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PRINCIPLES FOR TEST-LOADINGS OF LARGE BORED PILES BY HORIZONTAL LOADS

PRINCIPES D’ESSAIS DE CHARGE AVEC DES FORCES HORIZONTALES AUX GRANDS PIEUX FORES
[IPUHUMMY VICMHTAHUA BOJIbWUX BYPOBLX CBAI MOPU3OHTAJIbHbIMA HATPY3KAMU

E. FRANKE, Dr.+Ing. Regierungsbaudirektor, Bundesanstalt fir Wasserbau, Aussenstelle Kdste, Homburg (GFR)

SUMMARY. Large bored piles are mostly vertiocal, because the production of inclined piles is
diffioult and expensive. Vertical piles, therefore, have to transfer horizontal fortes into
the subsoil by means of bending and lateral bedding. As at present no other method gives
sufficient reliable results, test loadings are necessary wnehever exact information about
the relation between the horizontal force and the deflection of the pile head is needed.
From the test loadings it is then possible to calculate the so0il parameters by the Theory
of Elasticity or the Winkler Medium Theory (Bedding Value Theory). The latter is the most
suitable. Because of the non-elastic behaviour of the subsoil (i.e. creeping and the viola-
tion of Hookes Law), the test load has to simulate not only the magnitude and duration of
deslgn loads, but also the repetitive and alternating stresses in the soil in relatiom to
the design loads. Since the simultaneous application of vertical, horizontal and bending
moment loads 1s difficult and expensive, possibilities are shown whioh omit the vertical
load and substitute the bending moment load at the pile head by an additional horizontal
load 4H. Finally a practical example is given for the determinstion of bedding values.

1 .INTRODUCTION

Large bored piles, which are piles of more
than 1 m diameter,are mostly produced verti
cally, since the production of inclined pi-
les is more difficult and also more expen-
sive. Horizontal forces,therefore,have to
be transferred into the subsoil by means of
lateral bedding, the piles being subjected
to bending moments and being displaced ho-
rizontally.

Should the amount of the horizontal displace-

ment be of no importance to the building
based on the piles, then the dimensions of
the piles must only be chosen to be capable
of taking the bending moments arising from
the horizontal forces. This may be done with
sufficient accuracy by use of the Winkler

Medium Theory and by estimaving the bedding
values, e.g. Terzaghi (1955). Since in the
calculation of the bending moments merely
the fourth or fifth root of the bedding va-
lue is needed, errors in this estimation do
not play an essential part, and the inter-
nal forces of the pile are obtained with suf-
ficient accuracy.

The horizontal displacements, on the other
hand, are directly proportional to the bed-
ding value. Thus loading tests are necessa-
ry, if the horizontal displacements for a
given building have to be known exactly. No
other method is available at present to give
sufficiently reliable predictions of the ho-
rizontal displacements. Experience shows that
all attempts to find the bedding value by
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laboratory experiments with small soil samp-
les or the norizonmtal displacement itself by
model-test are unsatisfactory.

2. METHODS FOR ANALYSING A LOADING TEST

In simple cases, the relation between hori-
zontal force and lateral movement of the
pile head may be read off directly from a
horizontal loading test on the foundation
Piles themselves. In other cases, however,
if the geometry or other.boundary conditions
of the foundation piles differ greatly from
those of the test piles, loading tests must
serve as a basis for calculation of soil pa-
rameters. These parameters enable the calcu-
lation of horizontal force-movement rela-
tions for the foundation piles, particularly
when the boundary between an uvper soft la-
Yer and an undnrlying harder layer do not
lie in the same depth as in the case of the
test piles, or the bearing conditions at the
head of the foundation piles may differ from
those of the test piles.

To extrapolate the results of loading tests
to such other piles, it is advisable to app~
ly one of the methods for dimensioning hori-~
zontglly loadcd piles, but with the modifi-
cation that now the soll parameters are to
be calculated from given values of load, de-
formation and pile dimensions. The parameters
found in this way can then be used for fur-
ther calculation of piles with different la
yer boundaries or bearing conditions. Usual~
ly one of the following methods is employedi
the Theory of Elasticity or the Winkler Me-
dium Theory.

In connection with recent developments in
the calculation of beams on the soil surface
according to the Theory of Elasticity, it
has been repeatedly proposed in the last few
years to also use this theory for the calcu-
lation of horizontally loaded piles (e.g.see
B. Grasshoff 1970, J. Kerisél and M. Adam
1967). There are mainly two objections to
this procedure:

a)Contrary to the assumption, the soil is
not elastic; its reaction to deformation de-
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pends on magnitude and duration of the loa-
ding (e.g.see the test results of B. McClel-
land and J.A. Focht 1958).

b) In many pile foundations there is a hori-
zontal layer boundary separating an upper
soft layer from the harder subsoil, i.e.
there is a discontinuity of the strength

_ broperties. Since the stress distribution

can as yet only be determined for homogene-
ous elastically isotropic semi-space, the in-
fluence of such a discontinuous change of
the strength properties is not taken into
account. This leads to errors in the stress
distribution, which are difficult to estima-
te. (In shallow foundations the layer boun-
daries are usually more or less parallel to
the base of the buildirng; in this case the
error in the stress distributiocn is much
smaller.)

Setting aside the expensive calcvlations
with finite elements, only the Winkler Me-
dium Pheory remains as a practicable method.

There again, there are two objections to
this theory:

a)In contrast to the assumptions of the Wink
ler Medium Theory, the soil does not behave
elastically but more or less plastically,

and moreover it creeps under the load. This
means that the bedding value decreases with
the increasing magnitude and duration of the
loading. This objeetion corresponds to the
first one regarding the Theory of Elasticity.
(The consequences are shown in section 3.)

b)In assuming an Winkler continuum that is
an elastic medium without shear resistance
it is supposed that the soil beside the pile
is not compressed by the movement of the pile
relative to the soil(Fig.l). That is,because
the bedding value does not account for the
propagation of the bedding stresses towards
the sides. To compensate this fault in the
bedding value theory, a new equation has
been introduced k,/k, = D2/D1, where k; and
k, are the bedding values and D1 and D2 the
pile diameters (Terzaghi 1955). This formula
corresponds with the Theory of Elasticity
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FIG.l. Comparison of real and theoretical

soil deformatiom in cross-sectian 1-1
and means that the horizontal "settlements"
increase linearly to the pile diameter at
constant bedding stresses. The results of
loading tests show indeed that this is qua-
litatively correct, but the gquantitative ac-
curacy of such calculations is rather poor.
Consequently the formula k = 1.4 Es/D given
by F. Andres (1966) and H.U.Smoltczyk (1963)
following K. Terzaghi (1954) cannot be re-
garded as satisfactory because of the only
qualitatively valid proportionality to 1/D
(Ec a elastic soil modulus from oedometer
test in kg/cma). In this connection it is of
some interest that the semiempirical rela-
tion kl/k2 = 4/(1 + D2/D1)2 given by Terzag-
hi (1955) for sand is also too inaccurate
(see L. Bjerrum 1963) and that the sugges-
tions of A. Kezdi (1964) and of K. EKubo
(1965) are unsatisfactory too (see H.G.
Schmidt 1971). For this reason it is recom-
mended that the bedding values be determi-
ned with test piles which have nearly the
same diameter as the foundation piles.

Fortunately in tme longitudinal direction of
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the pile are no such large and abrupt defor-
mation changes (Fig.l) as across the pile
axis. In the longitudinal direction of the
pile, therefore, only negligible horizontal
shear stresses occur. For the longitudinal
direction, therefore, the assumption made in
the Winkler Medium Theory of a continuum
without shear resistence is a good approxi-
mation even at the layer boundaries. This
means, the bedding value theory allows in
contrast to the Theory of Elasticity to
treat abrupt changes in strength of the soil
at the layer boundaries, and is therefore
the more useful of the both methods discus-
sed. The Theory of Elasticity will no longer
be comnsidered in the following.
3 .MAGNITUDE, DURATION, REPETITION AND AL-
TEFRNATTON QF TEST LOADS.
The Winkler Medium Theory presumes the elas-
tic behaviour of soil. In reality, however,
the soil is not elastic but an elasto-plasti-
cally strainhardening material. Nevertheless
the assumptiom of elasticity may be applied
approximately if the test load simulates the
design load well enough. In this way a sui-
table secant modulus for the bedding value
can be obtained, If too large a test load is
applied, this secant modulus becomes too
small and vice versa,
The duration of the application of the test
loads is also of importance, and the more so,
the more the soil creeps. The test loads must
therefore be maintained in the various loa-
ding steps, as long as the deflections de-
crease distinctly. Should the load test step
be stopped too soon, the secant modulus for
the bedding value becomes too large.
It -is of particular importance to investi-
gate the reaction of test piles to repetitive
and alternating loads, as if a horizontal
load, which under working conditions is repe-
titive or alternating, suppresses a certain
threshold value, the plastic components of
the horizontal deflections accumulate un-
der the repeated loadings and the plastic
horizontal deflection enlarges. The diffe-
rence between the design load and the thres-

hold value must, therefore, be sufficient
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and thus the horizontal deflections should
not inorease even under 1.5 times the design
load, An example of the guasi elastic beha-
viour as required undey repetitive and al-
ternating loads is shown in Fig. 2 (As it

is impossible to decide which load has the
greater disadvantage, both repetitive and
alternating loads were applied. It is seen
that it should be sufficient, to apply the
repetitive load only.)
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very expensive. The following, therefore,
shows under which conditions the loading
test may be simplified:

If the piles are long enough, the vertical
load V does not influence the horizontal de-
formations, and V may be omitted in the loa-
ding test. According to the Winkler Medium
Theory (E. Titze 1970, L.C. Reese and M.Mat-
lock 1956), this is possible with homogene-
ous subsoil if the pile length
is three to four times larger
than the so-called elastic
length L (Fig.5) .With laye-
red soil, this critical
length, beyond which the in-
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ternal forces and deflections
of the pile are no longer a
function of the pile length,
has to be obtained by trial

Horizontal deflection of pile head
pile length 16,5m
7m organic clay, 9,5m sand, pile diameter [3m

FIG.2. Horizontal deflections of pile head under repeating

and aiternating loads

4 ,POSSIBILIPIES TO SIMPLIFY THE LOADING TEST
In Section 3 reasons were given as to why

the test load has to simulate the design
load. This design load, acting on the head

of the pile, generally consists of a verti-
cal load V, a horizontal load H and a bending
moment M. Consequently, V, H and M should be
properly applied as test loads. To apply
these three loads simultaneously is certain-
ly possible (Fig. 3, 4 amnd 7), but

FIG.3. Loading frame of Fa. Frankipfahl
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and error calculations using
eatimated badding values. On
piles longer than the criti-
cal length, the horizontal
bending load caused by H and
M does not reaoh the end of
the pile, and without fault
the pile may be ronsidered
of infinite length. The end of the pile is
then fjxed, and the friction force

- - = ‘JEL" - -
- - - - a ¥
organic
_ A A - = .
clay
sand
YA

FIG.4. Scheme of loading frame



Variation of pile displacement and bending moment with depth resp. pile length L
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R=V . tand (Fig.6) does not affect the
distribution of earth pressure along the
pile nor its horizontal deflections. During
a test loading, it was found, for example,
that three piles, each with a diameter of
130 cm and varying length of 13.5, 16.5

and 19.5 m suffered almost equal pile-head
deflections of about 6.5, 11.5 and 19.5 mm
under the following loads (Table 1).

NJoads| v= 4521t | v= 566+ | v= 6001
plle\\ H=1 66t H=% 11,5¢ H=2%1725¢
length\ =% 93tm | M=2124tm | M=%186tm

135m [ 75mm | 110 mm | 203mm
16,5m | 67mm | NE8mm | 197 mm
195m | 54mm | 110mm | 197 mm

If the actuel piles are shorter than the cri-
tical length, the test piles should not be
longer either. In this case, however, the
influence of the friction force R on the
earth pressures or bedding stresses and the
pile deflections has to be taken ipto account
by the application of the vertical load V to
the test pilles, in addition to the horizon-
tal loads H and M, or else the pile deflec-
tions become too large and the bedding va-
lue becomes too small as the soil actually
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teinable by using pre-estima-
ted bedding values. An error in the pre-
estimated bedding values will be of little

a) Earth pressure lines (schematic)
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b) Bending moment-and deflection -line (schematic)

| 1:»"“, Xow
c\—fl'w':’-
N

e R e a0
| Yend =0 Yend =

Jn approximation 4 H can be used instead of M, there-
fore 4H iz to calculate for the condition Yo,y = Yoy,

FIG.6. Earth pressures,bending moments and
deflection curves of piles under H- and
M-load
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consequence, as in calculation only the ra-
tio YW YoH of the deflection of the pile
head occurs.

When it is possible {as outlined) to omit
the V- and M-loads, a test-loading for just
an H-load may be carried out conveniently
and inexpensively by tensioning two founda-
tion piles against each other.

5. EXAMPLE FOR THE DETERMINATION OF BEDDING
VALUES

The simplest and most accurate way is to
measure directly the lateral bedding stress
p along the shaft of the pile. With the help
of the horizontal deflections y which, as
shown in Fig.7 and 8, may also be measured
directly, the bedding values k = p/y are
obtained. This method, however, will often
be impracticable, as earth pressurs mea-
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FIG.7. Instrumentation of test pile
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o, suring cells cannot
y s, be set up at the side
265/// of the borehole, if
AR 7| s the pile is bored by
means of well casing
cr if there is a high
groundwater level.
This necessitates an

instrumentation of
= BT | the test pile (e.g.
// see Fig.?7), which
R B/ permits the measuring
I / of the bending moment
4/ and deflection curves
/ (Fig.9 and lo) or at
\ least one of them. In
h/ the latter case, the
deflection curves
should be given pre-
ference, since they
can be measured with
better accuracy, as the figures show. It is
then theoretically possible to determine the
earth pressure distribution by differentia-
ting the deflection curve four times and the
bending moment curve twice. The results, how-
ever, are much too inaccurate for practical
purposes. A more practicable way to find out
suitable bedding values is to assume vari-
ous bedding values by way of trial and to
calculate deflection and bending moment cur-
ves until the results of calculation and
measurements coincide. Fig. 11 shows an ex-
ample for a case with two soil layers. In
this way sufficiently accurate bedding va-
lues are obtained.

FIG.8. Completve pat-
tern of pile de-
formation

The very least which should be domne is to
measure ¥ and Bo (see Fig.8). The bedding
value for a homogeneous foundation soil may
then be read off directly from Fig.5. It is
true, that the bedding value for a layered
subsoil cannot be determined uniquely in
this way, but in many cases it is possible
to estimate it with sufficient accuracy by
trial and error calculations (H.G. Schmidt
1971).
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CONCLUSIONRS:

a) To obtain an accurate no-
rizontal force-deflection law,
a loading test is unavoidab-
‘le. All other methods are in-
sufficiently accurate.

b) The best method for analy-
sing loading tests is the
Winkler Medium Theory. In de-
termining bedding values from
loading tests the influence
of stratifications of the
subsoil is very accurately
accounted for, but not the
stress distribution across
the pile. Bedding values,
therefore, should be deter-
mined by using test piles
with the same diameter as the
Piles to which the bedding
values are to be applied.

¢) Since in contrast to the
theoretical assumptions the
foundation soil is non-elas-
tic and, moreover, often
creeps, magnitude and dura-
tion of the test load must
simulate the design load. In
addition to this, the design
load, as well as 1.5 times
1ts value, must be applied in
the form of repetitive loads,
in order to prevent plastic
horizontal deflection compo-
nents accumulating by repea-
ting the load.

d) Test loadings may be made
simpler and less expensive by
replacing the bending moment
load M by an equivalent addi-
tional horizontal force 4h.
If, furthermore, the pile
length exceeds a certain cri-
tical value, the vertical
load V may also be omitted
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Omitting the vertical load with shorter
piles results in too low a bedding value,
which .is on the safe side in most cases.

e) The best way to determine the bedding
values is by measuring the deformation pat-
tern of the test pile and by calculating
deflection curves using estimated bedding
values until the measured and the calcula-
ted curves coincide. In order to simplify
this, the movement and the inclination of
the pile head should only be measured. Some
accuracy, however, is lost if the founda-
tion soil 1s layered.

The same procedure may be applied to the
moment curves, but the accuracy is much
less than with the deflection curﬁes, since
concrete stresses, as a result of deviation
from exact elastic behaviour, are mostly
more or less wide-spread.
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