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INTRODUCT ION

All too often the desizn of machine foundatilons is
left to chance 1nstead of to sclence,

It is the Job of the structural enzineer and archiltect
to design a building with walls, floors, and roof capable of
supporting the loads that will be imposed upon it and also
will house the machinery which is required. The mechanical
engineer in turn very precisely-desizns these machines to
as efflciently as possible carry out their intended Job,

The plant lay-out man arranges the machines in the completed
building, taking great care that the flow of materlal is

as efficient as possible as it passes from machine to machine,
No one however, gives much sclentific thought to the design
of the foundatlion which must supvort the machine. This 1is
often true because the person in authority does not realize
the extremely important part that an adequate foundation may
play in.the operation of the entire plant,

It 1s astounding to note the lack 6f written information
on the subject of machine foundation desizgn. Unfortunately,
it has too often been the practice to place a block of con-
crete in the ground, set a machine on 1it, and, because, as
luck would have it, the concrete was massive enough, the soil
was good, and nothing of a delicate character was around to
shake, the foundatlon was a success, When the installation
0f another foundation, for a simllar machine, was required,

‘the orizinal drawinzs were used again, This time, perhapvs,
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the soill was not so good and the result was excessive vi- .
bration. A third foundation was required, so remembering
the unhappy experience of number two, the foundation size
was increased to be "safe", It seems evident that the
evolution of foundation desizn so often has followed this
process and that seldom has an evaluatlon of the items
envolved been made,

It might be observed that the manufacturers of the
machinery should be the ones to give advise as to the
foundatlion requirements for their machine, In many cases
they may give valuable ald, however, more often they will
evade the responsibility and give such advise as one maker
of engines gave: "make the foundation large enough to en-
compass the anchor bolts and deev enough to carry down to
suprorting soll, and the mass of concrete will b= suffi-
clent™, You can see that this leaves much to be desired,
especlally when it 1s considered that the enzine 1s one
having unbalanced inertia forces, As often as not the
machlne for which you are designing a foundation is an old
one for which no design data exists,

It 1s to familiarize myself with the items involved
in the complete and successful design of a machine
foundatlon that I have undertaken this investigation,

Each dlfferent type of machine offers an individual
problem to the foundatlion desizner, Some machines require
only provisions for the distribution of their static weizht

upon the supprortinzy medium, Other types of machlnsry



require provisions to handle forces which arise from the
motion of ths moving parts or from gear thrust or belt pull,
In some types of machinery a provision for the damping or
isolation of vibration is of paramount limportance, Thus, a
treatise of this kind cannot possibly cover adequately the
complete field of machlnery foundatlon design., As a result
only a few of what I conslider the most imvortant features of
design have been included with some accompanying examcles,
only two of which represent complete designs,

It 1s admitted that the dynamic forces in some machines
are so complicated that they cannot be determined mathematl-
cally. In these cases the foundatlons must be desizned by
empirical methods based on'past successes, These thinzs are
pointed out in the following pages,

As a preliminary to the problem at hand it might be well
to 1list the various purvoses for which a machine foundation
is required:

l., A foundation 1s required to maintain the
machinery fast in position and level with all
parts in true alignment,

2, A foundation is required to transmit the dead
welzght of the machine to the ground or other
supportinzg medium in such a manner that the
safe bearing pressure of the ground or other
supporting medium 1s not exceeded, thereby,
preventing settlement or deformation of the

supports,



3., A foundatlon may be required to transmit the
live load of the machine to the ground or
supporting medlium,

4, A foundation may be required to overcome dyna-
mically the effects of free lnertia forces and
couvles by balancing such kinetic reactions with-
in the foundatlion itself so as to cause them to
wholly or partially cancel,

5. A foundation may be required to prevent sychron-
ism with adjolning machines or structures, by
proper location or distribution of loads, by
correct proportioninz of structural members, or
by isolation,

6. A foundatlon 1s required to absorb as far as
possible the residual vibrations set up in the
machinery so as to transmit as little as
possible ﬁo the surrounding ground.

According to the type of machine and the nature of 1its
supporting medium, one or the other of the above requirements
wlll assume primary importance, Thus in the case of an
electric motor generatinz set, 1eve11ng'and allignment are of
more importance than the absorption of vibration, While in
considering a sultable foundation for a dilesel englne, the
problem would certalnly involve a study of the dynamlc forces
involved and a consideration of the vibrations if any.
Certalnly a heavier foundatlion would result than for the

electric motor,






II, Tds DISTRIBUTION OF LOAD3S TO THs SUFPORTING MeDIUM

Varlious requirements of a machine foundatlon have been
stated in the previous article, A discussion of these re-
quirements follows in detaill, beginning with the problems
incurring in the distribution of the loads to the support-
ing soil,

It seems in order, before we discuss Just how the loads
are transmitted to the ground, that some tlime be spent on

the capabllity of the soil to support the lmrosed loads,

A-]1 Safe soll pressures

It 1s obvious that different solls and soil conditions
will have dlfferent safe bearlng pressures, and that any em-
pirical rules regarding these have to be followed with cau-
tion, It 1s with this word of warning that Table I 1is 6f-
fered, This table gives the safe bearing powers of varlous
801l1ls as advised by two different authorities, These values
have been sstablished by experlimentation and observation.
Note that Mr, Crofts' figures are similar to those given by
the New York City Bullding code. For machine foundations
having vibration 1t appears that he has cut his figures in
half, In regard to the table, Mr, Croft points out that by
"non vibrating"machinery he refers to practically no vibra-

tion, such as motor generators, sychronous condensers,



smoothly running motors and nicely running steam turbilnes,#%

Most machines wilth excesslive vibrations are set on
foundatlions which rest directly on the soil, It 1s common
knowledge that a portion of the soill will vibrate with the
foundation, The soil must, of course, support the machine
and foundation with a certain minimum deflection, but an-
other extremely important factor to consider 1s that the
vibrations occuring must not be transmitted thru the soil to
the detriment of other machines or structures,

As one can see, 1t 1s imperative that the deslgner know
something about the soll upon which the machine 1s to be
supported, Part of the answer is to run static soll tests on
the proposed soll, Thus, bearing pressure values might be
obtained which multiplied by a safety factor, will at least
glve us an allowable which i1f not exceeded will provide for
the first aforementioned requirement,

Something more, however, must be known about the soil
before we can be sure that it will not transmit vibrations
from or to the machine, A trial and error method is some-
times rather an expensive way to arrive at ?his information,

*#Terazagl, an eminent soils engineer has
thls to say about soill loading when they
are not static: "For vibrating machines
and machines with noticable dynamic load-
ings a factor of safety must be included
when using soll pressure tables, to take
care of the uncertainity of the reactions
of various solls to dynamic loads." He

does not, however, suggest what safety
factors to use,



It must be understood that in dealing with these things
we are treading on a more or less unexplored ground (on vib-
ration in soils), Studies have been made, most of them in
Burope, and are now proceediné but much iInformation must
8till be left to chancs.

It is well known that water-logged or wet soil is prone
to transmit vibrations readily. There are many instances
rzported in enzineerinz literature where excessive ground
water has increased the transmission of vibrations thru wet
sand and to a lesser extent thru well saturated clay, I
have notliced this fact to be true when using a surveyling in-
strument alonz a railroad track., When a train passes, the
vibrations are quickly damped out by a dry well drained
ballast or sub-grade, but if the ground 1is swampy and badly
drained,the instrument will vibrate excessively, and settle
from its orizinal position,

The fundamental principle which should be deduced from
such instances 1s that to help prevent the transmission of
vibrations.thru the soils from or to the foundation the
ground water should be lowered below that of the foundation
walls and footings, by providing adequate drainage.

Of course, the above provision will not keep all solls
from vibrating excessively, under all frequences of vibra-
tions, In many instances, however, 1t will make a sufficient
difference so that additional provisions need not be

considered,



If 1t doesn't the next step must be either to chanze
the opsrating frequency of the macnine or to isolate the

foundation from the soil in some way.



TABI&Z I

#/ft? by Terrel Croft "Machinery Foundations and Erection"

For Vibrat- For Non-
Kind of Soill ing Vibrating
Machines Machines

The hardest in thick layers

in natural bed 40,000 80,000

Rock = Equal to best asihlar masonary 25,000 50,000
Equal to best brick masonary 15,000 30,000

Equal to poor brick masonary 5,000 10,000

In thick beds, always dry 4,000 8,000

Clay - In thick beds moderately dry 2,000 4,000
Soft 1,000 2,000
Hardpan 8,000 16,000
Gravel 6,000 12,000
Dry, compact and well cemented 4,000 8,000

Sand - Clean and dry 2,000 4,000
Wet Sand 2,000 4,000

Sand and Clay mixed or in layers 2,000 4,000
Quicksand, alluvial soils 500 1,000

New York City Building Code - 1936

Kind of Soil #/ft.2
Hard Rock 80,000
Medium Rock 30,000
Soft Rock 16,000
Hard dry clay 8,000
Firm clay 4,000
Wet clay 2,000
Hardpan 20,000
Gravel 12,000
Coarse Sand 8,000
Fine and Dry Sand 6,000
Wet Sand 4,000
Sand Clay Mix 4,000

- 10 -



A-2, Foundations in which the axis of loads

passes through the center of gravity of

the area of the base,

The first type of machlne foundatlion which we will

take up will be one of the simplest, The axis of loads

passes through the center of the area of the base and the

loads which must be considered are static, and the problem

is not complicated by belt pull or gear thrust as would be

the case with an electric motor which usually drives some-

thing, A good example of this type of foundation would be

a syncronous converter,

NIZ

1

Figure 1

Illustrated in figure 1.

Requirements of this type of foundation:

l, The size must be sufflclent to
include the anchor bolts,

2, Area of the base must be great
enough to transmit the dead load
welght of the machine plus the welght
of foundation to the ground without
exceeding its safe bearing pressure,
3., The foundation must support the
machine in its deslired position, If
in an exposed position it must extend
below the frost line, Very often the
foundatlon can be made hollow to pro-
vide space inside for appertenances

to the machine,.

In a foundation of this type the design is usually one

of expedlency, as the soll 1s usually able to support the

- 11 -



load involved, The problem sometimes becomes one of de-
creasing the bearing area,

Flgure 2 shows a dlagram of the loading of such a
foundation, a study of which indicates that the cross sect-
ional area must be symetrical with e¢. g. of the machine and
the unit pressure "p" must not exceed the soil pressure
specified for statlic loads on ths type of soll on which the

foundatlon 1s to be constructed.

d In this desizn we make use of the

simple formula:

Pext B (1)

o —=

1 Where "f" is the allowable soil

plq n
W pressure, W_ 1s the welzht of the
m

|

machine, We 1s the welgnt of the

-‘—Q——

foundation, b and 4 the plan di-

mensions of the foundation,
We can safely assume that the
Fizure 2,
pressures are the same at any point

under ths foundation.

Numerical examvle: (Illustratiag above formula)

Design a concrete foundation for a syncronous eonverter,
whose welznt i1s 4000#, in an exposed location, where the
frost depth is 4', The base of the machine must be 28" above
the ground, The soll is a soft clay, Figure 3 shows the

location of the anchor bolts,

- 12 =
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“—-—420

Vs Anchor bolt holes
-% - ﬁ

Machine Base :
rlate ‘o

-l
D

Solution:

Figure 3

This machine would require a base of at least 54" x 42"
Usual practice being to allow at least a couple of 1nches
around the edze of the base plate, The concrete foundation
would then be 60" x 48" x 72",

Then applying formula (1) with:

We = 150#£u' x 5' x 4' x 6' = 18,000#

- 400 8000 ;
p T 4000 418000 - ot/ o

W= 4000#

[N

RS

We = 100004

Figure 4
This pressure 1s probably well withln the allowable
even for a soft clay. (For a vibrating machine it would be
close to th= allowable,)
Note: the details of a foundation of this type, such as re-

inforcing - anchor bolts, etc., wlll be taken up later,
(Part 7) as they apply to nearly every type of foundation,

- 13 -






A-3(a) Foundations in which the loads do not
pass through the center of foundatlon.

A good example of this type of foundation would be one
designed to carry the loads from an electric motor driving
.a machine by means of a belt,

In figure 5 T = load due to belt tension (strictly
speaking,the resultant of pulls from the tight and slack
sides), Wp = the weight of the motor, wf = the welght of the
foundation,.

The resultant "R" of all the forces acting on the soil
is shown below, It 1is obvious that R does not act through
the center of the foundation and that the pressures on the
s0ll would not be constant but would vary in direct propor-
tion to their distance from the axis,

With this type of loading 1t 1s imperative that R does
not fall outside the base line and it is usually suggested
by foundation experts that the resultant fall within the
mlddle one-third of the base., Of course the thrée require-

ments mentioned in the previous article hold for this one too,

ks |

. .
—J “’!L*—wauf;é{

Figure 5
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After findinz the resultant of the loads acting on the
soll and makingz the weizght of the foundation sufficlent to
keep R within the middle one-third of the base, the next step
is to calculate the resulting pressures on the ground,

If we resolve the resultant force, R into its vartilcal
and horizontal components at the vpolnt where it intersects
the base line, (figure 6) we see that the downward pressure
on the soll 1s Ry ¥ a force due to a couple Ryxe, Tne horil-
zontal comvonent of R causes a horizontal load Rpn which tends
to slide the foundation on the soil,

The downward unit pressure on the soil ﬁherefore could be
consldered as a uniformly distributed pressure Rv/bc 1 the
varying pressure Mc/I,

p = Ry/vc? Ryex/I (2)
fhere: Rv= vertical component of the resultant of loads, R
o,c¢ = the dimensions of the foundation base,

e = the distance from the center of th=2 base to the
point where the vector R intersects the base line

X = the distance from the center of the base to the
point where we are concerned with the pressure,

I - moment of inertia of the base about an axis

through the center of the base, 1/12 cb? for
a rectangular foundation,

The maximum pressure will be at "n" and of a magnitude:

Ph) = Ry/bec ¢ 6Rve/cb2 (3)

It 1s obvious that the greatest unit pressure occuring,
should be below that which the supporting soil can safely
carry. There 1s, however, another imvortant consideration,
The foundation is bound to settle a small amount, devending

on the pressure and the type of soil; practically speaking

- 15 -
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the settlement will be proportional to the pressures. It
willl be seen, therefore, that if the settlement of every
portion of the foundation 1s to be about equal the pressures
must also be about equal, Very little trouble will be ex-
perlenced if the maximum pressure 1s kept below twice the
minimum pressurse.

The problem Jjust 1llustrated assumes that the force T
acted centrally to the foundatlion block, Actually the belt
pull, T, acts eccentrically since it 1s usual for the pulley
of the motor to be overhung, The foundation has therefore
to resist an additional overturning moment equal to the pro-
duct of the dlstance from the pully center to the center of
the armature, and the force T,

This problem 1is also simplified to the extent of our
assuming a rectangular foundation base, which in a great many
cases is not possible,

The next article deals with a foundation in which the
base 1s not a rectangle,

A-3 (b) Foundatilons in which the base of the
foundation 1s not rectanzular

For the foundation problem in which the base is not
rectangular, we can use the same theory developed for a
short strut subjected to an eccentric load, The problem is
to determine the pressure at various points due to the ec-
centric loa& R,. From the sketch (figure T7) it 1s ssen that
X-X and Y-Y are the centroidal axis, If 1t 1s assumed that

a plane before bendinz 1s a plane after bending, Hookes law

- 17 -



holds and pressures will vary over the cross section as the

ordinates of the plane (efzh).

4
€ AN ) — @— fem—
>
12 , N
2
—_ 3
v T .
Jocation of R, E
)
o d
Y c
7 b
a
| UL
L
STRESSESON X - X &
a b
Figure 7.

These pressures are represented in figure 7 as vectors
drawn to the plane abed, The stress at A is : p = a +by + cx (1)
depending on the values of the constants a,b, and ¢, which
in turn are dependent upon the loadinz and dimenslons of the
cross section, The three equations of equilibrium will be
used to find these constants;

1., Sumation M, gx= O
2, Sumation N&,y =0
3. Sumation Fg= 0
By condition 3, Ry :V/rpdA, where dA 1s the differentlal area

at any point A, Substituting the value for p noted above (1).



Ry = %/EA + E/;dA + i/;dA

since X-X and Y-Y are centroidal axils /&dA = 0 and -/;dA =0

therefore:
Ry = afdA or a = P/A

Using the second equilibrium condltion 2 My = O and calling

the moment of tne force Rv about the Y axis My.
My :d/;x da
My = %/;dA + ?/;2dA + i/;ydA

The first term on the rizht hand side of the equation = O
and therefore: _

My = bI, + cIyy (5)
where Iy -//x2 dA = the moment of inertla about the Y axis,
and Ixy =//kydA = the product of inertia,

By the third condltion of equilibrium My = 0 and

My =J/bydA

My = a/ydA ‘tz/‘xydA + c/ygdA

Mx = blxy + clx (7)
Equations 5 and T can be solved simultaneously for b and c:

(Multiply 5 by Ix and 7 by Ixy then subtract 7 from 5)

Myly = bIyIx ¢ clyyIx

MyIxy = bey2 $oclxyIx

Mylx - MxIxy = b(Iny-Ixyz)

b = MyIx = MyIy
Iny - ixyz
In a2 similar way:

c = MXIV -MVIXY

- 15 -



Placing the values found above for a,b, and ¢ in equation (1):

_p M Ix - MXIX MXI - M Ix
s+ TPt Py (4)
A Xty T ixy Xy Xy

Where: My = Pey y Mx = Pex , and ey and ex are the eccentricl-

tles measured from the x and y axis respectively,

The stress s is now complstely defiﬁed at any point A on
the cross-gection x (see figure 7) in terms of the dimensions
and the load.

Some convention for sizns must be used when applying the
above equation-(4):' A tensile force P 1s pocitive, and the
values of x and y in the upper right hand quadrant are positive;

therefore, M_ 1is positive if e_, is negative,

In a paiticular problem, zhe problem of calculatinzg the
stress s at some point A 1s as follows:
(1) Determine the centroidal axis of the cross-section.
(2) Determine the moments of inertia about the centroi-
| dal a;is, Ix and Iy.
(3) Determine the product of inertia of the cross-
sectlon Ixy,
(4) Calculate Ny = Pey and My = Pey
(5) Determine the stress s at the selected point A,
using formula (4)
In special cases of loadinz and cross sections, the
formula just developed 1s somewhat simplified:

(1) Where base area has two axis of symmetry (rect-

anzles, circles, I sections, ete.)

- 20 =



For these, the product of lnertla Ixy becomes

zero and formula (4) becomes:

T L »

(2) +‘mere the cross-section has two axls of symmetry
and tnhe load 1s eccentric on the x-x axils:

In this case, equation (5) may be used, but

lx becomes zero because ey 1s zero and My =

Pex = P,O = 0, Thus, equaticn (5) becomes:

- P, Myx
s K*-l{;- . (5)

In most practical problems the desiznecr 1s usually in-
terested only 1n‘the maximym and minimum soll pressures. Then
X becomes ¢, the distance from the centroidal axlis to the
edge of the foundation,

An example follows where 1t 1s desired to find the maxl-
mum and minimum soll pressures under a certain foundation

with the resultant load on the x - x axis,

Numerical Zxample:

With the loadings as shown on (figure 8) find the maxi=-
mun and minimum unit pressures which will be imvosed on the

soll by ihe foundatlon,

- 21 -
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Solutilon:

1, Find the weight of the foundation,
150# x 3(15+12+10) = 16,650#
2, Find the centroidal axis.

Use method of moments takinz moments about "mn",

A = 37 sq.'

37y = 12 x 9.5 + 10 x 5.5 +« 15 x 1.5
37F = 114 « 55 + 22,5
7 = 191.5 . 5,2
37



3., Find Ix (The moment of inertia of a rectangle

about its base is : 1/3 bho)

X 5x 5.27 = 234

Wik Ui

x 4 x5.8

n

N
1

(@

»

W

»

N

[\
W
1

= 10.65

x 2 x 2,8 = 14,65
25.30

(€Y [SUR Y [

4, Find ex (the distance from the center of area
to the voint where the resultant load
Wy acts.)
Take moments about "“mn".

' 70,650 x yl = 30,000 x 1.5 + 16,650 x 5.2 + 24,000 x 9.5

y.= 229,580 = 5,08
70,650
ex = 5.2-5,08 = ,12!

5. My = ey . Wy = .12 x 70,650 = 8479'#
6. Determine the stress at the maximum and min-

lmum points by using formula (4).

s 70,650 4 8478 x 5.2 - 1012 + 94_ 20057/t 2

max, 37 erg

_ 70,650 _ B473 x 5.8 = - Z# 2
81p, = ——%7—— 7 2.£ = 1912 - 105 = 180 /ft.

- o -



B, When the horizontal componsnt of the resultant
‘load, acting on the foundatlon 1s siznificant,

In the previous articles, it was suggested that the
resultant of all the forces acting on the foundation should
fall within the mliddle third of the foundation base, and
that the vertical pressures on the soll should not be too
great or of too great variation, A consideration now arises
as to the horizontal component of the resultant load, if
there be one, VWhere a horizontal component does exist, the
only thing which keeps the foundation from slipping on the
soll or 1its suprorting medium 1s thelr frictional resist-
ance, unless, of course, it 1s supported also horizontally
as by a floor slab,

The welght of the foundation must be sufficient to
prevent sllppinz, If the horlzontal component of the load
acts through the c.g. the required weight ig found quite
slmply. The assumption is made that thes load is distri-
buted uniformily over the base area, Therefore, the hori-
zontal force P 1s resisted by the product of the coefficlent
of friction and the sum of the welghts of the machine and

the foundation, which can be assumed to act at the c.g., or:
P =u (Wf * Wm) (7)

From which the required weizht of foundation plus machine

becomes:

We & Wn=E/u (8)

- 24 -



It must be noted, however, that in many cases the hori-
zontal component does not act through the c.z. If this be
the case, an expression must be derived for the required
welght to resist thils turning tendency and added to the above,
in order to find the necessary weight of the foundation,

Derivation of expression for Wf required to resist

turning,

Figure 9 shows a cross section of a foundation with a
horizontal load P acting at a distance e from the ¢, g. The
welght of the machine and foundation will be assumed to be

w uniformlly supported over the

entire base, therefore, the

frictional resistance of each

912 lﬁ’ infinitesimal area dA will be

the same, If the coefficient
oA

of frictlon between the soil

and the concrete is ¢,
Flgure 9 then the reslsting force 1is,
Where A 1is the area of base! Jt(We & Wp) %é
The reslsting moment of the force acting on the increment

area dA 1s:
P[,a(wf¢wm)9l_z] ( A = area of base )

If the resisting moments of all these forces are summed up,
we have an expression for the resistance to pure turning

which the frictlion between the foundation and soill offers:
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Resisting M Z/U/O (We + dy) 3
A (g + Wy) 2p aA,

Equating this to the moment causing the turning and sub-

stituting K for Z/DdA.
Po =4~ (We ¢ Wy) K.
From this expression the required weight to prevent pure

turning becomes:

W Ww = EeA_
f"‘ m /i‘K (9)

To this must be added the welght required to prevent slip-
ping in the direction of P (formula 8) and the total weight

required to resist Pe 1is:

- PeA P (10)
Wf+wm'/TeK" +/7

The value for "K" in the above formula must be found
from calculus, First the area 1s divided into 8 sectlions
as shown in figure 10, Then K is found for the "a" sections
and called K , and for the "b" sections and called K .
The sum of K, and Ky 1s the K in formula (10).

Flgure 10
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a ab
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Hg.//a F/9 /1 b
4 cose a
£y (see 1g.//a) -4///0706/ 45/ %% -

o

48[4 388 444 0 (12328)]
26\%%-/-1/0_7//_7‘-%) But J/ﬂ¢=g- oﬂJco5¢:té_

48 (48 554y (12F) < $EH S #diplE8)

Kb (sce £13.116) = 4 /w = 434 $BE + # 109 (12552))

but smp =€ and cosp =G
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K

2 2 2 c-b

e + %) ¢+ ¥ V() )

310+ /o= 3
Kqg #+ Kp = % [923 + 27103 (%:§i+ abc + 2 loz fedb }

K

where the foundation base is square or side 1 equals side’w,

a equals b and K now becomes:

2ledrz v 29 (a4

K =
K = §a3 (2.823 + log 5.82) = %3(2828 - 1,761)
K = 3.063.3 but a = g s0 K = zggé W3 = .38W3

Putting this into the expression for the requlred welsht to
reslst the turning moment we have:

We = /§ (1'+ Ts%;) - wm (12)
This of course 1s only true when the foundation cross-section
is square. For other relationshlips between the side dimens-
lons the general formula (11) must be used for K,

The coefflcient of frictlion between the conerete and the soll:

There 1s a great deal to be sald in regard to a coef-
flclent of frilctlion between a concrete foundation and soils,
Many thinzs enter into its determination for which there 1s
not time here to discuss., Certalnly the type of soil and 1its
water content are of utmost importance, Table II gives
values for the coefficient (/1) which have been found by ex-
verimentation and represent probably the most rellable

general values obtalnable,
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TABLz II

Values of (« ) for EZarth Foundations#

(&) with
Material safety safety
/“ factor factor
on gravel 0.5 2.5 0.20
Concrete
or on sand 0.4 2.5 0.16
Masonry

on clay 0.3 2.5 0.12

# From "Iow Dams" Water Resources Committee - National
Resources Board.

C. When there exlsts an upward component of
force on the foundations,

It 1s possible with a gear or belt driven machine or
other type of simllar mechanlsm, that an upward thrust may
exist which would cause the foundatlion weizht to be so un-
evenly distributed, as to be reflected in settlement on one
side, The possibllity may also occaslonally ariss where
the weight of the foundatilon block must be made sufflcisntly

large so as to keep the machine from beinz lifted.
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Figure 12

An expression for the required weight of foundatlion to
keep the machine from 1lifting may be obtained by applying
the princirle of equilibrium; namely, that the summation of
moments of all the forces acting on a body about any point
are zero,

Flgure 12 shows a machlne and foundation with an upward
component of force B;, The moments of the downward forces
We and Wm, about a, (the point about which the foundation
would pivot) must at least equal the moment of the force P,
about the same point same point if equilibrium is zoing to
result,

fodf+'V‘Imxdm=vadp

and transvosing, the required foundation weilsht:

T de

- 30 -



In regard to the first possibllity mentioned above,
it has been cited in previous articles, that to insure
against the possibllity of unequal settlement 1t 1s usually
assumed that the resultant of forces acting on the ground
should pass through the middle 1/3 of the foundation, If
this 1s to be provided the resultant of all the forces act-
ing on the soil "R" must be at leasqgfrom the point “a"
(figure 12).

As the moment of the resultant R about a, must be
equal to the sum of the moments of all of the other forces
about a,

R% =Wy x dp v Wexdp - By oxdy
the resultant

R=Wy, +Wp - Py
(Wp + We - Pv)% = Wp.dy +Wp X dp - Pr.d

and transposing the required foundation weignt,

We = Pv(ad%;ﬁ)-:gm(sdmfﬁ) (13)
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III - THZ DEIZ3MINATION OF FORCZS SUCH AS GEAR TiHrUSL AND

BEZLT TENSION WHICH MAY ACT ON A MACHINE FOUNDATICN

The easily derived formulas given below can be used in
the determination of gear thrust or belt pull on a

foundation:

F8 = 13 go . P (gear drives) (14)
*°f

Fb = 29,000 p (belt drives) (1b)
N.Dg

Wherein: F_ = tangentlal force on the gear teeth in pounds.

P = the power which 1s being transmitted in horse-
power

N = the speed of the gear or pulley in rpm,

Dy = the dlameter of the gear or pulley in feet,

Fp = the pull of the machine due to the belt, in
pounds.

For derivation of these formulas see any machine design

hand-book,
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IV - LOADINGS DUE TO TORQUZ OF A MOTOX WHICH MAY CHANGE
THE LOADING OF A FOUNDATION.

In the design of a foundation to support a rotating
motor, we have in addition to the statlc welght of the machine,
the forces transmitted to the machine supports arising from
the torque of the motor itself,

An investlzation of Just what thils torque 1s and how it
may be calculated from known data, follows,

When a force "P" drives a body through a distance "s"

against an equal and opposite resistance "Q" work is pef-

formed,
wk = Ps = Qs

(In the case of an electric motor the force which drives the
armature is "P" and the equal and opposite force Q will cause
a torque, which must be resisted by the machine supports,)
The work noted above will be in foot rounds if P 1s in
pounds and 8 is in feet, If this work 1s done in time t, the

average veloclity will equal the displacement s over t.

Vav, = /4
The rate of doling work would be P, or Q,. In our case
the velocity is that of a pt on a circular path or:
) whare: r 1s radius at
Vay. = 87T ¥ N which P acts and N 1s
revolutions per minute,

work done per minute, @, =PemrrN

Ons horse-pover = 33,000'#/minute .°, P = 33000 °
P
H - v = P32 rN = PI‘N and P - HP 2 2 (16)
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The above relatlionshlp will allow us to solve for the
force P as the horse-power, the revolutions per minute and
the valus "r" are usually known or easily obtainable from
the manufaéturer or by tests,

A problem follows which will illustrate the use of
the above to find the additional loadings on the foundation

due to torque. (see problem 9A)
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V - THZ TH=ORY B&EHIND INTEZRNAL UNBAIANCED M=CHANICAL FORCES,
ORGINATINATING IN THx MACHINZ ITSZLF, WHICH MAY ACT ON
A MACHINE FOUNDATION,

In the preceding articles the loads acting on the found-
atlon were assumed to Be'gradually applied, or static like
the load on a building foundation, In many machine foundations
however, resistance to loads caused by moving bodles must be
provided, A study of these loads and the aesign of found-
ations to provide for them follows:

A study of the internal or unbalanced, mechanical forces
which may act on a machine shows that they may be due to

elther rotating or reciprocating masses,

A - In purely rotative machines the internal forces,

(usually small) which do act, are due to a lack of perfect
balance in the rotating parts, If the center of gravity of
"the rotating mass 1s at the exact center of rotation there

can be no internal forces,

F

Figure 13

Figure 13 shows the rotative parts of a machine in three
poslitlons, It 1s rotating about the lonzitudinal axis of the

shaft and the center of gravity is atG, The machine is con-
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tinually acted upon by a centrifuzal force F caused by the
unbalanced mass, This force, varying in directlon, must be
resisted by the bearings, and ultimately by the foundatilon,

If welzht 1s added to the rotative part on the slde
oprosite the point G, the centrifuzal force would be decreased,
It 1s thus possible to balance, to a certain extent the rota-
tive parts of many machines, The extent of balance in varilous
parts however, 1s usually a question mark in the mind of the
foundation desigzner,

If there exists such an unbalance,the load whicn 1is
normally delivered to the foundation from the machine willl be
increased by the amount of this centrifuzal force. This
force in 1itself mizht not be too critical if it were not for
the fact that 1t occurs periodically thus giving rise to vi-
brations which may or may not be harmful, (vibrations and

thelr treatment will be discussed later. )

B - In reciprocating machinery there are usually forces

of the type occuring in rotating machine, as well as forces
due to the acceleration and deceleration of reciprocating
parts,

In order to study these forces, consider a single
cylinder horizontal engine of the corliss type., (see fizure
14),
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Diag. of corliss engimre

Figure 14

The movingz parts of the engine possess mass and there-
fore inertia and when they are accelerated or retarded give
rise to inertia forces in accordance with Newton's funda-
mental law:

Force = Mass x Acceleration

The summation of these forces at a given instant 1s
therefore the force transmitted to the foundation at that
particular instant.

These forces are in general approximately harmonic
and therefore periodic. The resultant must of necessilty
also be periodic.

In order to express the relationships involved in a

mathematlical manner let:

'wl = wt of eccentric rotating parts,
Wo = wt of reciprocating parts
1 = length of connectins rod bestween centers of pins,
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crank radius
.y

w = angular veloclity of crank

2]
"

In regard to ths rotating parts:

ro’ is the normal acceleratlion for uniform sceed,
Then F;  (inertia force) = glrooz

and tnis force 1s directed radlally outward from the center
of rotation.

In regard to the reciprocating parts:

The maximum acceleration occurs at the ends of the
strokes where the directlon of motlion 1s reversed., For a
connecting rod of finite length, acceleratlion depends on a

ratio of connecting rod lengtn to the crank radius,

In this case it 1is easily shown that the acceleration
at the out end of stroke is ras (1-%) and at the in end
of stroke is ra° (1+%)

The inertia force due to thls acceleration or retard-

- W
ation is F, = _2 rcoe(lf%)
g

Therefore, the maximum kinetlc reaction exerted by the
engine would be: o 2 .
= 1 - 20, 41
The magnitude of the internal forces then depends (1)
In purely rotative machines on the weight, speced and dis-

tance of the center of gravity of the rotatinz mass from
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the axls of rotation. (2) In reciprocating machines, on
speed of the machine, the welzht of the rotating masses,

the welght of the connecting rod, the r-tlo of crank lengsth
to connecting-rod length, the radius of the center of

gravity of the rotative weights, and on the degree of effect-
iveness of the counter balancing,

Now to incorporate provisions in the design of a found-
atlion to take care of these internal forces 1ls a rather
complicated and vartlally unsolvable problem, The advice
given by most authorities 1s to maks allowance for them by
a sufficient factor of safety.

The designer can usually do a little better than this,
He can 1n many cases - calculate these forces approximately
and make allowances for this aporoximation with a sufficlent

factor of safsety.

C - THZORY B&HIND VIBRATIONS IN NACHINZ FQUNDATIONS

A Vibration may be defined as a periodic motlon which
changes direction twice durlng a complete cycle, and reveats
itself after a certain interval of time (its period). The
simplest kind of perlodic motion 1is simple harmonic motion,

Simple harmonic motion may be defined as the motlon of

a point in a straight line such that the acceleration of the
point 1s proportional to the distance, x, of the point from
some filxed origin, O, in the line, and 1s directed toward O.

(It is a spsclal case of rectilinear motion).
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Examples of simple harmonlc motlon are:

1. The motion of a weizht attached to the lower end
of a helical spring,

2., The motlon of a cross-head of a steam enzlne close-
ly approximates a harmonic motion if the ratio of
lengtnh of connecting-rod to that of the crank is
large.

3. The motion ot an oscillating psndulum if the arc
is small,

In fact many vibrational motions so common to englneer-
ing problems may be assumed without serlous error to be
simple harmonic motlons,

The harmonic motion o1 one vibrating mechanism may difrer
considerably from the harmonic motion of anotner vibrating
mechanism, The dilfferences are described by such terms as:

Amplitude: A: The magnitude ol the vibratory motion

from the equilibrium point to the extreme position,

Frequency: The number of cycles of motion per unit time

(measured in cycles per second (f)) (or radians per sscond go)).
Period P: The time 1t takes to complete a cycle
(measured in seconds),.
For our purpose vibrations may be considered to con-
sist ot two types: free damped vibrations and forced vibra-
tions,
Free damped vibrations are tne same as those described
above except that they are affected by forces such as alr

resistance, internal triction of the vibrating material,
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friction between sliding surfaces, etc., These forces are
always present and act as sources of damping forces,

Forced vibrations are the result of a perlodic dis-
turbins force acting on a vibratinz body and exlst wherever
there are movinz parts 1in machines,

The frequency of vibration of ths body subjected to a
contlinuously acting perlod force will be that of the dis-
turbing force., Therefore, if vibrations are to be minimized,
the forced vibratlions must be brought under control, Thils
and the problem of ma2king sure that the condition of re-
sonance, (when the natural frequency of the foundation,
supporting soil, or supportinzy structure is nesarly the same
as the frequency of the periodic force) does not exist, are
the two problems facing the foundation designer 1n regards

to vibrations.

From The Tneory of Vibrations (Forced vibrations with

viscous damping. )

A= A ! (18a)

‘ 107 g’;')'+ (2¢. wp)

Wneres
A = amplitude
/\ = deflection due to static load of the same mazni-

tude as the unbalanced periodic force of enjine, (W)

frequency of unbalanced periodic force of engine,

undamped natural frequency of elastlc system,

a » €

coefficient of dampinz; C =1, 1s roint of critical

dampinz where damping is so great as to prevent

vibration,
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The right hand term above is called the magniiicaticn
factor, Figure 15 shows curves wlth various values of c.

It should be noted that they all have a sharp peak wiere
w

,_,——:/.

,D

‘Tne values for the natural frequency orl various sup-
porting structures, at least those of a relatively simrle
nature, can be obtailned rather easily as we will demonstrate
later,

The above 1s also approximately true for a machine on
elastic subsoll, and it can be seen from the curve that the
amplitude of the vibration 1s greatly increased if its
natural frequency 1s close to the forced frequency of the
unbalanced forces of the machine, and of necessity this
condition must be avoided,

The value of ¢ will vary for different soils or sup-
porting media, If we assume ¢ = 0,25 as an average solls,
we can see that if we avoid 9%6 values between 0,5 ana 1,25
the amplitude will not be greatly increased, |

From "Mechanical Vibrations" by DenHartog it 1s seen

that the undamped natural frequency or an elastic system:

(p-/g)and £, :Z—f-r/% (19)

fn = 3.1442& cycles per second (19a)
fn = 188 éf cycles per minute (19b)
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Note: This formula (19b) may bs used for computing the
horizontal translational natural frequency as well, 1f for
the deflection an avpparent deflection 1s substituted,

The torsional natural freguency is not unlike the
atove,

- K¢
Fy = 9.54 = (20)

Wwaere:
Ky = torsional spring rate

I moment of inertlia cf mounted equipment

(in slug feet sqd.)

K, 1s fizured by multiplylng the translational spring
rate (load reqd, per foot of linear deflection) x the
distance from the elastic center (in feet) squared for each
individual mounting and summing the products, giving the
torsional spring rate in (pounds feet/radians) for the
entire installation, The elastic center is a point about
which a couple would cause rotary movement of the mounted
equipment and 1s sometimes known as the center of elastilc
resistance,

Having arrived at thils natural frequency the trans-
missability formula ziven applies fully, (recoznized that
figures on moment of inertia are not always avalilable,
but such data can commonly be arrived at by observing tor-

sional resonance in a trial installation,)

Thus, 1t 1s seen that if a value for /\ 1is known we
can predict the undamped natural frequency from formula

(19b), and the maznification factor from fizure 15. A ,
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the static deflection for solls should be determined by
statlic load tests on the soll at the bottom of the found-
ation in the field,

‘The undamped natural freguency for some typlcal solls
are given in Table III, wnich was taken from an article

by larkin, ®

- 45 =



TADLs III

Tds UNDAMP=D NATURAL FREQUANCY OF S50Ms= TYZICAL SOIL%@

Undamped Natural

Material Loading #/ft2 Frequency - CPM.
Clay (wet) 2000 540
Clay (wet) 4000 380
Clay (dry hard) 2000 660
Clay (dry nard) 8000 330
Gravel 2000 1330
Gravel 8000 660
Sandstone 2000 4200
Sandstone 6000 2100




Causes of Vibration: The causes of vibration spring
from "free inertia forces" due to the unbalance of the
movlné components of a machine, A not-perfectly balanced
motor shaft 1s a cause of simple vertical translation vib-
ration of the first order ( £ = 1 x shaft rpm ).

The eccentricity in bearings can cause vibration, A
motor driven by common 60 cycle A,C. current will deliver
a constantly changing motor torque, with peaks and valleys
causing a torslonal oscillation or vibration of 7,200 c,p.m,

See the discussion of unbalanced internal mechanical

forces (page 35).



VI - MAKING ALLOWANCES FOR INTERNAL MECHANICAL FORCES

IN THE DESIGN OF FOUNDATIONS FOR MACHINERY

A - Desigzning of an Elastlic Framework for the
Suppoort of Machilnery,

It 1s sometimes necessary in the design of machinery
foundations to support a machine on an elastic framework,
The dimensions of the component parts of thils framework can-
not be determined alone from the strength required to support
the static weight of the machine,

The framework must be designed by taking into account
these statlic loads, the kinetlic forces due to the moving
parts of the machine, and just as important, the possibility
of vibrations,

When any machine 1s supported on an elastic framework,
1ts motlion causes vibrations, These will become excessive
when the speed of the machine becomes nearly equal to the
natural frequency of the parts of the supporting structure,

It is, therefore, necessary in the design of the frame-
work, to be certain tnat the proportions are such that the
natural frequencles are not near the operating speed of the
machine,

A-1, Design of Beam Supports, To explaln the design

of beams, suppose a machine of weight W is located at the
center of a simple beam of span L, (figure 16) If for a

first approximation,
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Figure 16

the welght o1 the beam 1s neglected, the deflection at

the center of the span is:

A = WL

48 &1

the natural period P of free vibration of tne beam:

(19)
- TT'A
P= 2~/;j~

2
where /A 1s in inches and g = 386 ' /sec
Inserting into this the expression for deflsctilon, P

becomes:

3
- WL
P = 277 T,

If N represents the revolutlions per minute of the
machine, thsn as the frequency in cycles per second = the
revolutlons per second; .

N =60f orN =83
The speed at which the amplitude of vibratlion of the

beam will be a maximum or the critical speed 1is:
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N . 30 /&8aI

critical ~ 7 WL; g (21)

where E, I, and L are in inches, W 1s In pounds and N 1is
in revolutions per minute,

The critical value of N must be calculated by the above
formula and 1f the operatinz speeds are anywhere close to
the resulting N critical, the design must be changed,

An approximate method for including the welght of the
beam in a formula for N critical follows:

The deflection now consiéts of two parts. The part due

to the weight of the machine W,

A]_: WL

&1

and the part due to the uniformly distriouted weight of the

4
- wL
are ‘57?_38 =1

the total deflection at the center of the span 1is therefore:

3
A - A’+A2—:m%-(W+ng)

which is the same as for a single concentrated load of amount

beam wL,

(W + SWL). Assuming the natural frequency of vibration of
the beam 1s the same for a single concentrated load as when
the load is partly uniformly distributed the formula for

critical speed becomes:

. _ 30 48EI8

critical = 77/ (W + ng)LS (21a)
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(The correct solution, glven by S. Timoshenko snows that
5/8 should be replaced by 17/35)

In the design of a beam to avoid synchronism a work-
ing condition must be assumed, (say N critical = 10 N), and
the s8lze of the beam determined accordingly, The procedure
could be to first, neglect the welgnt ol the beam and solve
for I, Second, using this I, calculate tne dimensions and
weignt of the beam, Tnhen as a check, the critical speed
could be redetermined using (W + 17/35 wL) for the concen-

trated load at the center,

A-2, Deslign of Column Supports, To explain ths pro-

cedure in the design of columns to prevent the synchronism
discussed above, consider a weilzght W supported on a column

of lensth L, (fizure 17)

@ N )
‘@ —.M/’Q) ———-IA

77F7- 1
Figure 17

For a first assumptlion neglect 1its welzgit and consider

the éolumn as deflecting as a cantilever beam under the
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action of the components of kinetic forces of the machine
acting horizontally, If Fx represents the horizontal com-
ponents acting on one column, the deflection laterally of

its upper end will be:

A= F.L?
3 EI
Because Fx is proportional to /A we know the motion
is simple harmonic and the fundamental equation may be

used,

Py

X
at

(K is the disturbing force at unit distance from upright
position). In this case K 1s the value of H for A =1,

K:%EI

The period of harmonic motion is: (m being the mass of the

m
P = QTE/%—

Therefore:

body)

and the frequency 1s

-1-1 [K_1 z18
r 'jé" 2rd mw ~ 277 J wio

then the critical speed for the column becomes

Neritical = 22 /%%x = 525 /&L (22)

WL
waere B, I, and L are expressed in inch unit s and W in

pounds,
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If the welght of the column is included in the calcu-
lations, an approximate formula is found as follows: The

deflection of a cantilever beam under uniform load 1s:

e
A= s

and the total deflection under both a concentrated load W

and a uniform load wL will be:

3 4 3
- WL WL = L .
VA= 33T + 85T o7 (Ww + 3/8 wL)

which 1s the same as a concentrated load of (W 4 3/8 wL),
Assuming that the frequency of the column is the same for
a sinzle concentrated load as when part of the load is un-

iformly distrivuted, we have for N critical approximately:

N = LO/ 2E21g 22
critical 77 I?kw + 3/8 wL) ( a)

(3y Timoshenkos' rigorous analysis the 3/8 wL becomes
33/140 wL)

In the design of a column the procedure for determin-
ing that it will not synchronize will be similar to that

described above for the bean,

B - Designinz Machine Foundatlions to Prevent or
Minimize the Transmission of Vibratlions,

The prevention of vibration in the parts of a machine,
its structural members, or 1n the structure of the buillding
is important; in eliminating excessive wear, in reducing

repeated stresses that are likely to cause the failure of a
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member by fatizue, and 1In reducing objectlonabvle nolse,
One of the problems which therefore faces the machilne
foundatlon designer is to find a way of reducinz the vib-
rations which may be present, There are several vossibil-
itles to consider in attacking this problem:
1. By Balancing, An attempt mizght be made to balance

the machine and thus remove the exciting force, This, how-
ever, 1s the Job of the machine designer and usually has
been done to the best of his ability, althouzh it must be
understood as mentioned on a previous page that 1t is not
always practicable or possible to completely balance a
machine, In any event this is a conditlon over which the
foundatlon desizner has no direct control.

2. By Tuning . In certain instances excessive vib-

rations in a machine could be prevented by so changing the
design of the machine, that it will not operate near its
critical or resonant speed, An example of how this worﬁ91n
one instance is given in Mr., DenHartogs' book - "Mechanical
Vibrations", Excessive vibrations were eliminated in this
case by replaclng the existling 17 bucket runner of a hyd-
raulic turbine by a 16 bucket runner, thus changing the
interval of time between the impulses of two adjacent guilde
vanes, As in number 1, the foundatlon designer seldom may
resort to expediencies of tnls sort,

5. By Damping, It 1s sometimes posslble to control
vibrations by damping or by tne introduction of frictional

forces in order to reduce their amplitudes, Damping has

- 54 -



little effect except in the neighborhood of the resonant
frequency, An example of dampring 1s the use of shock
absorbers as frictlon dampers on an automobile, to limit
tne resonaﬁt vibrations of the body of the car induced by
road irregularities, In a machine anchored rigidly to a
massive fixed foundation, the mass of the foundation, acts

"as an inertia damper to limit the amplitude of the vibrations,

4, By Isolation, A method may be applied by which the

vibration 1s so 1solated that the periodic force reaction

on the soll or supporting medium 1s reduced, The usual
method of 1isolation 1s to use some form of elastic suspension
of the vibrating body,

We shall limit this discussion to methods 3 and 4 above,

B-1, Massive Foundations as Inertia Dampers,

The use of heavy foundations 1s the simplest and most
primitive means ol providing resistance to tne kinetic re-
actions arisingz from tne moving parts ot a macanine, Obvious-
ly this type of desizn cannot be used 1n many cases, but where
they can be used tney serve eftectively to decrease the
amplitudes of tne foundatlons forced vibrétlons. They are
ne#er efficient, nowever, from the stanapoint of power losses
and strain on the machine and foundation, often causing
failure of the metal and disinte gration of concrete founda-
tions, by fatigue fallure, |

It must be noted that in thils type of design the taneory
will not be to attain an amplitude of zero, because such an

amplitude would require an infinitely larze mass, and unless
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a small amount oi vibration is allowed strains and result-
ing damage ere likely to occur.

It 13 unsclentitic as well as uneconomical to mount a
precisely designed machined maciiine on a foundatlion whose
design has been mostly guess work, Althouzh thls seems to
be the prevalent metvnod of attack, a more sclentific method
of aprroach to the problem 1s now given, 1llustrated by tine
same single cylinder engine discussed 1ln artlcle 5-B, n i .

The periodic inertlia force renresenting phe sunation of
all the forces causad by rotating and reciprocating parts,
i1s resisted Jjointly by the inertia of the masses to which it
1s transmitted including the mass of the machine, the mass
of the foundation, and the mass of that part of the soll or
sub-foundation, which may be assumed to act as a unit with it,

Thus it 1is seen that the practice of anchoring a machine
to a massive foundation 1s based on the principle of using
the relatively small accelerations set up by a large mass,
namely foundation and underpining, to balance the large ac-
celerations of relatively small masses, namely the moving
parts of the machine, For this reason the soll on whilcn a
foundation rests usually adds greatly to its effsctiveness,
for the mass of soll 1s also accelerated Just as far as the
dlsturbance transmitted to 1t by the foundation extends,

let K denote thne ratlio of tne soll accelerated to the
mass of the foundation proper, and let(a) denote the average
acceleration for the entire mass set in motion, Then the
condition for equilibrium agalnst horizontal translation in

the present case is: (from for, 17) ‘VSR

- 56 -



o + e + Kip 0w W1rpaf & W2 .02 (1, %I) (23)

g & g

Since the motion of the foundation is periodic with the
same period as tne enzine speed, 1t 18 a sufficiently close
approximation to assume that it 1s harmonic, If the ampli-
tude of this harmonic motlion 1s 2b then a = bew’, Substi-
tuting this value, cancellng out the common teim “&? and
solving for phe required weaight of the foundatlion, Wf we

have:

(.d' - O__U ; (78] ' 1
Wm 4+ Wf + Kﬂf ‘b= W r + W2r —_— 1 + ——)
( ) g 1 & o ( q

Ay (b + Kb) = Wir « Wor (1« 3) - Wpp

W
W r W 1 - m
et s [t Y - % e

The norizontal reaction applied to the bedplate ot tne
engine 1is accompanied by a vertical overturning courle act-
ing on the foundation in the plane of the motion, In tnis
case however the effect of this couple 1s unimportant in com-
parison with the lateral motion due to the horizontal re-
actlon,

Example: In an enzine of the Corliss type, having the
apprdximaﬁe dimensions given below, the lateral motion must
be limited to 0,005" in either direction from rest position,
Find the required féundatlon welght,

Solution: Substitute in formula 24 above, (assume K =10)
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Weilgnt of rotating parts = 150#
Weignt of reciprocating parts = 400#
Total weizght of engine = 12 tons
Speed = 120 rpm

Length or connecting rod = 5'

Length of stroke= 20"

107 1/60 24000
We = T005"(1 + 10) [lbO# + 40U# (1 + /10) - £570

181.82 (150 + 466,57) - 2181.82
112,171 - 2182 = 109,989# say 55 tonus,

By the method Just described we can determine the mass
of block required for a certain allowable amplitude., The
uncertalinty involved 1s in the amount of subsoll that should
be included in the mass subject to vibratlon, This is vari-
able due to the type of soil, the unit loading, whether the
foundatlon sets on or in the subsoll, and other factors,
Certainly the cholice of K would require some experience,.

The theory does show us that the amplitude of vibration
varies directly as the unbalanced inertia force, and in-
vercely as the mass subject to vibration, Therefore, it is
clear that any means of increasing the mass subject to vib-
ration will reduce the amplitude of vibration, such as tamp-

ing, the use of vpiles, etc,
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B-2, Isolation by Suspension of the Machlne,

A more modern mathod of dealing with the kinetic forces
involved in moving machinery is to mount the machine on some
type of resilient mountinzg, or to mount the machine rlus
some massive foundatlon on a resilient mounting,

It 1s now necessary to get a little background before
moving into the actual deslzn procedure,

In studyinz this type of mounting, we shall confine
ourselves to dealing with forces which orizinate within the
machine itself, There are two types of vroblems with which
we are concerned,

First the reduction of transmitted vibrations in the
form of a wave motlon, and second, the conslderation of im-
vact shock, which may occur at such infrequent intervals that
it ean hardly be classed as a wave motilon,

A reslliently mounted plece of equlipment has six dszrees
of freedom, that 1s, motion of a greater or less amplitude
is possible in as many directions, Three of thnese directions
are of translatlional form in three sevarate planes; three
are of a rotational nature about three separate axis.

These two types of vibration can be exemplified by a
motor mounted on resilient mounts, The translatlonal type
motion could take place in a plane thru the shaft of the
motor, The most obvious evidence of the rotational type of
vibration is about the shaft.axis of the motor, The word
freedom used in thils sense should be understood to be purely

relative and accordingly, motion mi:ht be brought about with
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much less effort in one directlion than 1n another, Nore-
over, the fact that a dezgree of freedom exlsts in a given
direction does not in any sense imnly that forces or
moments actually prevall to cause movement of thils charact-
er,

Naturally, the support will sustain a stecady deflec-
tion due to tne weizht of the machine supported; then as
vibratory impulses are set up, osclllatinzg motlon occurs
on both sides of this staticly deflected rosition, The
effect of a vibratory force exerted frcm within is to ac-
celerate the machlne in the instantaneous directlion of the
force and it 1s resisted but little by the comparatively
soft resilient mountinzs. But, before ths distance thru
which the machine moves becomes very great, the vibrating
force has chnanged dirsction; accordingly the only part of
the disturbing force transmitted to the frame 1s that
small amount involved in deflecting the resilient mount-
inzgs a dlstance correspondins to the motion of the machine,.

Vibratory forces are transmitted directly from the
body generating the forces to the supporting foundation,
if the two are rizidly attached, However, 1f the same
v;bratory force or forces could be mads to aprear in a
body completely free in space, the force would be resisted
solely by the inertia of the body and the body would vib-
rate only slizhtly. In practice this free condition is
aprroximated by placing the body on resilient mountings.

The mountings must be sufficiently flexible so that
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the vibratory forces are resisted by the inertia of the
body and thus reduce the osclllatory motion of the body.

Althouzh a larze nortlon of the vibration may be
avsorbed by the mowntings, small forces will act on the
supportinzg structure, This portion is a function of the
ratlo between the disturbing frequency and the natural
frequency of the 1solated system. The effectiveness of
the resilient mountinz can bz obtained frcom this relation-
ship,

= - 1
T Transmlissibility factor distorbing frequency)2 _

natural frequency

(?J -1 (24)

Solutlon of ths above will glve the vortion of the
vibrating force transmitted as compared to that 1f a
solid support was used, This perdentage subtracted from
100 will give the efficiency of the mounting,

For effectlive isolation of vibration ﬁhe ratio bestween
the disturbinz frequency and the natural frequency must be
greater than vfg- . Isolatioﬁ becomes more efficient as
the rétio becomes greater. As the ratio of F/fn becomes
smaller thany[5-, a magnification of forces will occur,

This condition, spoken of as resonance, would be in-
finitely worse than 1f no insolators were used, so it 1s
important to keep out of this dangerous range.

The natural frequency should be less than 1/2 pre-

ferably 1/3 of the forced frequency.
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At ratio of 2:1 it 1s possible to obtaln 667 eff,

At ratio of 4:1 it is possible to obtain 93% eff,

We are now prepared to pick an 1solator and complete
the formula, The disturbing frequency (discusssd) of the
equipment 1s usually the opsrating frequency of greatest
amplitude, This can bs found from the number of revolu-
tions ver minute or the number of impacts per minute,

The natural frequency of the isolator depends on its

deflection under static load, and this can be found by

= 1 .
femp 188 /-E

For example: a certalin isolator defects 1/16"

formula (19b)

. - 1 - 188 - 0
* e £ =136 L0625 7,250 T 750 epn

i1f the operating frequency is 1500 cpm, the frequency
ratio would be 1500/750 or 2,
The transmissibility (formula 24) would be 0,33, There-

fore, the vibration absorption would be 67%.
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TABLz IV

REIATIONS BETWEEN DISTURBING FREQUENCY AND DZFLEICTION

Disturbing Regqd, Deflection of Isolation Medlum
frequency For 65% eff. For 93% eff,
crm
4240 1/100 1in. 1/32 in.
1220 1/10 1in. 3/8 in.
752 1/4 in, 1 in,
432 3/4  in, P in.

The next step 1is to select the proper mounting, The
merlits of eaéh typre should bs studied, and the best one for
your rroblem chosen,

Some of those in greatest use today are: Cork, Balsa
wood, Felt, Rubber, Timber, and Steel Springzgs.

Various considerations limit the choice., From a study
of Table IV, it 1s evident that low frequency disturbances
and high vibration require large deflections of the elastic
medium, Deflections of 3" are difficult to obtain with
organic materlals unless one goes to compllicated construct-
ions, Thereforse, we see that rubber, cork, felt and like
materlals have a definitely limited region in which they can

work#*

* (Rubber shear loaded mountinzs are good to get large
deflections, )
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Steel springs particularly of the coll spring type also
readily provide the large deflections necessary for low fre=-
quency disturbances, They are easlly adaptable to all pur-
poses because thelr elastic propsrties can be accurately pre-
determined and controlled thru a wide range of dlmensions
and combinations, It should be kept in mind that it 1s
necessary to design a sprin3z suspension 1n such a manner
that all six dezgrees of freedom are provided for,

Certain of ta=z materials wmentioned above are not too
well sultad for machlnery foundation isolation, Rubber 1s
adversely affected by oil; it is expensive; 1t may take a
permanent set; is not permanently elastlic and is likely to
become hardened due to exvosure; it has therefore not found
much use on foundatlon 1solatlon for vermanently placed
machinery.

Felt may in time taXe a peramanent set; 1t 1s not water-
proof; it 1s absorbent; it may be attacked by 1nseéts.

Untreated granulated cork may in time pack down and un-

less confined tends to flow,

Timber is not waterproof, when used alone in small
qQuantitles; it doss not havs sufficlent deformation to make
1t useful under most services; 1t may be affect=d adversely
by oil, However, 1in the vast, treated timber has been widely
used for cushions under forzginz hamner foundatlons,

It is apparent from the above that choosinz an isolat-
ing material calls for a certain amount of experisnce and

wisdom,



A simple example in which a cholice of materlals has to
be made, follows: .

Example: A motor generator set orerates at 1750 rpm,

We have a cholce between three mountings, that underzo statile
deflections in all wounting points of 1/32 in.,, 1/16 in, and
3/32 in, resvectively. Which 1s the best choice?

By the use of formulas (1Sb) and (24) it 1s apvarent
that the first is critical, the second provides 65% isola-
tion and the third provides 857 isolation. Obviously the
third will te the best.

It 1s here necessary to point out a very important fact,
oftentimes forzgotten in the desizn of isolations for a found-
atlon, namely that the 1solating layer may not bes inserted
at any arbltrary place, for, as already mentioned the ampli-
tude of vibration depends on the ratio of the mass of the
movinzg parts to that of the foundation and fixed varts,

Since insertins a resilient layer diminishes the effective
mass of the foundatlon, these layers should, therefore, be
placed 2t such a depth that a machine will still be attachned
to a sufficlently heavy foundation mass, Moreover, insert-
ing a resllient layer has the effect of raising the center

of gravity of the machine and theresfore affects its stabllity,
which must also be taken into account in determining the

position of such a layer,

Impact Shock Isolatilon

In dealinz with the reduction of transmitted vibrations

most discussions ars concerned mostly with the general
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principle of fibration isolation which deals with vibration
in the form of wave motion, and do not consilder separately
the effect of an impact shock, A heavy impact blow may occur
only at distant or infresquent intervals, and in itself may

be damaginz to the mechanical equlpment and foundations,
althouzh its frequency 1is so low or irregular, that it cannot
be treat=d as a wave motlon,

In shock protectlon, the fundamental principle 1is to
increase the period over whicn the impact forces are aprplied.
Rubber in compression 1s recommended where snock protection
is paramount, because of the continuously smooth deflection
curve which presents no opportunity for shock to be re-created,

The Fabreeik Froducts Company of Boston, manufacturers
of a pad made of layers of rubber and 1lmpregnated cotton duck,
that have been vulcanlzed tozgether, offers the following
Table V, and I quote thelr example of the design for pads

under a typical shock mounting,

-— 66 -



TABILE V
Stiffness Coefficients

Fabreek Products Company

#oer sg, inch, per inch of deflection

loadinz in psi 50 100 150 200 400

14
17
21
31
39

ply 1/4" thick 45,000 50,000 54,00V 58,000 71,000
oly 9/32" taick 36,000 40,00u 45,000 46,000 57,00V
oly 11/32" thick 28,000 32,000 ¥4,000 ¥7,000 44,00V
ply 1/2" thick 18,000 20,000 22,UUU 25,000 2Y,00u

ply 5/8" thick 14,000 16,00V 18,000 20,000 25,000

Double 39 1-1/4" 7,000 8,uuu  Y,000 10,000 11,000

From the Fabreeka Company 3ulletin:
"The force of an impact is msasured by the work done;
that is if a 2000# welzht drops 2' the work done is
2000 x 2 = 4000'#. To find the force this blow ex-
erts 1t is necéssary to kaow the distance in which 1t
is brousht to rest, Assuming 1/15" (or ,0052') then

4000/.0052 = T70,000# is the dynamic load,

If the 2000# wt. drorping 2" is a board hamasr and the
(17187 ctuce. by tie hoicier, i3 e .ellection

deflectlionjpof the work belns done, then the dynamic
load on the base of th= anvil is 7 70,000#. f area

is 2000 sq." the unit loadinz would be 400 psi, If
two Fabreeka vads each 5/8" thick are placed under this
base the deflection of the pads is ,060 or ,050 feet
which added to ,0052 = ,0102', The dynamic load 1s

now 4000 = 392,000#, decreasinz 1t 4973
. 0102
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The above assumes a rizid foundation., On soft
marshy soll the necessity of nads would be re-
duced, because the ground would be absorbingzg some
of 1mract,

Also pads increase efficlency dus to dampiny effect,"

I
(e)
w

!



VII - GINZIRAL FOUNDATION DESIGN DZTAILS

After the dimensions of a foundation base have been
determined by some means or other depending upon the loadingzgs
and allowable pressures on the soll, or supportinzy mediunm,
there still remain some questlons which rust be clzared up
before the foundatlon desizn may bs termed complete, Such
detalls as foundation material, reinforcins steel, anchor
bolts and plates, grouting, etec, mﬁst be considered, In a
rather brief treatise of this kind none of these toples can
be covered in more than a fragmentary fashion, but they are

important and must be mentioned if but briefly.
A - Materials

Machinery foundations, at least those whers some mass
1s required, are mads almost universally of concrete. It
is important to s»ecify a concrete with a low volume change
and high unit strength., It 1s also important to get a
good strong uniform concrete, as the constant vibration of
the attached machine will subject the concrete to a rather
severe life,

In regard to the shapé of the foundation, it will often
be found that a simple forminz Jjob will be more economical
than a complicated forming J>b which may require a lot 1less
concrete, To provide additional bearinz area than 1s avail-
able when the block 1is made about the size of the base
vlate, it will be found most economical to "steo" the found-

atlion, as in any wall or column foundation.
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B = Reinforcing Bars

With the exception of a cantilever footlng slab or on
foundations which are hollow, there are no calculated
stressss which must be carried by reinforcing steel; but 1t
is my belief that its use in nominal quantities 1s necessary
to prevent cracking., Cracks which would cause no concern
in ordinary concrete construction are often serious 1in
machinery foundations, especially where there exlst vibra-
tions, which may cause progzressive cracking. larkinizdvises
using deformed intermediate grade steel reinforcing bars %
or 5/8 inches in diameter spaced on 12" centers, both hori-
zontally and vertlcally near all faces‘of the foundation

block, Other authors try to prove the steel 1s not necessary,

but I think that the general practice 1s to put in steel bars,

C - Anchor Bolts

Anchor bolts are usually made up locally and therefore
do not recelve the constant lmprovement and development
which a manufactured product does, The calculation of
stresses and the deslign of bolts is a relatlvely simple pro-
cedure as they ara'usually only required to take a tension
1oéd. A minimum diameter bolt would be 5/8" as a smaller
one could be twisted in tightening the nut.. The size of
bolt required for a certain machine will usually be speci-
fled by the manufacturer, A few important things about

anchor bolt installation will now be mentioned.
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For heavy machines the anchor bolts are usually made
removable so that it is not necessary to lower the machine
over the bolts, Of course, thls necessitates some kind of
vockets, For most light machines the bolis are not made
removable, but are installed in such a way as to allow for
a certain amount of svringing to align with the holes in
the machine bases, because a carpenter cannot set bolts to
the tolerances usually held on drilled holes or castings.

A good deslign has some provision such as a pipe at the
top with the bolt inside to provide for a small amount of
springing. There should be some means of holding the pipe
as well as the bolt in place while the concrete 1is being
place&.

The only other recommendation is that the bolts should
be relatively long so as to offer a certaln amount of re-

slliency against breaking.

D - Grouting

For obvious reasons the foundation 1s not bullt quite
as hlzh as the elevation to which the base of the machine
must set, The difference, (3/4" to 13") is made up ﬁy
leveling the machine and pouriné or fofcing a 1:1 mixture
of portland cement grout between the foundation and the
machlne base. The grout is required to take the horizontal
loads into the foundation, as well as to level up the
machine, Other materilals are sometimes used for grouting,

but portland cement 1s by far the most widely used.






E - Design of Concrete Mixtures

Concrete is a mixture of cement, fine aggregate,
coarse aggregate and water, It 1s a generally accepted fact
that the stfength depends entirely upon the ratio of water
to cement, provided (1) that the cement and agzregates used
are suitable, (2) that the amounts of aggregates are correct
to give a workable mix, (3) that proper conditions are main-
tained during the hardening period,

Proportioning by welzht is admittedly the most accurate
because of bulking of the aggregate, however, proportioning
by volume 1is by far the most popular method due to the fact
that expensive welghing equiprment 1s not required, and it
can be done with reasonable accuracy if allowance is made for
bulking, In view of this fact, in the following discussion
when proportions are mentioned they will be given by volum.e,
so that a 1:2:4 concrete implies: one cublic foot of cement
to 2 of fine, and 4 of coarse aggregate,

The first and most important ingredient of concrete is
portland cement, All of the manufacturers of cement in this
country turn out a good product so all that need be saild is
that a cement be used which 1ls not more than a year old and
has been kept dry, In certain instances 1t may be wise to
build the foundation using High-early strength portland
cement which would allow its early use, At 72 hours 1t
would have the strength ordinarily obtainable at 28 days,
The water must be clean and free from oil, and alkall,

organic matter or other deleterious substances,
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The fine agzregate, usually sand, should be well grad-
ed and free from organic matter, clay and silt, (3See ASTM
specification,. )

The coarse aggregate, washed gravel or crushed stone,
should be clean, hard, and durable; free from alkall organic
or other deleterious matter, Coarse aggregate includes all
particles larger than 1/4 inch, It 1s suggested that for
foundatlions the maximum size'be one inch, As with fine ag-
gregate it 1s important that they be well graded, (See ASTM
Specification.)

Concrete Mixtures. In general the design of a concrete

mix. consists in choosing a water-cement ratio, and then
selecting the proportions of fine and coarse aggregate so
that the combination will be workable, The cholce of a
water-cement ratio in general requires the consideration of
strength, exposure, and class of structure,

The selectlion of a proper water-cement ratio for any
desired strength under average Job conditions may safely be
made from the speclfication for strength of the American
Concrete Institute, which follows the straight line empiri-
cal formula S, = 1000(7 - % R). Where S, is the compressive
strength of the concrete in 28 days (in pounds per square
inch), and R 1s the water-cement ratio (U. S. gal, water
per sack of cement (94#)). Thus, an ultimate compressive
strength of 3000 psi would require a water-cement ratio at 6.
| To select the necessary water-cement ratio, however, 1is
more a matter of Judgement, as the actual compressive

strength required in a machine foundation is probably a
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rather small figure., It 1s noted, however, that as the
compressive strength of the concrete lncreases so doés its
density and its abllity ﬁo withstand vibrations without dis-
integration, As a result if one chooses a strengtin require-
ment somewhere between 2500 and 3000 psi, (the lower for
machlnes relatilively free from vibration or impact forces

and the higher for machines with excessive vibrations or
impact), the result should be satisfactory.

A workable concrete mix 1s one which can be worked
into all the corners of the forms without excessive pud-
dling, without segregation of the ingredients, and without
water collectins on the top surface, Workability is in-
fluenced by the amount of each ingredient and by the nature
of the aggr=3zates,

Some measure of the workabllity of a concrete mixture
is obtained by making a slump test, (See ASTM specification),.
For most concrete machine foundations a slump of from 3 to 5
inches 1s satisfactory.

Having selected a water-cement ratio and knowing the
approximate slump desired, the next step 1s to determine
the proper amounts and proportions of the aggregates, This
can best be done by making several trial mixes, recording
the proportlons and choosing the most workable, A balance
must be maintained between the coarse aggregate which will
up to a certaln point reduce the cement factor and beyond
that wlll produce an under-sanded harsh concreteﬂ difficult
to place) and the fine aggregate which produces a smoother

mix but which used in excess, makes the concrete too expensive,.



For these small trial mixes 1/10 of a bag of cement
(9.4#) may be convenlently used and the aggregates sur-
face dried so that corrections for molsture will not be
required,

All éggregates under Job conditions contain more or
less moisture which must be calculated in with the mixing
water, The amount of moisture may be found by drylng a
sample of the aggregate to a constant weizht., If w = welght
of the damp sample, w' = welght after drying and p = the

percentage of total moisture:

- 100 W = w'
w

The moisture which becomes a part of the mixing water
is this percentage p (above) minus the percentage which
wlll be absorbed by the aggregates, about 1% for average
sand pebbles and crushed limestone, 0.5% for traprock and
granite,

Moisture in sand and even in coarse aggregate has the
effect of bulking the aggrezate, therefore calculations
must be made to determine the "bulking factor" or relation
between the damp volume and the dry volume of a given
quantlty of dry aggregate, Essentlal computations are given

in the example below:
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Itenm ‘ Sand Coarse

Agzregate
A, VWelght of damp samples, o0z, 35.0 32.5
B, Weight of ovendry sample, oz, 33,0 31.7
'C., Welght of water in damp sample,oz,
(A - B) 2.0 0.8
D, Per cent of total moisture in
terms of dry azgrezate (C/B)X100) 6.0 2.5
E., Per cent of absorption (assumed) 1.0 1.0
F. Per cent of surface molsture
(D - E) 5.0 1.5
G, Weiznt psr cu., ft. damp, loose, 1lb, 97.2 94,4
H., Welght of surface-dry aggregate in
1l cu, ft, of damp loose material,
1b, (G X(100/100+F) 92.6 93.0
I, Welght of water in 1 cu, ft. of
damp loose material, 1b, (G-H) 4,6 1.4
J, Welzght per cu, ft. of surface-dry
compact aggregate (by test) 112,0 99.0
K. Bulkingz factor (J/H) 1.21 1.06

The correction for bulking is made by adding proportion-
ately larger amounts of the bulked aggregate to secure any
desired actual volume of dry, compact aggregate., Thus, if
a dry, compact mix of 1:2%:3% i1s to be used with the above
aggregates, the proportion of sand, based on loose volume,
will be 2% x 1.21 = 2,7, and of coarse aggregate
3% x 1,06 = 3,7, siviny a field mix of 1:2,7:3.7.
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If the water-cement ratio for the above mix 1s to be
7 gal., per bag, the amount of water to be added at the
mixer 1s determined as follows: Since 1 gal. of water welghs
8-1/3 1b,, the amount of surface moisture in 1 cu., ft., of
damp, loose sand 1is 4,6/8,33 = 0,55 gal., and in the coarse
aggregate 1,4/8.33 = 0,17 gal. In each one-bag batch the
amount of free or surface water in the sand 1s 0,55 X. 2.7 =
1.48 gal., and in the coarse azgregate 0.17 X 3.7 = 0,63
gal, The amount of water to be added to each l-bag batch
is, therefore, 7 - 1.43 - 0.63 = 4,89 gal., or approximately
5 @al.

When thé vroportlons have been decided upon the deter-
mination of yileld and quantities required 1s the next task,

The yleld is the sum of the absolute volumes of the
cement, sand, and coarse aggregate, and the volume of water,
For the mix computed in the above example, the yield for a
one-bag mix would be computed as follows:
There 1s 0,487 cu., ft. of solids in 1 cu., ft. of cement.
The specific gravity of the common aggregates usually aver-
ages 2.65. One cu, foot of dry sand contains 112,0/2,65
x 62,4 = 0,68 cu, ft, of solids, and one cu, ft. of dry
coarse aggregate contains 99,0/2.65 x 62.5 = 0,60 cu. ft.
of solids, For a l-bag batch, which contains 7 gal,
(or 7x0.134 = 0,938 cu. ft.) of water, including the surface
water in the aggregates, the yield will be 0,487+2%x0,68+

3%x0,60+0,938 = 5,06 cu,'
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If 200 cu. fest of concrete were required for the Job
the quantities required would be determined as follows:
No. of l-bag batches required = (200x27/5.06) = 1068

Cement

1068 bags

Sand = (1068 x 2.7) / 27 108 cu, yds,

Coarse azgregate = (1068 x 3.7) / 27 148 cu, yds,

Water - at mixer = (1068 x 5) 5340 gal.,
To provide proper curing conditions the concrete should
be protected agalnst premature drying out for at least one

week,
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VIII - VARIOUS DZSIGN CONSIDERATIONS DZPENDING ON THE
TYPE OF MACHINE, '

In a study of this kind, one can well generallze up to
a certain point, but then he finds that each machine is an
individual problem, With this in mind the followingz rather
1ncom§lete remarks on thz specific requirements of individ-
ual machines have been included, together with the references
for a more complete discussion,

A - Machine Tools @@

1. The principle requirement 1is rigidity, in order
to malntaln accuracy of operation. (requires
massive foundation)

(a) Planers : Planer tables are very sensi-
tlve and may easlly be warped enough to
make close machining impossible, It 1is,
therefore, important that the foundation
be rigld and that the planer bed bear
uniformly upon the foundation, No anchor
bolts should be used, On large foundat-
ions, leveling blocks are usually used,
Iongitudinal steel 1s a necessity both in
top and bottom because of the length of
the foundation,

B - Hammers @ 32

1, Besldes the weight of the foundation and the
hammer, the forces caused by the dropping of
the hammer (all of these vertically) must be
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distributed to the soil,

Excessive nolse and shock likely to endanger
the bullding, and produce nervous fatlgue,
must be guarded agalnst, Usually by lnsula-
tion., See article B-2

Most hammers being used today are of what 1s
known as a high ratlo construction. That is
the welght of the anvil to the wsight of the
hammer is high. (15:1 or greater)., These re-
quire only a light simple foundation, with
usually some isolatlion material to minimize

the transmission of Jjar and noise,

C - Electrical Machinery @ @3

1.

The elimination of vibration 1s an important
aspect in the design of any high speed. machine,
(see article B-2)

It should be noted that in many cases the el-
ectrical machine 1s only a small part of com-
plex machine, The nature of the other part

may greatly alter the foundatlon required,

Some provision must often be made in the found-
atlon for ventllation, particularly in large
capaclity machines,

Table VI gives some typical figures on success-
ful foundatlons for rotary electrical machinery
foundations (taken from "Factory Installation

Work" - A. J. Coker.)
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TAELz VI

Machine Description Speed Ratio of Total

r.p.m, Foundation Pressure
Wt. to on groqu
Machine wt, Tons/sg.

75 KW belt driven generator 850 2.1 0.34
100 KW belt driven generator 625 3,6 0.51
20 hp belt-drive motor 775 5.1 0.32
45 hp belt-drive motor 950 4,7 0.37
500 K4 Synchronous convertor 500 0.51 0.29
900 KW Synchronous convertor 250 0,67 0.35
D - Textile looms
1. The reduction of shock and noise is of para-
mount importance., Often a whole bank of looms
is insulated together,
E - Steam and Other Reciprocating Engines

1.

Besldes the static'loads, it 1s necessary to
design the foundation to take care of periodic
inertia forces occasioned by the rotating and
reciprocating parts of the engine. (see article
5 B). The eccentric rotating parts would in-
clude the crank pin, crank cheeks, and the
crank end of the connecting rod. The recipro-
cating parts include the piston head, wrist pin,

piston rod, crosshead, and the reclprocating end

- 81 -



of the connecting rod.

The general requirements for the foundations

for a recilprocating engine are somewhat more

exacting than those for rotative machines,

Most englne foundatlions are designed usinz one

of the taree following empirical methods:

(a) The welght of the foundation is based on

" the weilght of the machine, (Its weight

should be 3 to 5 times the weizht of the
machine, )

(p) The.fbundation depth is based on cylinder
diameter (the other dimensions determined
by the size of the bed plate). This method

is used only for simple Corliss engines,

K4
= 1“3
Ine -

A formula given by Wm, E, Ninds where:

Lor

depth of foundation in feet

K = constant depending on steam
pressures (see Table VII)
dl = dlameter of cylinder in inches,
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TABLS VII

Steam Pressure K
100 0.895
110 0.938
120 0.98
130 1.02
140 1.06
150 1,10
150 1.13
170 1.17
130 1.20
190 1.24
200 1.27

(c)

The foundation weizght 1s based on both
the welght and speed of the supporting
machilne,

A formula 1s given by E. W. Roberts:

Wf = welzht of foundation 1n pounds
Wg = welght of the engine 1in pounds
N = speed of enzine in rev, per min,

K = a constant as given in Table VIII
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TABLZ VIII

Type of Machine K
4-cylinder vertical gas engine 0,130
J>=cylinder vertical gas enszlne 0,150
2-cylinder vertilcal gas engine 0.175
Single-crank double-acting tandem 0.320
Double-crank double-acting tan&em 0.190
Single cylinder, horizontal seml dilesel 0.300
2 - cylinder horizontal semil diesel 0.240
5> = cylinder horizontal seml dlesel 0.230
4 - cylinder horizontal semil diesel 0.225
2 cycle horizontal semi diesel | 0.230
4 cylinder vertical dlesel englne 0.177

2, Steam engine foundatlons can b2 designed with

safety using one of the above rules, It 1is
usually suggested that they be made mono-

lithically.

3, Compressor foundations can be designed accord-
ing to rule (a) above, '

4, Reciprocating Pump foundatlon design depends

entirely on the type of pump, Generally speak-
ing much less foundatlon 1s required for pumps

than for steam enzglnes occupyling the same space.
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F -

Direct acting duplex pumps require ths small-
est foundatlon as ﬁhe rlunger motion 1s almost
balanced within the machine., Single-cylinder
vumps should be suppllied with deeper founda-
tlons thelr depth may be computed from formula
given in (b) above, Crank - and - fly wheel
pumps require foundations fully as heavy as a
steam ensine of comparable size, because of
tne lack of balance in their reciprocating
varts.

Motor Generator Sets

A small motor generator set, with a bed plate,
often requires no more foundation than ths ordin-
ary floor,

Zlsctiric NMotors Driving Fans for Ventilation,

Because a ventilating fan must of necessity be
located directly in a ventilatinzg duct where noise
and vibration may be easily carried throughout the
building, the set must be carefully isolated to
prevent ths transmission of said vibration,

Steam Turbine Units (29 @) @9 @9GEd &I

Steam turbine units are purely rotative, self con-

tained machines, and are not normally subject to
unbalanced forces, In the desizgn of a foundation
for a steam turbine, however, one should antici-
pate certain abnorml operating condltions such as
short circuits, bad synchronizinz, broken blades,

water or mud slugs, etec,
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It 1s usually wise to make the foundatlon struct-
urally independent of its buildins to »revent vib-
ration transmission,

An excellent answer to the problem of deslign of'
steam turbine foundations 1s an 1dea originated by
N. W. Akimoff of the General Machinery Foundatilons
Company, Philadelrhila,

The result of this type of mountinz 1s to free the
platform from its supprort allowing the machine and
platform to vibrate as a unit with small amplitude
about an axis thru a fixed point of supvort, with-
out straining elither the machine or 1its support as
would bg the case with a rigld anchorage. An equal-
ly'important result 1s that the possibility of
forced vibrations being set up in adjacentlstruct-
ures by means of synchronism 1s likewlse prevented,
Explanation: The usual practice in designing
machinery foundatlons conslsts in anchorlng the
machine rigldly to the foundation which 1s as massive
as can conveniently be obtained. The foundation
design suggested by Akimhoff 1s based on the prin-
ciple that it is desirable to have a certain flex-
ibility in the foundation rather than extreme rigid-
ity. In this design the machine 1itself and the cap
slab which supports it are permitted a limited amp-
litude of vibration within deflnitely assigned
limits, These limits may be made as small as desir-

ed and without in any way decreasing the strength of
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the structure under static loadinz., The machine
frame and the foundation may be lightened by in-
creasing the allowable worxing stresses to the
values ordinarily used for dead loads., The arrange:
ment ccnsists in mountinz tne turto-unilit on a
structural steel platform which resemblzss a deck-
rlate girder. The turbo generator 1s bolted down
rizidly to the platform, but the platform itself 1s
supported at only three points, on the super-
structure, Of these three points of supzort one 1is
rigid and two are resilient. The rigid support is
placed at the turblne end, It consists of a rocker
rlate which 1s so designed as to allow tne plat—
form freedom to plvot slizghtly about this point,
However, the rigid support.effectlvely anchors the
platform azalnst any tendency to slide transversely
or longitudinally.

The two resillient supports consist of vertical and
transverse sprinzs of large capacity, desizned so
that there 1s no possibility of thelr motion veing
violent,

The design 1ncludes vertical and transverse stops so
in case of a short circult or other accident the
platform will come to a solld bearing,.

Witnh thls three point design the level of the plat-
form may be maintained by shimming up one or at

most two of the suvports,
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Mr. Rathbone in an article "Turbine Foundations"

in the A.S.M,E, transactioné has tais to say, ‘

among other tinings, about turbine foundatlons:
"Much may be gained as an aide to future
}designs by vibration studies on exlsting
structures, now made possible thru the
use of improved seismic instruments,"

NOT4: A list of manufacturers of seilsmic in-

struments appears on paze 1lU7.

Diesel Engines @@

The design of a foundation and a suitable 1solation
mounting for a diesel engine, or for that matter
any multicylinder enzine, presents a rather formi-
dable problem to one unexperienced in 1ts design,
There may be unbalanced lateral forces due to un-
balanced revolving masses, there may be torques act-
ing to rock the engine 1n a transverse direction and
couples actinz to rock thae engine longitudinally,
All of these may act together giving to the system
8ix different modes of vibration each with its own
frequency. For a description of the design proced-
ure for diesel engines see "Design of Diesel Engine
Foundations" by Kenneth H. larkin in A.3.M.E. trans-
actions, Mafch, 1942,

In this same article Mr. Larkin gives some average
values for foundation yardage required for diesel

enginés. Hls values, given 1in Table IX below were
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obtalned from recommnendations of several engine
manufacturers, The values are all within 20% of

those recommnended and most are within 10%.

TABLE IX

Average Values for Reqd. Foundatlion Yardage for Diesel Engilnes

No, of Cylinders cu. yds./hp No., of Engines Tabulated

3 0.141 7
4 0.120 10
5 0.108 20
6 0,100 20
7 0,096 14
8 0.091 14

These yardages are the result of years of experilence
with damping engine vibratlon by the use of a mass of con-
crete., They are based on a hard firm subsoil,

It i1s interesting to note that the above table gives no
relationship rtetween foundation size, speed or cylinder size,
which items are bound to influence the yardage required,

I also take the liberty of quoting Mr, Larkin in regard
to empirical dimenslions,

"The depth of foundation should be not less
than 4 to 5 times the stroke of the engine,
with a minimum of 5 feet, The width of the

base should be at least equal to the vertical
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height from the bottom of the foundation to

the center of the shaft, and should be in-
creased for engines having unbalanced horil-
zontal forces", --- "The lenzth of the base

is usually so large that no consideration is
required in this direction, except that the
length should be so adjusted that the center
of gravity of the total weight on the subsoll
coincides with the c.g. of the area of contact
with the subsoll, All of tne rules are strictly
empirical and when necessary should give way to

more important considerations",
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IX - DETAIL DESIGN OF FOUNDATLIONS FOR CHZXTAIN MACHINES

There follows two complete foundation designs in whicn
some of the principles hsretofore discussed will be put to
use, It has already been emphasized that each type of
machine has its indivldual probleaus, althousn tney have much
in common, There 1s space here only to sinsle out ones or

two of the many problems for a more complete analysis,

A - Design

Design a reinforced concrete foundation for a large con-
stant speed, non-reversing snycronous motor (shaft_drive.).
The motor has a rated horse-power of 1200 at 200 rpm, It can
overate at a 33-1/3 overload, Figure 18 shows dimensions of
the base plate and also the polnts of application of the
loads,

Weights of the component parts are listed below:

Bedplate 27,0004
Rotor 35,0004
Frame 30, 0004
Details 2,500#
Pedestals and Shaft 6, 4004

6, 400#

Total Weight 107,300#

First step - To choose dimensions of concrete foundation,

It 1is usually desirable to allow for the possibility of
errors and thus the dimensions on the design should be slizht-

ly larger all around than the bedplate, It 1s also a good
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ldea to bevel the exposed corners so that there wlll be less
chance of their being damazed and thus marrinz the appearance
of tne foundatlion, Corners with 90o angles are much easier
to form than obtuse or acute angles so sides 1f vossible
should be vertical, The plan dimensions of tiae foundation
must comgcletely encompass the bed plate and two inches will
be left all around. Tne vertical dimensilon must be great
enough to set the foundatlon on solid soil., In thils case a
minimum depth will be assumed satisfactory. The soil 1in

this case 1s a thick bed of clay, 1t will be drained and kept
moderately dry but allowance should be made for the possi-
bility of a small amount of moisture in 1t,

4000 #/sq. ft. 1s a gzood allowable on tals soil

(see Table I).

The dimensions choosen are shown in figure 19, These
wlll be checked to see if the resulting soll pressures are
satisfactory. The requirsments ars that the maximum pressure
must not be too hizgh, that the variation in soll pressures
must not be too great, and that the resultant of loads on the
801l must pass throuzh the middle 1/3 of ths foundation,

Second step: To calculate the loads at various points on
the foundatlon,

The static loads due to the weizhts of the component
parts of the machine are given on page 91, The distribution
of these along witn the load caused by the torque of the

motor must now be determined,
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(A) To find the torque load to be applied at points

Band C (see fizure 20)

Figure 20

The motor 1s rated at 1200 hp, but tiaere 1s a possi-
bility of a 33-1/3 % overload, so in calculating the torque

load the motor will be considesred as developing 1600 hp,

Applying formula 16, page 33; P,the load caused by the

torque 1is:

p = 4, P, x 5252,1 - 1600 x 5252.1 - ,
N xr 200 X 6.3 66 40#

One half of this amount or 3320# is applied at both B and C
g ' one up and one down, along witn the loads

caused by the wesignts of the motors parts.

load at A:

Wf welght of concrete foundation 120, 7504
welzht of bedplate 27,000#
welgnt of detalls 2,500¢#
Total at A 150,2504#
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Ioad at B:

% weisht of frame 15, 000#
+ torque load 6,640#
Towal at B 21,6404
lozd at C;

% welilght of frame 15,000
% torque load -6,640#
Total at C 8,36 0#

From figure 21 it 1s ssen that the weizht of the rotor must

be distributed properly to D and =,

35,000%
i}
467 4— 9.67
/4.33
Filzure 21
Rd = 9.€7/14,35 , 35,000 = 23,600
Ry = 4.67/14.33 , 35,000 = 11,40v
Ioad at D:
Proportional weigzgnt of rotor 23,600#
Welzght of pedestal 6,400#
Total at D 30, 000#
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load at B

Proportional weight of rotor 11, 400#
Weight of pedestal 6, 400#
17,8004

Total at B

Third step - To calculate the stress at the maximum
and minimum points,

(A) The centroidal axls are the geomstrical axis of

the foundation,

(B) Find: I, and Iy.
I = 1/12 bh? = 1/12 , 14.67 . 1633° = 5323.6
I, = 1/12 bh? = 1/12 ., 16.33 . 14,670 = 4296.3

17,80

A
Oy
Q7! — .
yzeo)

/50,260
x dx B
©
8 +t— cl
_liz/,ayo“ __‘ ___37' auoj T
—~ f—t0" )
- Q -9
: )
50,000 o)
o 1 |
07 ’ 'q
14.67
Figure 22
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(C) The product of inertia = O,
(D) Find ths resultant of all the loads Wy and the
voint throush which it acts,
The resultant is the sum of all the loads:
150,250
8,360
21,640
30,000

17,000
W, = 228,050#

Take moments about m-n:
223,050 , y = 21,640 , 5,67 + 8,360 , 567 + 150,250 , 8.17
+ 30,000, 1 - 17,800, 15,33 = 1,700,517

228,050 , y = 1,700,517
¥y = T.457
ey = 0.71

Take moments about O-p:
228,050 x = 150,250 , 7.35 + 21,640 .1 + 8,350 ., 13.67
+ 30,000 , 7.33 + 17,800 , 7.33
223,050 x = 1,587,623
6.962
0.37

X

€x

(E) calculate My and M,

-288,050 , (-.37) 106,573
-288,050 , (-.71) - 204,516

My = P ey

Mx = P ex
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(F)

Calculate max, and min, soll pressures:

pmax

= P/A + Myy/I + Myx/I

A = 16,33 . 14,67 = 239.55

-253,050/239,56 + 204,516 . (-8,17)/5,324 +

106:57’3 . (’7.33)/4’ 296
-952 - 314 - 152 = -1448 psf,

oin = -952 + 204,516 , 8.17/5324 + 105,378 .

T.33/4296 = -952 & 314 « 152 = =456 psf,

(¢) Conclusions:

(H)

1'

3.

The calculated soll pressures are well below the
allowable,

The maximum s80ll pressure doess not exceed twice
the averagze. (a good indication of a satisfactory
variation),

The resultant 1s obvious witain tns middle 1/3 of

tne foundation,

For details of foundations in generzl see article 7.

B - Deg;gn

Design a reinforced concrete foundacion block to bpe

set directly on hard clay to support the electric motor

shown in fizure 23, The motor and bedplate weigzgh 11204,

The motor develovns 30 hp at 1500 rpm, The dimensions are

shown in fi;ure 23,
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First step - Find the loading due to the belt pull; (assume

that the belt takes off at an angle as shown in figure 23)

applying formula 15, page 32,

- 30,000 x 30
Fp = « 10 = T20#
1500 x 33
The components of the belt pull in x and y
directions ars:

- - x 720 -
Fox = 8y = g0 TS

=F‘D = 20
Foy " 51 ° .'51_1 = 1414
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Second step. Assume horizontal dimensions as in figure 24,

F——Z/
36"

3-9"

Fizure 24

Third step. Find the weisht of foundatlon necessary to
prevent sliding on the soil:
Apply formula 10, page 25 which expresses the required

welght to prevent slipring.

Pe A P
W o= /aK+; - W
P = 705#
e = 21/12 1.75"
A=3,75 . 3.5 =13.1 sq'
M = (from Table II, page 29) 0,12
Wy = 12204
K = % (2abc + % log %E% + %3 loz %%%)

(formula 11, page 28)
wheret: a 1s 1/2 of the short dimenslon of the foundation

= 1.75 and b 1is 1/2 the lonz dimension of the foundaticn
= 1.875.
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2 2
c=/a2 02 o /175 4 16757 = 2.5k

3
= 2(p,.9 7= 1.7 2.54 ¢ 1.75 )
Kroga.™ §(2xL.75xL.675x2.54 » 2312 105 (3232112

3 R
1.75 2.54 +« 1,275
5 1°5(2.5£*- 1.875))

3.29 log(ﬁ%%%) + 2.65 log (&?é%g>)

+

- 2 5
K = 3(16.675

K = %416.678 + 329 log 5.43 + 2.68 log 6.64)
K = %(16.678 + 3,29 x 1,69 + 2,68 x 1.89)

K = £(16.673 + 5.556 + 5.073) = £(27.317)

K = 15.21

Inserting these values in the formula above:

705x1, 75 (OE - 1220

W
£~ O.12xis.21 Yt 0.12

565 + 5375 - 1220

]

We = 5230# (Necessary to prevent slipping)

Third step - Find the weight of foundatlon necessary to

prevent unequal settlement,

Referring to article 2-C, page 29, we shall now make
use of formula 13 to solve for the foundation weigat which
will insure that the resultant of loads will be within the

middle 1/3 of the foundation base,
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Py (3dy = 1) - Wp(3dy - 1)

We = 3dp - 1

Where Py (as previously computed) = 141#

dp = 3.5'
1 = 3.5
Wy = 12204
dyp = 1.757
de = 1.75"
o 141 X - - 1220(3 x 1 = 35
by >3x1.75 - 3.5
1.75 1.75
We = -560#

Which means that the welgat of the motor is sufficlent to

prevent unequal settlement,

Fourth step - Deslign the foundation block:

The welght of the foundation, havinz chosen the cross-
sectional dimensions, muét be 5230#. Or in cu. ft., of con-
crete required:

5230/150 = 34.8 cu. ft,
The cross-sectional area = 13,1 sq. ft. so the required
foundation helzht iéz |

34.8/13.1 = 2,65
Detalled desizn: see article 7-A,B,C, and D.
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(National Electric Lisht Association). :

Design and Construction of Heat ZEngines; Wm, E. Ninde,

tx)

Gas Enzine Handbook; E, W. Roberts,

]
Q

Turbine Foundations;
1941,

Rathbone, ASME Transactloas,
Stopping Vibratlons due to Unbalanced Engines; Bigelow
Power, Sept, 11, 1923,

Several Methods to Prevent and Correct Noises Made by
Fans; Heat, Piping and Air Conditloning, Aug., 1929.

Vibrations of Frames of Electrical Machlnes; Den Hartog
ASMZ Transactions, Sept, Dec, 1928,

Vibrations Effects on Foundations and Masonry Structures;
mnzineering News-Record, May 29, 1930,

Foundigentals of Soll Mechanics; Donald Taylor, Wiley,
1948,
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APreNDIX B

Vibration problems related to operating machinery and
mechanisms can often be best solved by the use of vibra-

tilon rescordinji analyzing systems or mesasuring instruments,

Manufacturers of tiiese instruments include:

Aeroquip Corporation =-- Jackson, Mlchizan

Brush Development Company -- Cleveland, Ohlo
Consolidated Engineerin~ Corporation -- Fasadina, Calif,
General Electrlc Comvany -- Cambrldge, Mass,

MB Manufacturinzg Company =-- New Haven, Conn,

Western mlectric Company -- New York, N. Y.

Westinzhouse Zlectiric Corporation -- Pittsovurg, Fa.
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ArraNDIX C

Manufacturers of isolating materials, most of which
welcome requesis for informacion and are rrompt to offer
their enginesring services if reqguired have been listed

bzlow withh their addresses:

American Felt Company =-- Glenville, Conn,

L. N. Barry Co. lnc., (Rubber Products), Cambridge, Mass,

Electron Corp., (confined air column), Freevort, New York.

Fabreeka Products Company (rusber and cotton duck pads),
Boston, Mass,

Felter Company, Inc., (felt), Boston, Mass,

Firestons Industrial Product Co., (rucbsr), Akron, Chio,

International Balsa Corp., (Balsa) Jerssy City, N. J.

B. F. Goodrich Company, (isolators, rubber), Akron, Ohio,

Korfuad Company, Inc., (isolation), Lonz Island, N, Y..

lord Manufacturinz Company, Erie, Pa,

MB Manufacturinz Company, New Haven, Conn,

U. S. Rubber Co,, Meck Goods Division, New York, N. Y,
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