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PREDICTION OF SETTLEMENTS FROM EVALUATED SETTLEMENT OBSERVATIONS FOR SAND

PREVISION DU TASSEMENT PAR DES MESURES DE TASSEMENT EVALUEE POUR LE SABLE
NPOrHO3 OCAJI0K HA OCHOBE PACHETA Y OTINTHHX JAHHBHX AJIfi NECKA

E. SCHULTZE, e. Professor, Dr.~Ing

G. SHERIF, Dipl.—Ing., B.Sc. Eng, Institut fir Verkehrswasserbay, Grundbav und Bodenmechanik, Technische Hochschule, Aachen (GFR)

SYNOPSIS

Within the scope of a general research work 48 settlement measurements at building and industrial
constructions have been evaluated with regard to an improvement of the prediection of settlement for
sand. Partially, measurements were effected for this purpose, partially, measurements alreay
existing were compiled which either had been put at disposal by other authorities or had been taken

from literature.

By the measurements, primarily the compressibility of the soil within and after the building time was

determined in form of pressure~settlement curves.

From this, the modulus of subgrade reaction and -
for a known layer thickness - an ideal modulus of compressibility are resulting.

The latter is

related to the results of the standard penetration tests resp. the static sounding tests, to the foun-

dation widths as well as to the depth of foundations below ground level.

By means of multi-correla-

tions fermulas were developped for the calculation of settlement. From this, the influence of the
foundation width to settlement is appearing with particular clerity, that is the settlement is in-
craasing approximately with the root of the foundation width. The resnltes of the work are aompared
with known methods to determine the settlements by means of sounding tests. :

1. INTRODUCTION

As you know, settlement calculations for con-
structions on sand according to the methods
usual for clay soils - in the Federal Republic
of Germany e.g. according to DIN 4019 - are
leading to unsatisfactory results, because the
s0il law of sand cannot be gripped by the com-
pression tests normally used for settlement cal-
culations. The compressibility of sand does not
only depend on the vertical .pressure, but also
on the lateral pressure which is influenced by
the foundation width, the foundation depth, the
construction length and the contact pressure.
Though formulations exist to obtain on the basis
of triaxial pressure tests a better mathematical
interrelationship for the compressibility of
sand (e.g. Brinch Hansen 1966, Kérisel/Quatre
4968), these owing to their difficult perfor-
mance did not find access to practice yet.
Therefore, for quite a time already another
course has been adopted by fully refraining
from compression tests resp. triaxial tests and
calculating settlements of such buildings on the
basis of the results of penetration and static

Rise to take up this question again was given by
an extensive testing program for the evaluation
of aelilemeni observationas at canstructions on
various soila, in recent years having been
carrijed through in Aachen (Sherif 1972). From
this program, in the fallowing 48 constructions
on sand will be gited for which sufficient settle
ment observations, but also penc¢tration or static
sounding tests are at disposal in a sufficient
number,

2., EVALUATION METHODS

When evaluating the 48 objects for which settle-
ment observations are at hand - partly from our
own projects, partly from literature (table) -
the methods hitherto usual were followed up as
widely as possible. For the calculation of
settlements in the elastic-isotropic half-space
the equation applies:

s = %B S (dS/B, L/B, v) (1)

In this are

sounding tests (Buisman 1944, Terzaghi/Peck 41948, B (cm) = width of foundation

Meyerhof 1956 and 1965, Schmertmann 1970, de Beer L (cm) = 1length of foundation

1965, Bazaraa 1967). The results of these in- d_ (cm) = thickness of the compressible
“© vestigations are scattering (fig. 4). s

layer < 2 B
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s (cm) = the mean settlement under the founda-
tion considered for its final state.
As far as a time-settlement curve is
existing, the final settlement can be
exterpolated from the hyperbolic course
of .the time-settlement curve (fig. 1)
(Sherif 1970).
Namely, the time-settlement curves were
showing that in case pf sands, too,
settlements had not always subsided
upon termination of the building time.

soil pressure

time 1 [days]

measured points

settlement

__final settlement

Time-settiement- and Time-loading ‘curves

v

[em]

time { [days]

measured poinis

L p, [dav]
< p Lem

Evaluation with the hyperbolic funchion

Fig. 1: Extrapolation of the end-settlement of
foundations

P (kg/cmz) = mean contact pressure under the
foundation considered without reduction
of the excavated material y.t. The
evaluation of settlement observations
has shown that the reduction of 7.t
theoretically to be expected does not
make itself felt at the measurement of
settlements., Therefore, the following
investigations always apply to the full
mean contact pressure.

influence factor for the settlements
(fig. 2) according to the usual tables
for the elastic-isotropic half-space

(e.g. Steinbrenner 1934, Kany 1959 etc)by

a Poisson's ratio v = 0. The factor is
depending on the ratio ds/B which for

larger compressible layers was never substituted
larger than 2, as according to experience no
essential influence of the construction can be
expected any more underneath this depth, Ahere-
fore, the following considerations either apply
to d_/B = 2 or, in case the compressible layer is
smaller, to a ratio which is correspondingly
smaller.
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Fig. 2: Scheme of the evaluation of settlement
observations

3. LAW FOR THE COMPRESSIBILITY OF SAND

The quantity Ea (kg/cmz) = modulus of compressi-
bility occurring in the question which is
usually talgen from the compression test can for
sand no more be won in this way. Therefore,
after several tests the following statistical
formulation is introduced which in the essential
introduces as a measure for the compressibility
of sand the number of blows N of the standard
penetration test instead of the results of the
compression tesis.

k X k
By = ko8 2+(8/B,) +(p/p,) *(14kg-t/B)  (2)

In this are

N = number of blows of the standard penetro-

meter for a penetration of 30 cm. For con-
structions for which no standard penetration
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tests, but static sounding tests were
existing, the number of blows N was esti-
mated from the point resistance of the
static penetrometer according to Schmert-
mann (1970) (table column a). . Relevant
is the arithmetic mean of the blows on
the layer thickness dg drawn on. In case
of several layers are found above the
depth 45, the mean value of N is formed
under consideration of the weights f
(fig. 2) of the various layers. Hereby,
you are proceeding on the assumption that
approximately the compressibility E_ and
the number of blows N linearly depend on
each other, thus that k, at least appro-
ximately is equal to 1 tsee as well fig.
4). You then obtain for the mean value

f - f
n'n n-1
N=f/S—F
1 n
n = number of the layer concerned (fig. 2)
By = unit of width (1 cm)
Py = unit of contact pressuie (1 kg/cmz)

4, DETERMINATION OF THE CONSTANTS
You obtain from eq. (1) by transformation

g )

2 — . £ (da,/B, 1/B, v) (3)

This fictitious value of E_, can be calculated
from the dimensions of. the footings, the given
contact pressure and the measured setflement.

In eq. (2) it can then be substituted as a known
quantity. By this, the quantity E_ practically
is eliminated. Equation (2) can then be written
in the logarithmic form

E
log TT:E§7?737 = log k +k, log N+k; log (8/3,)
+ k4 . log (p/p1) (4)

For the determination of the five constants, 48
pairs of values are at disposal so that kq to k¢
can be determined by means of a multi-correla- ~
tion., Here it was proceeded in a way that for
the parameter kg by way of trial values between
0,34 and 0,46 were introduced. By means of the
calculation program BMD O2R of the Computation
Center of the TH Aachen correlations were made
and that parameter kg chosen which supplies the
largest correlation coefficient., The final re-
sult was k; = 1,71 kg/cm?, ko = 0,87, k3 = 0,50
k4 = 0, k5 = 0,4, 8o that the final equation
for the calculation of settlements is reading as
follows:

BR. 1 (a,/3, 1/8) = (1,71 % 0,55) - n°T .

. 3/31:(1 + 0,4 t/B) (5)

s (cm) = 2 (kg/cmZ) - £ B

1,71 (kg/cmz)-NO'W-VB/B1

+ B (cm) (6)

.
"7 +0,4 t/B)

Fig. 3:
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The correlation coefficient is r = 0,938, thus
relatively high. With regard to the result it iam
interesting that according to this equation the
settlement is increasing linearly with the con-
tact pressure p, thus that the constructions
show a constant modulus of subgrade reaction

k., = p/s. This has been proved by settlement
ogservations for quite a number of constructions
with regard to the variable load p within the
building time (Schultze 1962 and 1963).

5. PRACTICAL APPLICATION

In order to simplify settlement calculation with

eq. (6)é the parameter (settlement coefficient)
s .

T’ (1 + 0,4 t/B) was plotted as a function

of the width B for various side ratios L/B and
dy/B = 2 (fig. 3). At a smaller layer thickness
settlements have to be multiplied by the given
reduction factors.
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6. COMPARISON WITH THE RESULTS OF OTHER METHODS

As moat methods are vorking with & linean depen-
dence Eg on N, thus with a factor kp, = 1,0, an
equatian was established for this caee, as well
by means of a multi-correlation. You then obtain

p (kg/en®) . £  — « B(em) ()
1,14(ke/cn?) N-YB/B,  (1+0,4 +/3) fem) ¢

The correlation factor diminishes by this altera-
tion of factor k, from r = 0,938 to r 0,873.
By this formulation it is possible to plot the
various suggestions in a combined form in which
8 + N/p ie chosen as vertical axis (fig, 4). The
diagram reveals a very good conformity of the
method here developped (curves 7 - 10) with the
formulations 5 and 6 by Terzaghi/Peck (1948),
Meyerhof (1956 and 1965) with the corrections
according to Bazaraa (1967). Moreover, the

eq. (6) and (7) are permitting a refinement of
these suggestions with regard to the influence
of the side ratio L/B. The other suggestions 1
to 4 are out of place.

s(cm) =

s N s= [cm])
5 N= [blows per 30cm ]
p= [kg/cm?]
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®=@with correction dve to Bazaraa(1967) 7 = 2t/m3

9)—(@=new results from the evaluation of settlement
observations

Fig. 4: Comparison between the new results from
the evaluation of settlement observa-

tions for sand and other methods
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7. ACCURACY OF THE SETTLEMENT CALCULATION

To obtain a general view of the accuracy
attained with eq. (6), the 48 measurements of
settlement the investigations are basing upon
were checked one by one and compared with the
observed amounts (fig. 5). The correlation fac-
tor is r = 0,789, the calculated settlements
nearly without exception lie within a range of
* 40 % of the measures values. Such relative
accuracy is about corresponding to that you ob-
tain for cohesive soils with usual compression
tests. However the settlement for sand is very
lower and therefore the absolute accuracy is
higher.

Number of samples
Correlation coefficient

n =48
r=0Q789
8;=(102033} s,

g
&
K]
£
| i
ox'a’
-.O/ a ~o
LA
//Q/
DK) 1 2 3

measured seftlement s, {cm]
® Standard Penetration Test , Aachen
O Static Cone Test ,Muhs (1961)
® Standard Penetration Test ,D’Appolonia and others (1968 }
o Static Cone Test , Schmertmann (1970)
a other structures [see Table)

Fig. 5: Comparison between calculated and

measured settlements

SUMMARY

By evaluating the settlement observations at 48
structures on sand for which at the same time
sounding tests are existing, the possibility re-
sulted to calculate the settlements as a function
of the number of blows of the standard penetration
test instead of compression tests which for sand
soils represent no sufficient model. An equation
was derived in which apart from the mean number off
blows of the penetration tests for a depth dg/B
2 there are still occurring the unreduced mean
contact pressure p as well as the foundation

653
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Tablet List of data for the investigated structures

: P B L/B t/B da_ /B q a=q /N| N 8
8 -8 8 .
Nog 2 - 2 mention of somces
kg/cm m (1) (1) (1) kg/cm 1 (1) cm
1 2,99 2,55 4,20 0,37 2 - - 37 1,09 | Institut fiir Grundbau
2 1,84 1,70 > 10 0,94 2 - - 43 1,92 | und Bodenmechanik,
3 2,90 17,60 4,80 0,60 0,80 - - 18 2,55| TH Aachen
4 2,62 16,00 2,69 0,45 0,75 - - 15 2,33
_ 5 | 2,56 14,20 1,00 0,25 2 - - 20 1,86
6 1,91 23,00 1,17 0,13 2 | 150-200 7 30 1,52
7 2,35 1,80 1,00 1,67 2 | 150-200 7 30 0,34 | Muhs (1961)
8 2,35 1,35 1,00 2,22 2 | 150-200 7 30 0,39
9 2,90 2,20 1,00 1,36 2 | 150-200 7 30 1,05
10 1,82 22,40 1,49 0,13 2 | 150-200 7 30 1,84
11 1,99 4,50 1,27 0,67 2 | 150-200 7 30 0,39
12 0,83 15,00 4,86 0,20 2 | 150-200 7 30 0,54
13 2,55 1,60 7,90 0,24 2 | 150-200 7 30 0,93
14 2,55 1,15 11,00 0,24 2 | 150-200 7 70 1,Q0.
15 3,00 0,80 23,00 0,29 2 | 150-200 7 30 0,58
16 2,10 1,80 13,40 0,12 2 | 150-200 7 30 1,69
17 1,70 23,60 1,10 0,13 2 | 150-200 7 30 | 1,17
18 1,56 21,70 1,00 0,14 2 | 150-200 7 30 2,08
19 3,10 3,30 1,73 0,91 2 225 7 33 1,10
20 3,10 3,30 1,73 0,91 2 225 7 33 1,22
21 3,10 3,60 1,75 0,83 2 225 7 33 1,27
22 3,10 3,60 1,75 0,83 2 225 7 33 1.36
23 3,10 4,50 1,51 0,67 2 225 1 33 1,83,
24 1,76 36,00 1,00 0,00 0,32 - 7 18 1,80 | Baker (1965)
25 2,18 2,60 8,80 0,77 2 40 4 10 | 3,25]de Beer/Martens (1956)
26 1,90 8,60 1,74 0,29 2 190 4 45 1,10] de Beer (1Y57)
27 1,32 3,00 1,6 1,00 2 - - 20 0, 34
28 1,32 3,00 1,6 0,50 2 - - 20 0,58 D'Appolonia/
29 1,57 4,00 1,6 1,00 2 - - 20 ¢,66] D'Appolonia/Brissette
30 1,57 4,00 1,6 0,50 2 - - 20 [ 0,73 (1908)
31 1,82 4,90 1,6 1,00 2 - - 20 0,80
32 1,82 4,90 1,6 0,50 2 - - 20 [ 0,97
33 2,06 5,80 1,6 1,00 2 - - 20 0,95
34 2,06 5,80 1,6 0,50 2 - - 20 1,01
35 2,31 6,70 1,6 1,00 2 - - 20 1,082
36 2,31 6,70 1,6 0,50 2 - - 20 1,24.|
37 2,24 1)00 1,0 oyoo 2 135 }is }9 0)36
38 2,24 0,50 4,0 0,00 2 100 3,5 29 6,40 Bshmertmenn {(1970)
39 3,36 0,50 4,0 0,00 2 100 3,5 29 0,67
40 5,75 1,00 1,0 0,50 2 180 345 51 0,44
4 5,75 0,50 4,0 0,50 2 150 3,5 43 0,42
42 3,47 1,00 1,0 0,50 2 70 3,5 20 0,55
43 1,31 0,60 1,0 0,55 2 18 3,5 S 0,69
44 2,30 0,60 1,0 1,50 2 22 3,5 6 1,27
45 1,36 0,90 1,0 0,30 2 20 345 6 0,76
46 1,15 0,90 1,0 1,00 2 23 3,5 7 0,64
47 2,02 1,20 1,0 0,17 2 27 3,5 8 1,30
48 2,74 1,20 1,0 0,75 2 32 3,5 9 1,27

653

29



236

depth t, the foundation width B, the thickness
of the gompressible leyer dg and the length of
the footing. The accuracy attained is % 40 %.
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