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CERTAIN PROBLEMS OF THE COMPLEX MODULUS OF A FOUNDATION
UNDER DYNAMIC ‘LOADING*

Pan Fu-yee

Abstract: The present paper presents certain research results on
.detenninatipﬁ of the complex elastic modull of foundations consisting
of loess, a §add‘base layer and fill. The éffect of the base layer mat
be taken into account in determining the complex elastic moduli of a
stratified foundation; approximate formulas are also proposed to allow
for the area of the foundation and the effect éf'pressune; whén a weax
foundation is reinforced with a sand footing, there is a marked in-
¢réase in its complex modulus. The complex modulug of a fill foundation
is lower than that of the same type of earth in its natural state.

In modern design for dynami¢ machine foundations, the choice of
complex modulus 1s based on the admissiblé-compressive~strength of the
soil .and is generally in compliance with the recommendations of the
USSR Technical Specifications for Dynamic Design. of Machinery Foundas
tions (SN-18;58), However, since the effécts of foundation area, spici-
fic pressure and the footing layer on the specific elastic piroperties
of the foundation are ‘touched upon ohnly briefly, several problems are
still encountered in practical design work. In view of this state of
affairs, the author has made an initial experimental study of the com-
plex modulus for foundations consisting of loess, sand footing «nd ar-
tificial fill, using the approach in ‘which Covand DO are determined
with a heavy-machinery compression model in accordance with the recom-~

mehdations of the Soviet All-Union Scientific Research Institute for
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Waterworks and Sanitary Engineering. Comments pertaining to the con-
tents. of thi§ paper will bé appreciated.
T. DETERMINATION OF COMPLEX MODULUS OF LOESS’FQUNDATION

0.4A. Savinov proposed the following working formulas for calcula-
tion .of the isotropic-compression elastic modulus=Cz, the anisotropic-

compression modulus Cf and the isotropic sheer modulus Gx):
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where p is the unit static pressure transmitted from the machine base
to the foundation (in tons/ﬁe); A is the specific modulus of the ‘founda-
fion, which is independent of the dimensions of the foundation base
(m™1), €, and D, are the specific moduli of the foundation, ihdependent
of the sizerf the foundation. base, at p = P (tons/m3), and a and b
are the dimensions of the foqndation‘base;ip‘is the side length of the
rotation plane perpendicular to the foundationv(m).

In order to use the above formula, we must first determine CO and
DC‘ The autnor used the heavy-machinery compressiOn model* foyr experi-
mental field -determination of these quantities; the ground of the ex-
perimental area was mainly an alluvial deposit of loess classified as
large-pored type III settling soil with .a low ground-water content;
four levels can be distinguished in. the ground, .and these have the phys-
ical properties listed in Table l..

So that the results obtained would be a faithful reflection of
the conditions in a real foundation, the experiment was conducted in

a test ditch whose depth was increased progressively;’while its width

wes three times that -of the compression-model baseplate to eliminate
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the influence of the lateral §c0il on the vibratvion of the model. The
model was mounted in the middle of the ditch and its frequency measured
after it had been set into vibration by the impact of a 300-kg wooden
weight the bottom of which ﬁas encased in steel plate.¥

Under vertical impact, the ahgular frequency of free vibration of

the impression model was

dmanf, -J-E"':?o '«(32 )

where F 1s the surface ‘area of the base of the compression model (m2),
n is the mas of the model (ton-sec®/m) and £, 1s the vertical free-

vibration frequéncy as measured on the compression mcdel (vibrations/

/sec).
TABLE 1
Physicomechanical Properites of the Various Soil Layers
_ e 10 1 12
Y Swem | e lmmajime] e [ mm [ [ mu |5 oo | oamp
2+ m w8 [mmjwm| S| | 78] g[|mm ?,},g(,,“
X I X | 7% |OX| & | w | win | e |BF) u‘
4%31.1’:%; *tf"ue. auwm, % | 16.0] 156 45.0 ’i’.d‘:, 9| 1.5 2.7) 128 oesa| 2.
igss 3 g ‘
2liminmnt, . ow, | 125k ] «0] 1.0s].28.8] 10,4 27| 109 0047 2
ﬂ’a-.nn»§’° "l | ’ \ ‘ i
SISRMEREML, FM—WA, W | 10,0 i.51] 41.s| 1.00) 2.8 10.00° 2.7 |'10.8] 0.087| 2
i WomE-N, N2x SR B N
41 GMERINE, RRA, MW— | 19,5 158 47.5] 1,00 268} -18.8) 27| 112 o000 2
AP N, ME—-AE, W10 1T

1) Sequence of layers; 2) description; 3) natural moisture; 4) bulk
densityj 5) degree of saturation; 6) porosity ratlo; 7) flow stress;
8) plastic limit; 9) specific gravity; 10) plasticity index; 11) com-
pression coefficient (1-3 pages); 12) ground resistance (kilograms/
/cm2); 15) artificial soil, stiaw-colored, containing flecks of red
brick, approxitiately 0.5 mj; 14) loess-like clay, straw-cclored, medium
packed, slightiy wet, about 1 m deep; 15) loess-like clay, straw-tc
brown-colored, loosely packed, slightly wet to wet, about 2 m deep;
16) loess-ltke clay, 'straw-colored, logse to medium packing, slightly
wet to very wet, about .10 m deep.

The value of'CZ under these conditions may be found by substituting
the specific geometrical values ard the vertical free vibratiori fre-

quency thus obtained into Formula -(2).
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For horizontal impact, the angular frequency of the vertical free

vibrations is

i=dLpt e y-v@ oA . (3)
where
CzJ
5L et

J 18 the moment of inertia -of the bottom surface of the compression
model (mu), ® is the rotational inertia of the compression model about
the horizontal .axis passing through the center of gravity of the lower
surface of the model (tonSam-sedz), and 90 is the rotational inertia
of the concussion model about the axis passing through its center of
gravity (tbnﬁ;masecz).

Substituting the measured free-vibration frequencies of the com-
pression model &t the top d4nd bottom of the test ditch in Egq. (3) and
solving the simultanecus equations, we obtain the values of C, and C,
for the operation of the compreéssion model.

When the unit static pressure transmitted from the compression
model to the foundation p = O;2'kg/cm2, or p = p,y, Eq. (1) becomes
gaq:1+ig?l} }

c,;‘c.tx-r’;‘?}")’ S (4)

comnif 1+ X5EL ],
] - py
Substituting the geqmetrical dimensions of the compression model

and the values of C,, Cp and C, under its influence into Eq. (&), we

obtailn the values of Cb and Do, which represent the elastic character-

istics of the foundation. Thus,

(5)

e Ps)
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The free-vibration frequency measured in the experimental ground
and the values .of Cz’ CO and Cf calculated from them are listed in
Table 2, while the ‘data from several variations of the experiment are
compared in Table 3.

TABLE 2

Experimental Values of Free Vibration #requencies oi Cumpres-
sion Model on Loess

g%l 3 K % W m Cf: DG D% pCe
B , [ (%/9) i/ | (/%) | (/)
1, | ~0.6RRZEMXL(RMERR1/W) E = 33.00 15 JEERIT: 16,260
1| -GERRZXMRL(RRERE2MN) F | 990 | 1t | .6 | 2,90
3 | ~0.6RRZXMRL(RRENATING) G 37.% | 1050 | 1.0 | 20,900
¢ | ~LSRRZERRLRMERR LI H | ases | woes | 1,348 | ge.e9
s -x.s*ﬁz/&xﬁx:t(;!ﬁummmE" Taw | e | e | 20w

Notes: 1. The hand-tamped soil was compacted by hammering
three times with a 40-kg stone hammer Having 'a base area of
28 x 28 cm and dropped from 60 cm.

2, fz is the vertical free wvibration frequency measured with
with®“the compression model.

A) No.; B) conditions in test test trench; C) vibrations)sec; D) tons/
/m3; E) natural loess at —0.6 m (1 hour after setting up cCompression
model); F) naturdl loess at —0.6 m (24 hours after setting up ~ompres-
‘sion model); G) hatural loess at —0.6 m (72 hours after setfting up com-
pression model); H) natural loess at —1.5 m (1 hour after satting up
compression model); I) hand-tamped soil at =1.5 m (1 hour after setting
up compression model).

TABLE 3
Comparison of Data from Variations of the Experiment

R . R ' v ' ] - - - - . N
oF I(PO L Ce 4 C.
" = g % kw3 , 5
1 A o 25 rowan | cowan | * "
6 FENRLRENLEHNER 08| 2 1,69 11,300
T O-ABMBAMNXMERRLRNNKN | 05| 2 | 1,50-2,000 io.oooan.woJ 9'
8 ERBHARSARHEHARK 0.5 : 17,800  |[MKi/20 (/%K)

1) Source of data; 2).m°; 3) ton/m®; 4) ton/mS; 5) remarks; 6) author's
experiment on loess; 7) O.A. Savinov's experiment on naturally moist
loess; 8) USSR Technical Specifications for Dynamic _Design of Machinery
Foundations; ‘9) endurance limit of ground 20 tor 3/me.
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It is evident from Table 2 +that the com-

1 § plex modulus of the foundation varies with
Wgy/fn——if~ﬂa depth in the soil; the deeper the soil layer,
6 »ér the greater the value of this modulus (princi-

I 8 4 & anm2

. pally because of increased compactness of the
Fig. l. Time curves

of the coefficient soll due to the pressure of its own weight;
Cp and C,. 1) Tons/

/n33 2) hours. further, the complex modulus of foundations

consisting of hand-tamped loess is higher than
for natural loess. Thus it becomes obvious
that the féundation complex modulus is to a certain extent dependent
on the elastic modulus. of the soil or, in other words, increasing with
elastic modulus. Further, the time curves of the coefficients Cf and
c, (see Fig. 1), as plotted from Table 2, indicates that the founda-
tion complex modulus measured with the compression model increases with
time to approach a definite limit.

Comparison of the data in Table 3 brings up the following points:
the complex modulus found by the author fgr the loess foundation with
the heavyhmachinery‘compresSion model is basically in agreement with
the experimental results of 0.A. Savinov for loess of natural moisture
content, while the Czevalue determined from the Savinov formula is a
more faithful reflection of the base-area effect and the effect of the
specific pressure of the foundation on its elastic characteristics.

On the other hand, the USSR Technical Specifications for Dynamic De-
sign of Machinery Foundations use the endurance limit of the ground as
a basis for determining the foundation complex modulus and constants
must be used as coefficients 1if the size of the base exceeds 10 'square
meters, In practice, the foundatlon complex moduluis increases with in-
creasing pressure and is a function of the density of soil. Consequent-

ly, the data in the Technical Specifications would .appear to he some-
-6 -
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what incomplete.

II. IETERMINATION OF ISOTROPIC COMPRESSION COMPLEX MODULUS OF A FOUNDA-
TION CONSISTING OF STRATIFIED SOIL LAYERS

At the present time, foundatioms are generally treated as homogen-
eous elastic bodies in designing machinery bases, and the modulus of
the supporting layer of the foundation 1is taken for the entire founda.
tion without special consideration of the footing layer. *s results,
when there are several layers of soil with sharply different properties
in the foundation, the calculated result may not agree with experimen-
tal fact. To investigate the effect of footing layers on the complex
modulus of a foundation, the author conducted experiments using two
kinds of sandy soll with different footing layers. The cross section of
the 2 X 2 X 1,5(h)-meter test trench is shown in Fig. 2. The trench wa.
dug to the predetermined depth, tamped 3 times with a stone hammer
welghing about 4o kg, and its natural vibration frequency measured: by
installing the compression model on top of it; then the compression
model was dismounted, 0.3 m of of sand was shoveled into one ditch and
packed manually, 0.6 m of sawdust was shoveled into the other, and the
above sequence of operations was repeated. The observed results are

presented in Tables 4 and 5 and plotted in Figs. 3 and 4

Y IO . B RASRY
Fig. 2. 1) Sand; 2) loess; 3) soft sawdust.
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TABLE 4

First Set of Observed Free Vibration Frequencies of Compres-
sion Model on Sand Footing (in loess)

1"' i Ll | fo|c|a] ca|co| Dy
< oK ® R ey ks fok fowr Jow | B ] k|
» 3 »)i 3 9| 3 B R0, ROl RD{ o AD{ N/ A)
1| -1, AIHFRL S 37.Sv 27.3| 17.65{11,300 l.ﬁ”’ 9.6 20,90! 1,430
2 | %MB 1 EMMOIRONRATINR O | 330 255 —[8,700] 1,315 9,500 16,25 1,420
3 | HM92 LMANOIRPNBATHR | | 2.9 238 —| 7,70 1,10 8,200 14,200 1,230
‘ aqs:.hnnUo.:*v#lAIf;zB —| 25.3] 17.75] 8,050| 1,205 10,600 14,900, 1,585

Notes: 1. After three tampings with the stone welght describ-
ed in the note to Table 2, the 30 cm of shoveled sand had an

actual measured thickness of 20 cm.
2. faJs are the horizontal free vibration frequencies at the
top and bottom points, as measured on the compression model.

1) No.; 2) test trench; 3) vibration/sec; 4) ton/m35 5) at —=1.5'm, hand-
tamped soil; 6) 0.3 m of sand added to No. 1 above and tamped by hand;
7) 0.3 m of sand shoveled onto No. 2 and hand-tamped; 8) 0.3 m of .sand
shoveled over No. 3 and tamped manually.

TABLE 5

Second Set of Observed Values of Free-Vibration Frequency of
Compression Model on Sand Footing (bottom layer soft sawdust,

with loess beneath it)

Dy

. ' f , 4 cy CO cz C’
1 . 2R % L ® IR TR TR TR CTRCY]
B 3 ¥ u#')(,i*' i*‘ %%, %%
1] ~LSRATHRLERMO.CKNRAN 5 11,62 8.33| 1,09|. 163 129
2| EMB1LERNPOIRENRAINE 6 15.000 =| 18000 271 -
1| E892 LREANDOIRENRAIFR T 1. ~[ 3,125 467 -
4| EEBIERBNPIIRENEAINN 8 | a.% 42| 632 -
1) No.; 2) test trenchy 3) vibration/sec; &) tons/m3;‘5) 0.6 m soft saw-

dust shoveled onto 1,5 m of manually ‘tamped soil; 6) 0.3 m of sand
gshoveled over No. 1 and tamped by hand; 7) 0.3 of sand shoveled over
No. 2 and tamped by hand; 8) 0.3 m of sand shoveled over No. 3 and, tamp-

ed by hand. .
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Fig. 3. Coefficients C,, C, and Fig. 4. Cp and C, as functions

CZ as functions of sand footing

thicknesi (loess bottom layer).
1) ton/m3; 2) cm,

of sand footing layer thickness
(soft sawdust bot.on. layer,
resting on layer of loess).

1) ton/m3; 2) cm.

The above results indicate that the foundation complex moduli e
clearly different for sand footings having the same thickness and pac..-
ed in the same way but with different bottom layers; as the thickness
of the sand footing increases, the two moduli move closer togetilier.
Thus the bottom layer can influence the foundation complex modulus only
to a certain depth., The Polish expert Dr. I. Keéhell suggests that
~/§b should be used for the depth of the compression layer to calculate
the uniform-compression complex modulus of a stratified soil founda-
tion, while b should be used to calculate the isotropic sheer modulus

C,; here b is the length of the short side of ‘the base.

%3

In view of the numerous factors that affect the elastic character-
istics of a foundatlion, our initial hypothesis will embody the assump-
tions that the total elastic displacement of the foundation within a
given compression-layer depth is equal to the sum of the elagtic strains
of the several layers and that the Poisson'!s ratio p is a constant;

then the lsotropic compression complex modulus of the stratified founda-

tion may be obtained from the equation

= 2522, (7)

¥




where EO is the average value of the longitudinal stresses produced
within the compression layer by the vibration of the base (kg/cme), h,
is the thickness of the compression layer (cm), CO is the complex modu-
lus of elasticity of the foundation within the limits of the compression
layer (kg/cmz), which depends only on the properties of the ground, n
is the number of foundation layers within the compression layer, 51 is
the average value of the longitudinal stresses produced in the 1ith
layer by the vibration of the base (kg/bmg), h; is the thickness of the
ith layer (cm), and C, 1is the modulus of elasticity of the ith layer of
the foundation (kg/bm3), which depends only on the properties of that
layer of soil and is independent of the thickness of that layer and
other factors, such as the dimensions of the base.

Let the stress distribution in the com-

pression layer be triangular; then

RS
1= A - R,
" N where Py is the longitudinal stress at the up-

per surface of the 1ith layer.
Substituting the above into Eg. (7), we

obtain

pabe " (Gt pra by 8
ot zy;;&gh. (8)
From the similar triangles in Fig. 5, we have
R P
» e ‘Z‘M. (9)

On substitution of Egq. (9) into (8),

" (m+3 X a)h
E= B (20)

~ 10 -




TABLE ©
Comparison of Theoretical Calculation with Observed Results

2 C C, = -
L& mow o m |2%FzOGE ) xwzow 5 x
Sy L 3 Ry %)
6 Mee T R X T | sw R
" med ' 760 | . 7,700 0.7
Ree . 6™ 3,050 . 3.7

Notes: 1. Data used in calculatlions: thickness of compression
layer M=ygxo.met meter; C, = 11,300 tons/m3 for loess; c, =

6480 tons/h3 for sand.
2. See Table 4 for observed value.

1) Condition of soil layers; 2) calculated C,s 3) tons/m3, 4) observe:
value of C,; 5) difference; 6) Fig.

'To ¢heck the validity of Formula (10), we make a comparison in
Table 6 and Fig. 7 between the experimental results and the calculated
figures obtained by the formula for sand footing layers of different
thicknesses laid over loess (Fig. 6).

The comparison shows that the isotropic compression complex modu-
lus of the foundation as calculated from Eqm (10), comes-quite close to
the experimental result in the case of a layered foundation. Formula
(10) especially reflects the effects of bottom layers with different
moduli. and is even more suitable for practical situations than the de-
sign procedure presently in use. However, the test area had only loess,
so the factors. considered hgfe may not be all-embracing, and the gener-

al validity of the formula would require further investigation.

- 11 -




Fig. 6. Working diagram of sand Fig. 7. Coefficient C, a5 a
footings having different thick-

nesses. 1) Sand; 2) loess. function of sand-footing thick-

ness (loess bottom layer).
1) tons/m3; 2) observed value;
L) cm,

I1I. THE PROBLEM OF REINFORCING WEAK FOUNDATIONS BY USE OF SAND FOOT-
INGS

It is a well~-known fact that soft or highly nonuniform soile are
not suitable for use as natural machine foundations. Congsequently when
the soil below the machine base does not possess sufficient strength
and it is not economical to deepen the foundation, the foundation must
be réinforced artificially. B '

One of the methods of strengthening a foundation artificially is
0 use a sand footing layer. It is seen from Fig. U4 that a sand foot-
ing layer less than one-third of the thickness of the compression model
vaseplate increases the isotropic compressive modulus Cz cf the founda-
tion by 66%. On the other ‘hand, since the water content of the sand
has only slight influence on its elasticity properties, reinforcement
o' weak solls with sand footings will produce good results for weak
machine foundatiocns (especially when the depth of weak material replaced
is not large). The effect becomes the more conspicuous the weaker the
soil layer replaced.

In the case of drop-hammer foundations, the vibrational accelera-
tion is too large (usually in excess of 1g) to permit the use of sand

footings.




IV. CONSTRUCTION OF DYNAMIC MACHINE FOUNDATIONS WITH MANUAL REF1IL
Construction of dynamic machine foundations with manual refill is
a rather complicated problem, not only because of the soil water con-
tent, but also because of its porosity. Experiments were conducted with
manual refill (refilling with the original soil) in order to gain some
basic understanding of the problem. The experimental trench was dug in
deeper loess (see Fig. 8); the soil-layer structure and physical prop-
erties are indicated in Table 1, and the ditch dimensions and tamping
procedures were the same as before. The results of the experiments are

-shown in Table 7.

TABLE 7

Observed Natural Vibration Frequencies of Compression Mcdel on
Refill

u 5 AR N3 Dy
Al B % W B o kx ks oD D

L ol W B ),Dsm(*' (u/i')(u/mm/*')

' 1| ~1SRRXEMRE F 33,45 2.6 ~{ 9.000] 1,345 9,000 16,6%] 1,408

2| S LSREEMRLMEAIFK F 35.50]  —| 16.55/10,130] 1:520] - 7,000) 18,800 1,170
3 |-ERS2 LAN0.RMREHEFR G 32000 225  —| 8,300 1,202) 6,100 15,3%] o1
4 | RS I LAANOIRMRENNFR H | 32000 ~| =825 1,205 15,2% -~
S | #EO4LRANOIKMRINESR T |31.% 2.6) — 8,200 1,28 6,200 15,190 940

A) No.; B) test trench conditions; C) vibrations/sec; D) ton/
/m3; 3 natural loess at —1.5 m; F) natural loess at —-1.5m
with manual tamping; G) 0.3 m of £i1l1l shoveled over No. 2 and
tamped; H) another 0.3 m of fill shoveled over No. 3 and tamp-
ed; I) another 0,3 m of fill shoveled over No. U4 and tamped.

Table 7 indicates that loess refill foundations have isotopic com-
pression modulli and anisotropic compression modull slightly lower than
those of natural foundations composed of the same soil.

It is also seen from Fig., 9 that the complex foundation modulus
.approaches a definite limit as the fill depth increases,

It is also known from experimént that the complex modulus of a re-

- 13 =
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£i11l foundation depends heavily on the tamped mess, which is closely re-
lated to water content, so that the latter must be strictly controlled
and the layer tamped indlvidually during refilling and compacting. When-
ever the fill contains large quantities of organic matter and rubble,

it should not be used for dynamic machinery foundation building.

. -
| REM ¢ '1 —:e‘
. = -l
oo i (1]
' iansna 2 B @ kab
Fig. 8. 1) Fill; 2) loess. Fig. 9. Coefficients C., C, and

C as a function of artiflcla]

refill thickness. 1) tons/m3;
2) cm,

V. CONCLUSION

1. The advantage of reinforcing weak soils with sand footings is
quite striking when dynamic machinery foundations are built on soft
soils (except in the case of the drop-hamher foundation).

2. The influence of the underlying strata on the foundation com-
slex modulus must be taken into consideration in the compression zone
if these layers are stratifiied. We suggest here that the isotropic com-
pression modulus of the foundation be obtained in accordance with the
magnitude of the external loads, the depth of the compressed layer, the
complex foundation moduli for the various soil layers and the thickness-
es of these layers.

3. An artificial-refill foundation composed of loess has isotropic
compression and anisotropic compression moduli glightly lower than
those of a natural foundation composed of the same soll type (with the
tamping conditions used in this study).

- 1 -
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4, The foundation complex modulus varies with depth in the scil,

increasing with increasing depth.

5. Measured with a compression model, the complex foundation modu- .

lus increases gradually with time, approaching a definite limit.A

1.

2.
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Page’
‘No.
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[Footnotes]

Comrades Men Fung-nin, Chan Chuan and Liu Dao-~shun also pai-
ticipated in the -experiment work for the present study.

See ‘0.A. Savinov, "Principles of Machinery Foundation Design"
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for the adjustment and geometry of the heavy-machinery com-
pression model.

The frequency was measured with a Philips Hall-emf instru-
ment,

[Transliterated Symbols]

$ = £ [not identified].
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