of saddle arc, in.

Wo ¼ operating weight of vessel plus contents, lb
WT ¼ vessel weight full of water, lb
sT ¼ tension stress, psi
w ¼ uniform load, lb

Forces and Loads

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

formulas.

• Operating weight.

Qo ¼ Wo

2
• Test weight.

QT ¼ WT

2
• Longitudinal wind or seismic.

QL ¼ FLB
Ls

Surfaces Friction Factor, m

Lubricated steel-to-concrete 0.45

Steel-to-steel 0.4

Lubrite-to-steel

• Temperature over 500�F 0.15

• Temperature 500�F or

less

0.10

• Bearing pressure less

than 500 psi

0.15

Teflon-to-Teflon

• Bearing 800 psi or more 0.06

• Bearing 300 psi or less 0.1
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Figure 4-47. Graph for determining web and rib thicknesses.

Figure 4-48. Dimensions of horizontal vessels and saddles.
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• Transverse wind or seismic.

QR ¼ 3FTB
A

Maximum Loads
• Vertical.
greater of Q1, Q2, or QT

Q1 ¼ Qo þ QR

Q2 ¼ Qo þ QL

• Longitudinal.
FL¼ greater of FL1 through FL6

Saddle Properties
• Preliminary web and rib thicknesses, tw and J. From
Figure 4-47:

J ¼ tw
• Number of ribs required, n.

n ¼ A
24

þ 1

Round up to the nearest even number.

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

GT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5:012FL

Jðn� 1ÞFb

	
hþ A

1:96
ð1� sin aÞ


s

where FL and Fb are in kips and ksi or lb and psi, and
J, h, A are in inches.

• Minimum wear plate dimensions.

Width:

H ¼ GT þ 1:56
ffiffiffiffiffiffiffi
Rts

p

Thickness:

tr ¼ ðH� GTÞ2
2:43R

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

C1 ¼
P

AYP
A

C2 ¼ h� C1

I ¼
X

AY2 þ
X

Io � C1

X
AY

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

As ¼
X

A� A1

Design of Saddle Parts

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

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

• Saddle coefficient. See Table 4-25

K1 ¼ 1þ cos b� 0:5 sin2 b
p� bþ sin b cos b

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

fh ¼ K1ðQ or QTÞ
• Tension stress.

sT ¼ fh
As

< 0:6Fy

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

• Bending moment.

d ¼ B� R sin q

q
q is in radians.

M ¼ fhd

• Bending stress.

fb ¼ MC1

I
< 0:66 Fy

Figure 4-49. Saddle loadings.
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Base plate with center web see Figure 4-53
• Area.

Ab ¼ AF

• Bearing pressure.

Bp ¼ Q
Ab

• Base plate thickness.

Now M ¼ QF
8

Z ¼ At2b
6

and fb ¼ M
Z

¼ 3QF

4At2b
Therefore

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

Figure 4-51. Saddle splitting forces. Figure 4-52. Bending in saddle due to splitting forces.
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tb ¼
ffiffiffiffiffiffiffiffiffiffiffi
3QF
4AFb

r

Assumes uniform load fixed in center.

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

P
L.

Web Lw ¼ A� 2d1 � 2 J
ribs Lr ¼ nðG� twÞX

L ¼ Lw þ Lr

• Unit linear load, fu.

f u ¼ QP
L
Ib=linear in:

• Distances ‘1 and ‘2.

‘1 ¼ d2 þ tw þWw þ tb
‘2 ¼ F� ‘1

• Loads / moment.

u ¼ f u
‘1 þ 0:5‘2

M ¼ u‘22
6

• Bending stress, fb.

fb ¼ 6M

t2b

Anchor Bolts

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

1. Longitudinal load: If Qo>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

N
¼ load per bolt

2. Shear: Assume the fixed saddle takes the entire
shear load.

FL
N

¼ shear per bolt

Table 4-25
Values of K1

k1 2q

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.

Figure 4-54. Load diagram and dimensions for base
plate with an offset web.
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3. Transverse load: This method of determining uplift
and overturning is determined from Ref. [20] (see
Figure 4-56).

M ¼ 0:5 FT B

e ¼ M
Qo

If e<A=6, then there is no uplift.

If e � A=6, 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.

K1 ¼ 3ðe� 0:5AÞ
K2 ¼ 6n1at

F
ðf þ eÞ

K3 ¼ ð�ÞK2

	
A
2
þ f




Step 2: Substitute values of K1–3 into the following
equation and assume a value of Y¼⅔ A as a first trial.

Y3 þ K1Y
2 þ K2Yþ K3 ¼ 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.

T ¼ ð�ÞQo

2
64
A
2
� Y

3
� e

A
2
� Y

3
þ f

3
75

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 ¼ 0:5Aþ f � Y
Moment, M ¼ Tx
Bending stress, fb ¼ 6M

t2b

Ribs

Outside Ribs
• Axial load, P.

P ¼ BpAp

• Compressive stress, fa.

fa ¼ P
Ar

• Radius of gyration, r.

r ¼
ffiffiffiffiffi
I1
Ar

r

• Slenderness ratio, ‘1/r.

l1=r ¼
Fa ¼

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

Figure 4-56. Dimensions of outside saddle ribs and
webs.
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• Unit force, fu.

fu ¼ FL
2A

• Bending moment, M.

M ¼ 0:5fuel1
• Bending stress, Fb ¼ 0.66 Fy.

fb ¼ MC1

I
< Fb

• Combined stress.

fa
Fa

þ fb
Fb

<1

Inside Ribs
• Axial load, P.

P ¼ BpAp

• Compressive stress, fa.

fa ¼ P
Ar

• Radius of gyration, r.

r ¼
ffiffiffiffiffi
I2
Ar

r

• Slenderness ratio, ‘2/r.

l2=r ¼
Fa ¼

• Unit force, fu.

fu ¼ FL
2A

• Bending moment, M.

M ¼ ful2e

• Bending stress, fb.

fb ¼ MC2

I
• Combined stress.

fa
Fa

þ fb
Fb

< 1

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 168� 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
6� 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, in
2 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

Figure 4-57. Dimensions of inside saddle ribs and webs.
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Table 4-27
Large diameter saddle supports

WEAR
PLATE

OUTER
RIB

INNER
RIBS

VESSEL ID

CENTERLINE
VESSEL

NOM VESSEL

DIAMETER

D

168º6º

B

e e e

A
H

H
GT

tw

tg

tb

Gb G

F

J

i"

1"

1"

NO
CENTER RIB N

O
 W

EBSH
EL

L

DIA (Ft) A B

D

(Note 3) E F G GB GT H J N n tb tg 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 ¼ Number of ribs

5. n ¼ Number of anchor bolts
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Procedure 4-12: Design of Base Plates for Legs [20,21]

Notation

Y ¼ effective bearing length, in.
M ¼ overturning moment, in.-lb
Mb ¼ bending moment, in.-lb
P ¼ axial load, lb
ft ¼ tension stress in anchor bolt, psi
A ¼ actual area of base plate, in.2

Ar ¼ area required, base plate, in.2

f’c ¼ ultimate 28-day strength, psi
fc ¼ bearing pressure, psi
f1 ¼ equivalent bearing pressure, psi
Fb ¼ allowable bending stress, psi
Ft ¼ allowable tension stress, psi
Fc ¼ allowable compression stress, psi
Es ¼ modulus of elasticity, steel, psi
Ec ¼ modulus of elasticity, concrete, psi
n ¼ modular ratio, steel-concrete
n0 ¼ equivalent cantilever dimension of base plate,

in.
Bp ¼ allowable bearing pressure, psi

K1,2,3 ¼ factor
T ¼ tension force in outermost bolt, lb
C ¼ compressive load in concrete, lb
V ¼ base shear, lb
N ¼ total number of anchor bolts
Nt ¼ number of anchor bolts in tension
Ab ¼ cross-sectional area of one bolt, in.2

As ¼ total cross-sectional area of bolts in tension,
in.2

a ¼ coefficient
Ts ¼ shear stress

Calculations

• Axial loading only, no moment.
Angle legs:

fc ¼ P
BD

L¼ greater of m, n, or n0

t ¼
ffiffiffiffiffiffiffiffiffiffiffi
3fcL2

Fb

s

Beam legs:

Ar ¼ P
0:7f 0c

m ¼ D� 0:95d
2

n ¼ B� 0:8d
2

a ¼ b� tw
2
�
d� 2tf

�

n0 ¼ b� tw
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

1þ 3:2a3

r
ðSee Table 4-27Þ

Pipe legs:

m ¼ B� 0:707W
2

fc ¼ P
A

t ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
3fcm2

Fb

s

• Axial load plus bending, load condition #1, full
compression, uplift, e � D=6: (See Figure 4-59)
Eccentricity:

e ¼ M
P
� D

6
Loadings:

fc ¼ P
A

	
1þ 6e

D




f1 ¼ P
A

	
1þ 6eðD� 2aÞ

D2




Moment:

Mb ¼ a2B
6

ðf1 þ 2fcÞ
Thickness:

t ¼
ffiffiffiffiffiffiffiffiffi
6Mb

BFb

s

• Axial load plus bending, load condition #2, partial
compression, uplift, e>D=6: (See Figure 4-59)
Eccentricity:

e ¼ M
P
>

D
6
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Coefficient: (See Table 4-29)

nr ¼ Es

Ec

Dimension:

f ¼ 0:5dþ z

By trial and error, determine Y, effective bearing
length, utilizing factors K1–3.

Factors:

K1 ¼ 3

�
eþ D

2

�

K2 ¼ 6nrAs

B
ðf þ eÞ

K3 ¼ ð�ÞK2ð0:5Dþ f Þ
By successive approximations, determine distance Y.
Substitute K1-3 into the following equation and assume an
initial value of Y¼⅔ A as a first trial.

Y3 þ K1Y
2 þ K2Yþ K3 ¼ 0

Tension force:

T ¼ ð�ÞP

2
64
D
2
� Y

3
� e

D
2
� Y

3
þ f

3
75

Bearing pressure:

fc ¼ 2ðPþ TÞ
YB

< f 0c

Moment:

x ¼ 0:5Dþ f � Y

Mt ¼ Tx

f1 ¼ fc

�
Y� a
Y

�

Mc ¼ a2B
6

ðf1 þ 2fcÞ

Thickness:

t ¼
ffiffiffiffiffiffiffiffiffi
6Mb

BFb

s

where Mb is greater of MT or Mc.

• Anchor bolts.
Without uplift: design anchor bolts for shear only.

Ts ¼ V
NAb

With uplift: design anchor bolts for full shear and
tension force, T.

ft ¼ T
NTAb

Figure 4-58. Dimensions and loadings of base plates.
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Figure 4-59. Load conditions on base plates.

Table 4-28
Values of n0 for beams

Column Section n0 Column Section n0

W14� 730�W14� 145 5.77 W10� 45�W10� 33 3.42

W14� 132�W14� 90 5.64 W8� 67�W8� 31 3.14

W14� 82�W14� 61 4.43 W8� 28�W8� 24 2.77

W14� 53�W14� 43 3.68 W6� 25�W6� 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

W10� 112�W10� 49 3.92

Table 4-29
Average properties of concrete

Water

Content/Bag

Ult f0c 28
-Day Str

(psi)

Allowable

Compression,

Fc (psi)

Allowable

Bp (psi)

Coefficient,

nr

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 4-60. Dimensions for base plates-beams. Figure 4-61. Dimensions for base platesdangle/pipe.
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Procedure 4-13: Design of Lug Supports

Notation

Q ¼ vertical load per lug, lb
Qa ¼ axial load on gusset, lb
Qb ¼ bending load on gusset, lb
n ¼ number of gussets per lug
Fa ¼ allowable axial stress, psi
Fb ¼ allowable bending stress, psi
fa ¼ axial stress, psi
fb ¼ bending stress, psi
A ¼ cross-sectional area of assumed column, in.2

Z ¼ section modulus, in.3

w ¼ uniform load on base plate, lb/in.
I ¼ moment of inertia of compression plate, in.4

Ev ¼ modulus of elasticity of vessel shell at design
temperature, psi

Es ¼ modulus of elasticity of compression plate at
design temperature, psi

e ¼ log base 2.71
Mb ¼ bending moment, in.-lb

Mx ¼ internal bending moment in compression plate,
in.-lb

K ¼ spring constant or foundation modulus
b ¼ damping factor

Design of Gussets

Assume gusset thickness from Table 4-30.

Qa ¼ Q sin q

Qb ¼ Q cos q

C ¼ b sin q
2

A ¼ tgC

Fa ¼ 0:4Fy

Fb ¼ 0:6Fy

Dimensions for Angle Legs

Leg Size D X m Min. Plate Thk

L2 in. � 2 in. 4 in. 1.5 1 ½ in.

L2½in. � 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.

Dimensions for Type 1d(2) Bolt Base Plate

Column Size

D,

in.

B,

in.

E,

in.

W,

in.

Min Plate Thk,

in.

Max Bolt f,

in.

W4 8 8 4 ¼ ⅝ ¾
W6 8 8 4 ¼ ¾ ¾
W8 10 10 6 ¼ ¾ ¾
W10e33 thru

45

12 12 6 5=16
¾ 1

W10e49 thru

112

13 13 6 5=16
¾ 1

W12e40 thru

50

14 10 6 5=16
⅞ 1

W12e53 thru

58

14 12 6 5=16
⅞ 1

W12e65 thru

152

15 15 8 5=16
⅞ 1¼

Dimensions for Type 2d(4) Bolt Base Plate

Column Size D, in. B, in. G, in. E, in. W, in.

Min

Plate

Thk, in.

Max

Bolt f,

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

W10e33 thru 45 17 15 13 11 ⅜ ⅜ 1¼

W10e49 thru 112 17 17 13 13 ⅜ ⅜ 1¼

W12e40 thru 50 19 15 15 11 ⅜ 1 1½

W12e53 thru 58 19 17 15 13 ⅜ 1 1½

W12e65 thru 152 19 19 15 15 ⅜ 1 1½
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Z ¼ tgC2

6

Mb ¼ Qbm
n

fa ¼ Qa

nA

fb ¼ Mb

Z

Design of Base Plate

Single Gusset
• Bending. Assume to be a simply supported beam.

Mb ¼ Ql
4

• Bearing.

w ¼ Q
al

Mb ¼ wd2

2

• Thickness required base plate.

tb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

6Mb

ðb� fÞFb

s

where Mb is greater moment from bending or
bearing.

Figure 4-62. Dimensions and forces on a lug support.
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Double Gusset
• Bending. Assume to be between simply supported
and fixed.

Mb ¼ Ql
6

• Bearing.

w ¼ Q
al

Mb ¼ wl21
10

• Thickness required base plate.

tb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

6Mb

ðb� fÞFb

s

where Mb is greater moment from bending or
bearing.

Compression Plate

Single Gusset

f ¼ Qe
h

K ¼ Evt

R2

Assume thickness tc and calculate I and Z:

I ¼ tcy3

12

Z ¼ tcy2

6

b ¼
ffiffiffiffiffiffiffiffiffi
K

4EsI
4

r

Mx ¼ f
4b

fb ¼ Mx

Z
< 0:6Fy

Note: These calculations are based on a beam on elastic
foundation methods.

Figure 4-63. Loading diagram of base plate with one
gusset.

Figure 4-64. Loading diagram of base plate with two
gussets.

Figure 4-65. Loading diagram of compression plate with
one gusset.
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Double Gusset

f ¼ Qe
2h

K ¼ Evt

R2

I ¼ tcy3

12

Z ¼ tcy2

6

b ¼
ffiffiffiffiffiffiffiffiffi
K

4EsI
4

r

Mx ¼ f
4b

�
1þ �

e�bxðcos bx� sin bxÞ��

b x is in radians.

fb ¼ Mx

Z
< 0:6Fy

Procedure 4-14: Design of Base Details for Vertical Vessels – Shifted Neutral Axis Method [4,9,13,17,18]

Notation

Ab ¼ required area of anchor bolts, in.2

Bd ¼ anchor bolt diameter, in.
Bp ¼ allowable bearing pressure, psi
bp ¼ bearing stress, psi
C ¼ compressive load on concrete, lb
d ¼ diameter of bolt circle, in.
db ¼ diameter of hole in base plate of

compression plate or ring, in.
FLT ¼ longitudinal tension load, lb/in.
FLC ¼ longitudinal compression load, lb/in.
Fb ¼ allowable bending stress, psi
Fc ¼ allowable compressive stress, concrete,

psi
Fs ¼ allowable tension stress, anchor bolts,

psi
Fy ¼ minimum specified yield strength, psi
fb ¼ bending stress, psi

fc ¼ compressive stress, concrete, psi
fs ¼ equivalent tension stress in anchor bolts,

psi
Mb ¼ overturning moment at base, in.-lb
Mt ¼ overturning moment at tangent line, in.-

lb
Mx ¼ unit bending moment in base plate,

circumferential, in.-lb/in.
My ¼ unit bending moment in base plate,

radial, in.-lb/in.
H ¼ overall vessel height, ft
d ¼ vessel deflection, in.

Mo ¼ bending moment per unit length in.-lb/
in.

N ¼ number of anchor bolts
n ¼ ratio of modulus of elasticity of steel to

concrete
P ¼ maximum anchor bolt force, lb
P1 ¼ maximum axial force in gusset, lb

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 (lb)

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 9=16
70,000

5 5 7 2.5 7 18 5=8
70,000

6 5 7 2.5 7 21 11=16
70,000

7 6 8 3 8 24 3=4
100,000
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E ¼ joint efficiency of skirt-head attachment
weld

Ra ¼ root area of anchor bolt, in.2

r ¼ radius of bolt circle, in.
Wb ¼ weight of vessel at base, lb
Wt ¼ weight of vessel at tangent line, lb
w ¼ width of base plate, in.
Z1 ¼ section modulus of skirt, in.3

St ¼ allowable stress (tension) of skirt, psi
Sc ¼ allowable stress (compression) of skirt,

psi
G ¼ width of unreinforced opening in skirt,

in.
Cc,CT,J,Z,K ¼ coefficients

g1,g2 ¼ coefficients for moment calculation in
compression ring

S ¼ code allowable stress, tension, psi
E1 ¼ modulus of elasticity, psi
ts ¼ equivalent thickness of steel shell which

represents the anchor bolts in tension,
in.

T ¼ tensile load in steel, lb
v ¼ Poisson’s ratio, 0.3 for steel
B ¼ 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;

Figure 4-67. Skirt types.
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Figure 4-68. Base details of various types of skirt-supported vessels.

Table 4-31
Bolt chair data

Size (in.) Amin Ra amin b cmin

¾e10 5.50 0.302 2 3.50 1.5

⅞e9 5.50 0.419 2 3.50 1.5

1e8 5.50 0.551 2 3.50 1.5

1 ⅛e7 5.50 0.693 2 3.50 1.5

1 ¼e7 5.50 0.890 2 3.50 1.5

1 ⅜e6 5.50 1.054 2.13 3.50 1.75

1 ½e6 5.75 1.294 2.25 3.50 2

1 ⅝e5 ½ 5.75 1.515 2.38 4.00 2

1 ¾e5 6.00 1.744 2.5 4.00 2.25

1 7/8e5 6.25 2.049 2.63 4.00 2.5

2e4 ½ 6.50 2.300 2.75 4.00 2.5

2¼e4 ½ 7.00 3.020 3 4.50 2.75

2½e4 7.25 3.715 3.25 4.50 3

2 ¾e4 7.50 4.618 3.50 4.75 3.25

3e4 8.00 5.621 3.75 5.00 3.50

Table 4-32
Number of anchor bolts, N

Skirt Diameter (in.) Minimum Maximum

24e36 4 4

42e54 4 8

60e78 8 12

84e102 12 16

108e126 16 20

132e144 20 24

*See also Table 4-40

Table 4-33
Allowable stress for bolts, Fs

Spec

Diameter

(in.)

Allowable Stress

(KSI)

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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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

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 ¼ ½Wb þ ðCt fS � CC fC nÞr tS	=ðCC fC rÞ
Example is based on the illustrated case in this

procedure;

Table 4-34
Average properties of concrete

Water

Content/

Bag

Ult 28eDay

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 4-35
Bending moment unit length

‘/b Mx

� x[ 0:5b
y[ ‘

�
My

� x[ :5b
y[0

�

0 0 e0.5fc ‘
2

0.333 0.0078fcb
2 e0.428fc ‘

2

0.5 0.0293fcb
2 e0.319fc ‘

2

0.667 0.0558fcb
2 e0.227fc ‘

2

1.0 0.0972fcb
2 e0.119fc ‘

2

1.5 0.123fcb
2 e0.124fc ‘

2

2.0 0.131fcb
2 e0.125fc ‘

2

3.0 0.133fcb
2 e0.125fc ‘

2

N 0.133fcb
2 e0.125fc ‘

2

Reprinted by permission of John Wiley & Sons, Inc.

Table 4-36
Constant for moment calculation, g1, and g2

b/‘ g1 g2

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

N 0 0

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 & Sons, Inc.
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Trial 1:

Wb ¼ 194; 000 Lbs

Ct ¼ 2:113

CC ¼ 1:884

n ¼ 10

r ¼ 52:5 in

tS ¼ 0:225 in

fS ¼ 13; 660 PSI

fC ¼ 449 PSI

wr ¼ ½194; 000þ ð2:113 ð13; 660Þ � 1:884ð449Þ 10Þ
� 52:5ð225Þ=½1:884ð449Þ52:5	 ¼ 9:79 in

Trial 2:

Ct ¼ 2:355

CC ¼ 1:610

tS ¼ 0:225 in

fS ¼ 12; 100 PSI

fC ¼ 611 PSI

wr ¼ ½194; 000þ ð2:355ð12; 100Þ � 1:61ð611Þ10Þ
� 52:5ð:225Þ=½1:610ð611Þ52:5	 ¼ 8:02 in
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Base Plate

Type 1: Without Chairs or Gussets
K¼ from “Anchor Bolts.”

l ¼

fc¼ from “Anchor Bolts.”

d ¼
• Bending moment per unit length.

Mo ¼ 0:5fcl
2

• Maximum bearing load.

bp ¼ fcð2Kdþ w
2Kd

Þ < Bp (see Table 4-34)

• Thickness required.

tb ¼
ffiffiffiffiffiffiffiffiffi
6Mo

Fb

s

Type 2: With Gussets Equally Spaced, Straddling
Anchor Bolts

• With same number as anchor bolts.

b ¼ pd
N
l

b

Mo¼ greater of Mx or My from Table 4-35

tb ¼
ffiffiffiffiffiffiffiffiffi
6Mo

Fb

s

• With twice as many gussets as anchor bolts.

b ¼ pd
2N
l

b

Mo¼ greater of Mx or My from Table 4-35

tb ¼
ffiffiffiffiffiffiffiffiffi
6Mo

Fb

s

Type 3 or 4: With Anchor Chairs or Full Ring
• Between gussets.

P ¼ FsRa

Mo ¼ Pb
8

tb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

6Mo

ðw� dbÞFb

s

Figure 4-69. Loading diagram of base plate with gussets
and chairs.

Figure 4-70. Dimensions of various base plate
configurations.
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• Between chairs.

‘

bs

Mo¼ greater of Mx or My from Table 4-35

tb ¼
ffiffiffiffiffiffiffiffiffi
6Mo

Fb

s

Top Plate or Ring (Type 3 or 4)

• Minimum required height of anchor chair (Type 3
or 4).

hmin ¼ 7:29dd
H

< 18 in:

• Minimum required thickness of top plate of anchor
chair.

tc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P
Fbe

ð0:375b� 0:22dbÞ
r

Top plate is assumed as a beam, e x Awith 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
‘

g1 ¼ (see Table 4-36)
g2 ¼ (see Table 4-36)

1. If a¼ ‘/2 and b/‘ > 1, My governs

Mo ¼ P
4p

	
ð1þ vÞlog

�
2‘
pg

�
þ ð1� g1Þ




2. If as ‘/2 but b/‘ > 1, My governs

Mo ¼ P
4p

2
4ð1þ vÞlog

0
@2‘ sin

pa
‘

pg

1
Aþ 1

3
5� g1P

4p

3. If b/‘ < 1, invert b/‘ and rotate axis X-X and Y-Y
90�

Mo ¼ P
4p

2
4ð1þ vÞlog

0
@2‘ sin

pa
‘

pg

1
Aþ 1

3
5

�
	
ð1� v� g2Þ

P
4p




• Minimum required thickness of top ring (Type 4).

tc ¼
ffiffiffiffiffiffiffiffiffi
6Mo

Fb

s

Gussets

• 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 ‘ � b.
Therefore the load on the gusset is

P1 ¼ fc‘b

Thickness required is

tg ¼ P1ð6a� 2‘Þ
Fb‘2

Figure 4-71. Top plate dimensions and loadings.

Figure 4-72. Compression plate dimensions.
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• Type 3 or 4.

tg ¼ P
18; 000 ‘

>
3
8

in:

Skirt

• Thickness required in skirt at compression plate or
ring due to maximum bolt load reaction.
For Type 3:

Z ¼ 1:0

1:77Atbffiffiffiffiffiffiffiffi
Rtsk

p
	
tb
tsk


2
þ1

S ¼ Pa

t2sk

2
664 1:32Z

1:43Ah2

Rtsk
þ �

4Ah2
�0:333 þ

0:031ffiffiffiffiffiffiffiffi
Rtsk

p < 25 ksi

3
775

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 tsk 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.
G¼width of opening, in.

fb ¼ 1
pD� 3G

	
48 Mb

D
þWb




Actual weights and moments at the elevation of the
opening may be substituted in the foregoing equation if
desired.

Skirt thickness required:

tsk ¼ fb
8Fy

or

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fb

4; 640; 000

r

whichever is greater

• Determine allowable longitudinal stresses.
Tension

St ¼ lesser of 0:6Fy or 1:2 S

Compression

Sc ¼ 0:333 Fy

¼ 1:2� factor “B”

¼ tskE1

16 R

¼ 1:2 S

whichever is less.
Longitudinal forces

FLT ¼ 48 Mb

pD2 �Wb

pD

FLC ¼ ð�Þ 48 Mb

pD2 �Wb

pD

Skirt thickness required

tsk ¼ FLT
St

or
FLC
Sc

whichever is greater.
• Thickness required at skirt-head attachment due
to Mt.
Longitudinal forces

FLT ¼ 48 Mt

pD2 � Wt

pD

FLC ¼ ð�Þ 48 Mt

pD2 � Wt

pD

Skirt thickness required

tsk ¼ FLT
0:707 StE

or
FLC

0:707ScE

whichever is greater.
Figure 4-73. Dimensions and loadings on skirt due to
load P.
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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, tb 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 ¼ joint efficiency
E1 ¼ modulus of elasticity at design temperature, psi
Ab ¼ cross-sectional area of bolts, in.2

d ¼ diameter of bolt circle, in.
Wb ¼ weight of vessel at base, lb
WT ¼ weight of vessel at tangent line, lb
w ¼ width of base plate, in.
S ¼ code allowable stress, tension, psi
N ¼ number of anchor bolts
F0c ¼ allowable bearing pressure, concrete, psi
Fy ¼ minimum specified yield stress, skirt, psi
Fs ¼ allowable stress, anchor bolts, psi
fLT ¼ axial load, tension, lb/in.-circumference
fLC ¼ axial load, compression, lb/in.-circumference
FT ¼ allowable stress, tension, skirt, psi
Fc ¼ allowable stress, compression, skirt, psi
Fb ¼ allowable stress, bending, psi
fs ¼ tension force per bolt, lb
fc ¼ bearing pressure on foundation, psi

Mb ¼ overturning moment at base, ft-lb
MT ¼ overturning moment at tangent line, ft-lb

Allowable Stresses

FT ¼ lesser of
•0:6Fy ¼(
•1:2 S ¼

Fc ¼ lesser of

• 0:333Fy ¼
8>>>>>><
>>>>>>:

•1:2 Factor B ¼
•
tskE1

16 R
¼

•1:2 S ¼

Fb ¼ 0:6 Fy

F0c ¼ 500 psi for 2000 lb concrete

750 psi for 3000 lb concrete

Factor A ¼ 0:125tsk
R

¼

Factor B¼ from applicable material chart of ASME Code,
Section II, Part D, Subpart 3

Anchor Bolts
• Force per bolt due to uplift.

fs ¼ 48Mb

dN
�Wb

N
• Required bolt area, Ab.

Ab ¼ fs
Fs

¼
Use ( ) _____ diameter bolts
Note: Use four ¾-in.-diameter bolts as a minimum.
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Base Plate

• Bearing pressure, fc (average at bolt circle).

fc ¼ 48Mb

pd2w
þ Wb

pdw
¼

• Required thickness of base plate, tb.

tb ¼ 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3fc

20; 000

s

Skirt

• Longitudinal forces, fLT and fLC.

fLT ¼ 48Mb

pD2 �Wb

pD

fLC ¼ ð�Þ 48Mb

pD2 �Wb

pD

• Thickness required of skirt at base plate, tsk.

tsk ¼ greater of
fLT
FT

¼

or
fLC
FC

¼
• Thickness required of skirt at skirt-head
attachment.

Longitudinal forces:

fLT; fLC ¼ �48MT

pD2 �WT

pD
¼

fLT ¼
fLC ¼

Thickness required:

tsk ¼ greater of
fLT

0:707 FTE
¼

or
fLC

0:707 FCE
¼

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 fLC.

Figure 4-74. Typical dimensional data and forces for
a vertical vessel supported on a skirt.

292 Pressure Vessel Design Manual



Procedure 4-16: Design of Anchor Bolts for Vertical Vessels

Notation

Ab ¼ Cross sectional area of anchor bolt, in2

Ar ¼ Area of one anchor bolt required, In2

Db ¼ Diameter of bolt circle, Ft
M ¼ Overturning moment due to wind or seismic, Ft-

lbs
N ¼ Number of anchor bolts
Sb ¼ Allowable tensile stress, PSI
W ¼ Weight of vessel under consideration. Typically

use empty for wind and full for seismic for worst
case, Lbs

Formulas

N Ab ¼ ½ð48 M=DbÞ �W	 ½1=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 ¼ ½ð48 M=DbÞ �W	 ½1=ðN SbÞ	
Notes

1. Values for Sb in table are based on .333 FU
2. Assumes centered neutral axis method

Table 4-38
Area of anchor bolts, Ab

DIA Ab DIA Ab

¾”�10 .302 1-3/4”�5 1.744

7/8”�9 .419 2”�4-1/2 2.3

1”�8 .551 2-1/2”�4 3.715

1-1/4”�7 .890 2-3/4”�4 4.618

1-1/2”�6 1.294 3”-4 5.621

Table 4-39
Allowable stress, KSI

MATL DIA Fy FU Sb

A-36 <4” 36 58 19.14

A-307 <8” 36 60 20

A-193-B7 <2.5” 105 125 41.25

2.5�4” 95 115 38

A-449 <1” 92 120 39.6

1�1.5” 81 105 34.65

<3” 58 90 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) MIN (3) MAX (4)

2 24 4 4 1.75 6

3 36 4 2.35

4 48 8 1.57

5 60 12 1.31

6 72 12 1.57

7 84 16 1.37

8 96 16 1.57

9 108 8 20 1.41 6

10 120 20 1.57

11 132 24 1.44

12 144 24 1.57

13 156 28 1.46

14 168 28 1.57

15 180 32 1.47

16 192 12 32 1.57 6

17 204 36 1.48

18 216 36 1.57

19 228 40 1.49

20 240 40 1.57

(Continued )

Design of Vessel Supports 293



Table 4-40
Recommended quantity and spacing of anchor boltsdcont’d

Diameter, D Quantity, N Spacing, bS (Ft)

Ft In MIN (1) MAX (2) MIN (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, p Db/Nmax.

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 (KIPS)

(1) (2)

Torque Bolt Tension (KIPS)

(4) Torque (Ft-Lbs)

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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Procedure 4-17: Properties of Concrete

Notation

f’C ¼ Ultimate 28 day Compressive Stress, PSI
FC ¼ Allowable Compressive Stress, PSI
BP ¼ Allowable Bearing pressure, PSI

ES ¼ Modulus of elasticity, steel, PSI
EC ¼ Modulus of elasticity, concrete, PSI
n ¼ Ratio, ES / EC

Table 4-41
Anchor bolt torque valuesdcont’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.

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) (1)

Allowable Bearing

Pressure, BP

(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 ¼ 40% of f’C
2. BP ¼ 25% of f’C
3. See ACI 318 or AISC Steel construction Manual for Fc based on

either ASD or LRFD methods.
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