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Principles of Foundation De&gn for
- Engines and Compressors

By W. K. NEWCOMB,! PAINTED POST, N. Y. .

This paper discusses the elastic character of the ground
and shows that foundations for reciprocating machinescan
be treated as spring-supported masses, the machine
and foundation representing the mass, and the ground
the spring. Such elastic systems have natural periods of
vibration; if the frequency of unbalanced inertia or other
exciting force is near the natural frequency of the founda-
tion, resonance will occur producing excessive vibration.
Examples of this phenomenon.are given and tests on foun-
dations having resonance are described. Also, the nature
of inertia forces found in reciprocating machines is ex-
plained. Examples of good and bad foundation design

are shown and a rational method for foundation desxgn in

éutlined.
’ ’ InraopUCTION
HIS peper is an attempt to rationslize foundation design.

It is written by s designer and builder of reciprocating
machines, one not in- the foundation busineas, -and it

thereforé reflects the obeervations of a mechanical engineer

rather than a civil engineer or expert on soil mechanics.

" Foundations for reciprocating machines differ from foundations
for buildings or similar structures since dynamic rather than
static Joads are involved. With a static load, only, the bearing
eapacity of the soil need be considered, and there are various well-
known rules to follow. With a dynamic load, however, these
rules do not apply, since the frequency of the forces and danger
of resonance with attendant excessive vibration must govern
foundation design.

Erastic CaaracTER OF GROUND

Although pound characteristics and subsoil elasticity have
been discussed or mentioned in engineering literature (1, 2, 3, 4,
and others)? from time to time, their relationship to the prin-
ciples of foundation demign has not been emphasized adequately
por thoroughly understood. As s result, the elastic character of

the ground is mot always recognized. The following examplea )

show this characteristic:

An oilstorage tank was observed to settle when filled and rise
10 its original position when emptied. The test was made with a
transit and repested several times with the same resuits. There
was & definite relation between ioad and deflection wlnch is typi-
eal of elastic materials. ’

The elastic character of the ground is also shown by a soil-
deflection test at another sits. A loading platform with 2 sq ft
bearing area was loaded gradually.

r—

1 Mechanical Engineer, Ingersoll-Rand. Company. Mem. ASME.

# Numbers in parenthescs refer to the Bibliography at the end of the
paper.

Contributed by the Oil and Gas Power Division and presented
st the Oil and Gas Power Conierence, Baitimore, Md., June 12-18,
1950, of TeE AMERICAN SOCIETY OF MECHANICAL Exonn::u.

Nore: Ststemsnts and opinions advmnced in papers are to be
_ understood ss individual expressions of their authors and not those of

the Society. Manuscript receivea at ASME Headquarters, March
20, 1950. Paper No. 50—OGP-S5.

" gor resulting from this acceleration and deceleration.

The defiections obtained ~

. ®

are plotted in Fig. 1, curve AB. With 1500 ib per sq ft load,
the deflection B, was 0.30 in. This load was masintained for 72
br and no further deflection took place. Then the load was re-
moved quickly, and the deflection changed to 0.25 in., C. The
load was Applied quickly, and the deflection went to 0.305 in., D,
which is very close to the original deflection, B. The line BC
therefore represents the load-deflection characteristics of this

ground.
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Because of this elastic nature of the ground the foundation
and aubsoil form an elastic system consisting of a mass (founda-
tion block and machine) supported by a spring (subsoil). If
such an elastic system is excited by periodic forces having a fre-

. quency near the natural frequency? of the elastic system, reso-

nance will occur producing excessive vibration.

Fonces AcTING ON FOUNDATIONS

It is not always possible to obtain perfect balance in recipro-
cating machines and, as a result, unbslanced periodic forces may
exist. These forces are caused by acoeleration and deceleration
of the piston or other reciprocating parts. Also, centrifugal
forces and torque reactions are sometimes factors. Fig, 2 shows
the inertia forces in a typical single-cylinder engine or compres-
At top
dead denter (in a vertical machine), the acceleration and resuit-
ing inertia force are maximum in the direction away from the
erank. - At bottom center they are maximum in the opposite

. direction.

 Thia inertia force F, which acta along the axis of piston or
crosshead as shown in Fig. 2(a), can be expreased mathematically
as & Fourier series* as follows '

Fa 00000284WRN’(0030+A00920+B¢0:40+0003 ;

(.7 I S T ¢ 1|

3 Natural freguency, the frequency at which an elastic system tends
to vibrate after being displaced from the equilibrium position and
released.

¢ Reference (5) and other texts on engine dynumu
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where

F = inertia force,lb . ) -
@ = position of crank in degrees after top or outer dead
: center
W = weight of reciprocating parts, Ib
" N == speed, rpm
L = length of connecting rod, in.
. R = crank radius, in. - E
A, B, C = constants determined by L/R ratio. When L/R =
4, A = 025402, B = —0.00409, C = 0.00007

Equation {1]is also written
F = 0.0000284 WRN* K........... ....02]

K is called the inertia force (acceleration) factor and represents
the terms in parentheses in Equation (1]. Valuesof K for-differ-
ent L/R ratios are found in most mechanical-engineering hand-
books. - :

The inertia force F is represented graphically in Fig. 2(b),
where K ia plotted against crank angle. Note at outer dead
eenter (§ = 0) that X is maximum having a value of 1.250
(when L/R = 4). As the crank rotates, K decreases to zero,
then becomes negative, reaching a maximum negative value of
—0.750 at bottom dead center (§ = 180°). When K is positive,

the inertia force F acts away from the crankshaft; when nega-

tive it acts toward the crankshaft.

Examination of Equation [1] or [2] shows that the inertia
force F varies directly with the reciprocating weight, directly
with the stroke (or crank radius) and with the square of the
speed. ’ )

The first term of the part of the equation in parentheses, that s,
“eos 6,” Equation. [1], represents the “primary’’ inertia force
which has one complete cycle per revelution of the crankshaft as

shown in Fig. 2(c). The second term, “‘A cos 26, represents the ’

“gacondary” inertis force and is much smaller; it has two com-
plete cycles per revolution, Fig. 2(d). The next term is the fourth
order with four cycles per revoiution, but it is very smali and is
usually neglected. There are also 6th, 8th, and higher orders,
but they are likewise very small and can be negleeted. For
foundation design we need only consider the primary and second-
ary forces, and the simplified approximate form of the inertia-
force equation is generally used.

Here the inertia foroe F is expressed as

F. = 0.0000284 WRN’(eoa 6+ %cos 20) ....... 81

The primary inertia force F’ and secondary inertia force F°!
become .

P’ = 0.0000284 WRN*co8 0...............[4]

F* = 0.0000284 WRN*%oouzo.........;...(sl

The primary and secondary forces having different frequencies
have different effects on vibration and must be dealt with in-
dividually. Since they vary sinusoidally, the maximum values
are used for foundation and vibration calculations. The maxima

.occur when cos § = 1 and cos 20 = 1, and the primary and sec-
ondary forces then become .

Primary, F'max = 0.0000284 WRN-.........'.[e] _
Secondary, F'amax = l—;F’..............;.-......[ﬂ

In single-crank machines both primary and secondary ineftis

- forces are unbalanced. With two cranks at 180 deg the primary

force of one crank is opposed to the primary force of the other
crank and completely balances it if the reciprocating weights of
the two cylinders are the same. The resultant primary force
will then be zero. However, the secondary forces act in the same

. direction and add. With two cranks at 90 deg, the secondaries

are’ balanced and primaries partly balanced. With 3 or more
equally spaced cranks, both primary and secondary forces are
balanced. However, while the forces may be balanced, couples
can be produced by the forces acting along the axes of the dif~

TABLE 1 UNBALANCED INERTIA FORCES ANf) COUPLES FOR
DIFFERENT CRANK ARRANGEMENTS

CRANK  ARRANGEMENTS FORCES 1 COPLES
PRIMARY [SECONDARYl PRIMARY _ SECONDARY]
SINGLE CRANK j ¥ wimwouT
: l: , F oM NG
asF’ wimn
TWO CRANKS AT 180° Fb WITHOUT
. COUNTLRAWTS,
IN LINE CYLINDERS .+ l;@ R0 1l ?m NONE
OPPOSED CYUNCERS u:_é—l] 2em0 =0 NiL "
TWO CRANKS AT 90° i F witiout bo7f D winouT|
COUNTERWTS. :
, e . o
0T07F wWith D3seF 0 WITH
COUNTERW TS,
TWO CYLINDERS ON ONE CRANK ' wrhouT
: wr L "
CYLINDERS AT 90° - v RO WiTH
—
TWO CYLINDERS ON ONE CRANK 2 whouT - .
OPPOSED CYLINDERS u:—:a'—ﬂ £ wirn o -
THREE CRANKS AT 120° : laasFg wrrrouT
» . pani dniliiees
: =0 0 340FD
L o3F’D wiTH
- COUNTERWTS.
- [FOUR CYLINDERS - A
) = zem0 «F° o oo
CRANKS AT 180" { _rlL.
. 14FD wrmouT|
CRANKS AT 90° --l‘[l..| — | o 40F
I + aro7F o wiTH
el COUNTERWTS.
SX CYLINDERS ] I . .
F’2 PRMARY T ERTA FORCE IN LBS.
F’ 20000264 RNZW
F'z SECONOARY INERTIA FORCE IN LBS.
A
R = CRAMK RADIUS, INCHES
N=RPM.
W=RECPROCATING WEIGHT OF ONE CYLINDER, LBS
L = LENGTH OF CONNECTING ROD , INCHES
Q=CYLINDER CENTER DISTANCE
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ferent cylinders. Table 1 ahows unbalancéd forces and eouplea
ehtained with some common crank arrangementa.

Resonance IN FounpaTIONs

Since the foundation is an elastic system, these periodic forces
{and to a lesser extent the couples) tend to induce vibration.
if the frequency of the exciting force is near the natural fre-
queoey of the foundation, resonance will occur and may cause
excessive vibration.

Fig. 3 shows s gas-engine-driven compressor foundation having
vesonance within the operating speed range. While adequate
ouncrete yardage was used (four times that generally necessary
for 3 machine of this type), it was not placed effectively. The
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ground was soft, and:the result was excessive vibration. Vibra-
tion measurements showed that the fouidation rocked back and
forth about an axis slightly below the base as marked in Fig. 3.
This movement was caused by horizontal secondary forces in the

eompressor.

The horizontal movement at top of the foundation is plotted .
in Fig. 4 Nots that at 354 rpm the amplitude of vibration is '

0.0045 in. -As the speed- decreases the amplitude increases,
reaching a maximum of 0.016 in. at 236 rpm, although the inertia
force {which waries as the square of the speed) is 56 per cent
fess than at 354 rpm.  Below 236 rpm the ampiitude drops off
sharply. In this particular machine the unbalanced force was
. 10,800 Ib (sevoudary) at 354 rpm, and 4800 Ib at 236 rpm.

The vibration peaking in this manner is typical of an elastic
system. As there were two complete vibrations per revolution

e

due to unbalanced secondary forces, the natural frequency is
472, the vibrations per minute occurring at 236 rpm, the resonant
speed.

An engine or eompresso. foundation can be represented graphi-
cally as a spring-supported mass with a dashpot to provide damp-
ing as shown in Fig. 5. When the niass, spring characteristics,
and damping are known,also the magnitude and frequency of the
exciting force, the amplitude of the resulting vibration can be
determined.

‘ USE SCALE
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. Fla. 6 ViBraTION-RxsoNaNce CurvEs

Fig. 6 shows typical resonance curves for the elastic system
represented in Fig. 5. Here “amplitude ratio” is plotted against
“frequency ratio” for different damping factors.* Note that

w/w,?

'\fl ~ @)t + (2 ¢ wfeo)?
ceeen i8]

Amplitude ratio,?

eesesensssseesseranns

-
a

when -

Y= actual amplitude
"¢ = free amplitude, the amplitude with which the ‘oundatlon
mass would vibrate if it were not restrained
¢ = damping factor, viscous damping assumed
w = frequency of exciting force
W, ™ natural frequency of foundation

Free amplitude, r = 35200 F’/Ww’ 1 VO ..[191
s Damping is the reduction in amphtude of vibration due to frie-
tion or vmcosxty. ete. Viscous damping is assumed where the damp-
mg is proport:bnai to the asguare of tug velocity (U). Fithen the
damping i3 suficient to just prevent vibration, ¢ = 1. When ¢ =
0. the amplitude of vibration at resonance pecomes infinite.
¢ Reference (7) and other texts on vibration.
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where .

F = maximum value of primary or secondary inertia force,
* whichever is being considered, 1b

W « gombined weight of foundation and machine, Ib

@ = Ssaquency of inertia force F, in cycles per min (cpm)

An emsmination of Fig. 6 shows the amplitude ratio is
sero, svham the frequency ratio is tero, which means there is no
vibratiom wihen the machine is standing still. Then, as the speed
of the mmchine and frequency and magnitude of the exciting
forcemwe jmrreased, the amplitude increases, reaching a maximum
at ormear ghe frequency ratio of 1 (for the smaller damping fac-
tors mchas ¢ = 0.25 or less).
forceds immesonance with the natural frequency of the foundation.
At highmregpeeds the amplitude falls off and approaches the free

_smpiafle. Let us sece how these resonance curves can be ap-

plied @ dfferent types of foundations.
Thews ame two general types of foundations; (a) the resiliently
moushell Ssundation supported on springs, rubber, cork or felt,

.ete., safl, () the conventional concrete foundation poured .
diredy am the ground. with or without piling. While this paper.

maindy dmmls with the second type, it may be of interest to point
out sssmedifierences between them 80 a8 to emphasize the char-
actetistmm of the latter. To be effective, the resilient founda-
tionsamat have a natural frequency well below the frequency of
anyemmifimg force so that the frequency ratio is 2 or 3.7 On the
other'bmndd, it is desirable that the conventional foundation have a
freqmenny ratio of 0.5 or less to avoid excessive vibration.

. Dampimg factors of soil ¢, vary widely, an average value (1)
being®M38. However, thé foundation in Fig. 3 had a damping
factawrswes= 0.082, which is unusually low and was a result of the
rockimgaetion displacing little of the ground. The vibration
mesmmements of this foundation are plotted in Fig. 6, curve A,
showing that the actual performance agrees with vibration the-
ory.. Pmrtunately, it is not necessary to know the damping fac-
toroff e s0il because in a good foundation the frequency ratio
is O =r Jess. Note that the damping has little efiect on the
ampitmlle in this part of the resonance curve, and if neglected
theasswr-will be small and on the safe side. Thus, to predict the
perfersmmmoe of a foundation it is necessary to know only the
“fren @mplitude,” “natural frequency,” and the “magnitude”
and“Smguency”’ of the “‘exciting: forces.” .~

v
_ ArrecTIvGg NATURAL FREQUENCYOF A Fotmm’nox

fhemry a foundation can have six degrees of freedom. That
is, Rsmmy vibrate in six different ways as shown in Fig. 7, or a
combimmtion of them. However, in the actual foundation the
moweammt is generally either horizontal or vertical, depending on
whink Seroe predominates or is near resonance. The horizontal

——————
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At thisspeed the periodic exciting -

-natural frequencies for two different soils are given.

natural fmquency is usually the same as the vertical natural fre-
quency. The natural frequency in rocking is influenced by the
dimensions of the foundation. For shallow foundations the
rocking natural frequency will be very nearly the same as
the vertical natural frequency. For high foundations (also deep
foundations) it will be much lower. The approximate natural
frequency of a foundation can be determined from the static
deflection as described later in Equation [10] or expressed in

terms of soil-bearing pressure as shown in Fig. 8% Hoere the
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Note
that the softer ground has the lower natural frequency. The
graph also shows how the natural frequency is afiected by soil
loading; the lower the soil bearing pressure, the higher the
natural frequency. This fact provides 8 means for controlling
the natural frequency. If the natural frequency of a proposed
foundation is too low, it can be raised, within limits, by reducing
the soil bearing pressure. This improvement can be accom-
lished by spreading the foundation or placmg the foundation

- block on a mat.

Fig. 9 is an example ofy raising the natural frequency of a
foundation by extending the base. This foundation is the same
one shown in Fig. 3, but a reinforced mat, 2 ft thick, was added
to tie to another foundation on one side. This change raised the
resonant peak (w/w, = 1) from 238 rpm, curve A, to 346 rpm,
and substantially reduced the amplitude as shown in curve B.
The new natural frequency is 692 vibrations per min and is a big
improvement over the original foundation.? Curve A (same as
Fig. 4), shows smphtude of the original foundation for compari-
son.

8 Fig. 8, while empirical, is based on published data on soils. The
upper ends of the curves, where the soil bearing pressure is high, ap-
proach the natural frequencies calculated from static detlection (1).

The lower enda of -the curves where the #oil bearing pressure is low,. - ~ ‘

approach the natural frequency of the ground determined by vibra-
tor tests, such as (2). Thus it takes into account the fact that the
ground acts like a spring having appreciable mass. Reference (4)
gives additional information on natural frequency of foundations.

? The shape of the rasonance curves in this teat indicates sub-
stantially linear soi-deflection characteristics alihough other “in-
vestigsr.on (3) find noniinearity. This difference may be the result
of sise or shape of foundation or magnitude of deflection of the soil.
The broken line in curve B is superimposed vibration about another
axis.
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The revised foundation was satisfactory for all speeds up to
800 rpm.  Furtber improvement could be obtained by extend-
ing the base on the other side. Curve C, Fig. 9, shows results ex-
pected if the foundation had been placed originally on an ade-
quats mat, 20 as to provide a lower soil bearing pressure and ob-
tain a higher natural frequency.

Fig. 10 shows an example of resonance in & compressor founda-
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The effect of soft and firm ground under identical foundations
is shown in Fig. 11. Fig. 11(a) shows the results of a vibration
test where a foundation intended for firm ground was placed on

- soft ground. Here the natural frequency was too low, producing

resonance and excessive vibration at 434 rpm. In Fig, 11(), the
engine and foundation were exact duplicates, but the ground was
firm. A much higher natural freqiency (beyond the range of
the test) was obtained and vibration was pil.

The desirability of low soil loadings for soft ground, such as wet
sand and clay, cannot be overemphasized. A common mistake
in the design of engine and compressor foundation is to follow the
soil bearing pressures allowed by building codes such as Table 2.
These 80il bearing pressures are much too high for dynamic loads.
Soft clay or wet sand, for instance, is considered suitable for 2000
Ib per &q ft under building footings, but an engine or compres-
sor foundation on this soil and with this bearing load will have a
natural frequency of 490 vibrations per min (from Fig. 8), which
is suitable only for a low-speed machine,

TABLE 2 EXAMPLES OF ALLOWABLE S8OIL BEARING PRES-
URES FOR BTATIC LOADS

Lb per sq ft
Quicksand or alluvial sod 1000
Boft clay, sand, loam, silt 2000
Firm ohy. sand and clay. ... 4000
c:rd clay.. 3 end e g 8000
mpact sand an Vi 8000
y o 8000

e and bard pan............. 1
k 20000 and higher -

Nors: * For dynamic loads only a fraction of these soil bearing pressures

................................

_ cn be used depending on frequency of forces pruem.

The fac; that high or deep foundations have a lower natural
frequency in rocking than shallow foundations has already been
mentioned. A comparison of typical shallow and high founda-
tions shows that the natural frequency of the latter may be
reduced to one half, unless special precautions are taken. When
necessary to install engines or compressors on high foundations
s mat should be used to iower the soil loading and raise the natural

" frequency. The block on which the machine rests can be rela-

tively small, the only requirement being that it is sufficiently
strong and rigid to provide adequate support and maintain
proper alignment of the machine snd trammmit:the vibration
forces to the mat. .

Pruxe
When poor -oll is encountered, piling is often desirable, Tt is

r-bryond the scope of this paper to discuss the detailed use of

pilos as this subject belongs to the foundation specialist. How-
ever, piles properly used will raise the natural frequency of the
foundation, especially the vertical natural frequency if driven to
firm ground, When substantial horizontal inertia forces are
encountered and piling i3 necessary, the use of batter piles is
important to keep the natural frequency bigh. A foundation
supported on piles should always be checked for natural fre-

" quency on the assumption that the earth may shrink away leav-

ing the foundation supported on columns. This can be done by
determining the “static deflection’ caused by & horizontal force
equal to the total weight of the foundation and machine. There

-i8 & convenient relstion between the static deflection and the

natural frequency as follow:

where

@» = natural frequency, vibrations per min
8 o= static deflection, in.
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Manufacturers’ foundation drawings show foundations suita-
ble for firm soils such as well-cemented sand and gravel or hard
¢lay. When softer ground is encountered, additional precautions
must be taken. Many foundation problems can be solved by
placing the foundation block on a mat, the size of which is deter-
mined by the magnitude and frequency of the unbalanced forces
and the character of the ground. In other cases piling can be
used effectively. It is good practice to refer the design of all
special foundations to a foundauon expert, one familiar mth soil

dypamics. -

In designing the foundation for an engine or oompmssor, or-

any machine having periodic forces, the procedure to follow

-should be:

1 Determine the magnitude and frequency of the unbal-
anced forces. This information is generally supplied. by the
manufacturer of the machine, The frequency of the unbalanced

foroes establishes what the natural frequency of the foundation-

must be to avoid resonance and obtain 4 vibrationless installa-
tion. ‘The natural frequency should be at least twice the fre-
quency of any substantial unbalanced force. Expressing it an-
ather way, the frequency ratio should be less than 0.5.

9 Determine the character of the aoil by borings, deflection
tests, and, if possible, dynamic tests (2,3, 6). The maximum al-

lowable bearing pressure required to obtain the natural frequeney

found in item 1 can be developed from these data or an approxi-
mate value can be read directly from Fig. 8.
8 Pick off the amplitude ratio from ¥ig. 6.

4 Assuming some allowable amplitude of vibration such as .

0.002 in., determine the free amplitude.
5 Knowing the magnitude and frequency of the unbal-

~anced force, item 1, and the free amplitude, item 4, the total
mass of the machine and foundation can be found. But the

foundation .must be proportioned 8o a3 not to exceed the maxi-

" mum allowable soil bearing pressure determined in item 2.

Tn IpeaL FounpaTioN

Fig. 13 shows examples of good and bad foundation design.
Avoid high or deep foundations. If the latier type must be used
be sure to provide a generous mat. The ideal foundation is
shallow (but sufficiently rigid to maintain alignment) and is

spread out to obtain a low soil bearing pressure and place a farge -
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surface in contaot with the ground This construction insures a
high natural frequency wbich is necessary for vibrationless
operation. .
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App_endix
IneTRUMENTS UsED TO MEASURE VisRATION

The vibration tests described in this paper were made with the
Type 761A vibration meter and Type 762B vibration analyser
made by the General Radio Company, Cambridge, Mass, These
instruments are inertis-operated crystal type and measurs the
root-mean-square (rms) amplitude which is plotted in the difer-
ent illustrations, The maximum amplitude from the mean
position is 1.414 times the rms amplitude, while the total over-all
displacement (sometimes called double amplitude) is 2.828 times
the rms ampiitude.

. The test, shown in Fig, 10, was made with the foregoing vibra-
tion-measuring instruments and recorded with a Brush Develop-
ment Company oscillograph.



