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NEW APPROACHES TO PROBLEMS OF BEARING CAPACITY AND SETTLEMENT OF PILES

NOUVEAUX ACCES AUX PROBLEMES DE LA PORTANCE ET DU TASSEMENT DES PIEUX
{10BB%1 110/1X0/1 K NPOBJIEWAM HECYIEN CIIOCOBHOCTH H OCAAKH CBAI

8. CERNAK, Ing., A.DVORAK, Dr. Ing. CSc.,
v ’
J. HLAVAZEK, Ing., K. KLEIN, Ing. CSc., J. PETRASEK, Ing. (Czechoslovakia)

SYNOPSIS. Five authors who have been dealing with the problems of behaviour of piles pre-
sent in this paper their reports about some aspects of their research. B, Gernak informs
about the tests with the filtercake and the consolidated material of suspension at piling
and points out the decisive effect of the filtration time of suspension on the values of
the skin friction of piles. A, Dvordk deals with the advantages of dynamic tests of piles,
compares them with the static ones and emphasizes their significance for the estimation of
the quality and the bearing capacity of piles. J. Hlavaéek and J. PetraSek present the data
of a long-term measurement of settlements of bulldings founded on piles and draw attention
to the mutual interaction between the pile foundation and the constructive qualities of the
respective superstructure and to the reflexion of this interaction in the measured values.
K. Klein summarizes the results of shear tests with specimens and piles of various rough-
nesses of the surface, He suggests a design of analysis that determines the skin friction
resistanoe of piles with respect to this phenomenon,

EFFECT OF SUSFENSION ON SKIN PRICTION /Iy = 0,70, k = 1,1.10  cn/sec. /
IN SANDS /B, CERNLK/ FILTERCAKE

A series of field and laboratory tests,car- The effect of riltration time /t = 1-256 h/_
ried out in the last twelve years, implied and of suspension pressure /p=0,02-1,0kp/cmf
that the excavating of wholes and concreting  Was lnvestigated on a circular filter @20cm.
of piles in sands with the use of suspension The filtercake was taken off in layers pa -
manifest themselves, in comparison with the rallel to the surface of the filter. The di-
the use of a casing, by a minor loosening of stance between each layer and the filter and
sands and on the other hand by changes in the average water content were established
the skin friction effected by the filterca- by a calculation. A linear course of water
ke. The exploitation of these tests results content in the filtercake was found in all
in different hydrogeological and technologi-  cases /Rig. 1. - left/. The correlation be-
cal conditions requires often a detailed e- tween the water content and the undrained
valuation of effects of the filtration time strenght of the suspension material, prepa-
and of the pressure of the suspension, red in oedometers by different consolidating

stresses, was established in order to state
a basis for the evaluation of the strenght of
the filtercake determined by its water con-
tent. The shear strenght of the consolidated
suspension was specified by a laboratory va-

Therefore tests were made to state mechani-
cal properties of the filtercake and of the
concrete-filtercake-sand interface. A sus-
pension of activated bentonite with the
strenght of 85 mp/cm2/1 min and with the
filterability of 17 ml/30 min/l kp/cm® was
used. 4s a filter served a 2 mm dawn sand

ne test. The course of the strenght of the
filtercake /Fig. 1. - right/ indicates that
the filter cake changes its properties ac-
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cording to the distance from the filter
from properties of a plastic clay to proper-
ties of a suspension., The strenght of the
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FIG. 1. WATER CONTENT AND SHEAR STRENGHT OF
FILTERCAKE

filtercake at the filter decreases expressi-
vely with decreasing pressure of the suspen-
sion,

At concreting of piles a part of the filter-

cake is pressed together with the susgension
by the rising concrete mix froa the bottom

to the surface. Thus the thickness of the
filtercake between the sand and the pile cor-~
responds to the distance between the movement
boundary of certain strenght and the filter,
The test showed that this distance is propor-
tional to the square root of the filtration
time /for p = const./. With the increasing
thickness of the filltercake increase its ave-
rage water content and compressability and
decreases its average strenght,

SHEAR TESTS OF SPECIMENS

By means of an arrangement that allowed to
meke specimens of concrete-sand interface and
concrete~filtercake~-sand interface under con+
ditions similar to the field ones comparati-
ve shear tests were carried out. The contact
area had a dimension 15 x 44 cm, The speci-
mens with the filtercake were made under the
pressure of 0,25 kp/cma. After a consolida-
tion under normal load the shear load was

gradated until fallure occured. The maximum
skin friction of specimens with concrete-
-sand 1nterface /t = 0/ and also concrete-
filtercake-sand interface /t = 18/ increased
proportionally with the normal load and we-
re placed along the lirne /a/ /Fig. 2./. In
these cases an expressive effect of the fil-
tercake on the intensity of friction was not
observed. But in the case of specimen t=168
a decrease of the angle of friction was sta-
ted. It decreases from 0= 33° to §= 14°,

A CONGCRETE - SAND INTERFACE
O CONCRETE - FILTERGAKE - SAND

6 INTERFAGE =18 H 4
8 DETTO; =168 K (a)
O GONSOLIDATED
SUSPENSION A
A

N

MAX SKIN FRICTION (MP/M?2)

NORMAL LOAD (MP/M?)

PIG, 2, MAXTMUM SKIN FRICTION OF SPECIMENS
AND BTRENGHT CF NORMALLY CONSOLIDATED MATE-
RIAL OF SUSPENSION VS, NORMAL LOAD

Tests of normally consolidated suspension
material were made in a direct shear box ma-
chine. The established line of strenght /b/
with an angle of 14° verified the presump-
tion that the maximum skin friction of the
specimen t = 168 is given by the strenght of
the consolidated filtercake. Then the high
values of max. skin friction at the specimen
% = 18 are explainable only by an unevenness
of the concrete-sand interface. A strenghten~
ing of the filtercake by the cement milk
/Weiss 1965/ was not observed; probably in
consequence of higher pressure of the suspen~-
sion /0,25 in contr. to approx. 0,02 kp/cm%ﬂ

The suspension influences also the rate
of the mobilisation of the skin friction i.e.
the rate of the increase of the unit skin
friction with the increase of displacements
/Fig. 3./. In the areas of minor displace-
ments /to about 0,5 mm/ the skin friction in+-
creases more quickly at specimens effected



by a suspension / t = 1, t = 18/. In the a-
reas of more substantial digplacements the
skin friction increases more quickly at the
specinens with a direct comcrete-sand con-
tact /t = O/. This fact is in agreement with
the results of field tests / TER-GALUSTOV et
al 1961/ as well as with the results of mo-
del pile tests /FARMER et al 1970/. It is
explained by an additio%?l cohesion of the
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FIG, 3. SHEAR TESTS OF SPECIMEN OF CONCRETE
~SAND INTERFACE AND SPECIMENS OF CONCRETE
~FIITERCAKE~SAND INTERFACE

sand in the close surrounding of the pile
surface, However the results of shear tests
/Pig. 3./indicate that both the rate of the
mobilisation of the skin friction and the
maximum values of the skin friction decrease
in consequence of increasing filtration time
of the suspension.

APPLICATIONS OF RESULTS

During the cOnsolidation there occurred a
verkical displacement from 0,15 mm at the
specimen t = 0 to 10,23 mm at the specimen

t = 168./Fig. 3./ At the specimen t = O,
strained by shear, an increase of volume oc-
curred, while the specimen with a filtercake
showed a contractance, The more expressive
decrease of the volume at the specimen t=18

in contrast to the specimen t = 168 was cau-
sed by the consolidation ©f the filtercake
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between the unevennesses of the concrete at
the horizontal displacement of the specimen
t = 18. Both the consolidation of the fil-
tercake and the contractance at the strain-
ing by shear result in the decrease of nor-
mal stresses on the pile surface. Therefore
at field piling there can be expected a more
expressive decrease of the skin friction and
of the rate of the mobilisation of the skin
friction with an increasing filtration time,
as the tests results of specimens at normal
constant load showed. Thus one of the funda-
mantal requirements at piling by the use of
the suspension must Ye to reduce the filtra-
tion time to the utmost in such positions

of sands that require a high level of load
transfer.

DYNAMIC TPST8 OF PILES /4.DVORLK/

Dynamic test is a non-destructive method
within the range of elasticity. The tested
pile is set into vibrations by means of a
small hemmer, The induced vibrations are re-
corded by a vibrograph. In the record two
kinds of vibrations can be observed: /a/ vi-
brations of the pile as a rigid body, embed~
ded into the foundation sail and /b/ vibra-
tions inside the pile as in the slim, con-
fined body /rod/. Vibrations of the first
group have mostly greater displacement am-
plitudes, lower frequencies and appear in
the vibrogram as basic waves, whereas the
vibrations inside the pile with smaller dis-
placements and higher frequencies show the
character of secondary oscillations. As a
rule a small displacement amplitude and a
high frequency of vibrations indicate an un-
disturbed pile with a stiff embedment. Lar-
ge amplitude and low frequency are the mark
of a soft embedment of the pile or of its
substancial necking or even interruption,

An unfavourable indication can also be ob=-
tained in cases when concrete of cast-in-
place pile has a low strenght. In order to
determine the influence of the strenght of
the concrete it is advisable to examine its
quality by another non-destructive method

e. g. using the SCHMIDT - hammer.,
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RESULTS OF DIRAMIC TBSTS

The dynsmic test was developed by the au-
thor some years ago owing to the necessity
to quickly investigate a greater number of
cast-in-place concrete piles as at the time
only method available was the expensive and
slow static loading test. The dynamic test
distincly displays heavier faults of a pile.
On the other hand a small necking e, g.

from @ 55 to @ 45/50 cm cannot be determined
but such a decrease of the section is not
dangerous, It is obvious that a dynamic test
enables. a comparison of piles and relative
evaluation of their quality as is also shown
in Pig. 1. and 2. The results were verifled
by excavations of some piles after dynamic

tests.
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FIG, 1. a - an undisturbed pile with geolo-

gical section. 1 - f£ill, 2 - organic loam,

3 - loess-loam., 4 - gravel with sandy loan,
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PIG. 2, a - a pile with discontinuities G
/ungrouted gravel/. b - vibrogram of the dy-
gimicltest. Geology and dimensions as in
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CORRELATION BETWEEN STATIC AND DYNAMIC TESTS
This relation is of essential importance for
the appreciation of the quality of piles.
For this purpose a lot of parallel statlc
and dynamic tests was performed. The dyneamic
test must precede the static one as at sta-
tic loading up to the bearing capacity the
80ili is compressed and the stiffness of the
embedment is increased., At piles, produced
in conformable geological conditions, the re
lation of both tests is quite satisfactory,
Piles with more favourable indications at
dynamic test also present a greater bearing
capacity /DVORAK 1969/. Dynamic tests of pi-
les, examined also by a static load, are
used as callbration tests and other piles
are apprecliated according to this one. It is
possible to investigate the foundation sys-
tem on a large scale and usually 15 % of pi-
les are dynamically checked. The displace-
ment amplitude or the frequency of vibrations
can be used as a criterion. According to pre-
sent experienQies an exponential relation
can be established between the displacement
amplitude and the bearing capacity of a pile.
Since at a dynamic test only elastic defor-
mations take place it is necessary to compa-
re only piles that are mamufactured under
similar geological conditions and by an iden-
tical method. An inetructive figure can be
obtained if the displacement amplitudes of
the particular piles are compiled graphically
as a spectrum of their resp. frequencies.
Such an illustration is given in PFig. 3.
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FIG. 5. PARALLEL STATIC AND DINAMIC TESTS

a - load P vs displacement y graphs of the
static tests. b - displacement amplitudes A
as a spectrum of frequencies fo.



The piles, manufactured by CALWELD machine,
had a lenght from 11 to 13 m and were embed-

ded 6 -~ 7 m into sandy marls with sandstone
at the base. The upger layer consisted of
loesc, sand and sandy gravel. The diameter
of piles 2 and 3 was 82 cm, of 4 and 5 it
was 102 cm. The graph of static loading
tests and the spectrum of displacement amp-
litudes of dynamic tests present a fair cor-
relation. Pile 4 is of the best quality, 2
of the lowest.

FURTHER DEVELOPMERT OF THE DYNAMIC METHOD

A great number of parallel static and dyna-
mic tests of piles and observations of set-
tlement hed recently been performed. The re-
sults enable a direct estimation of the bea~
ring capacity of a pile from the dyramic
test, This fact is very advantageous at lar-~
ge-diameter piles /e. g. BENOTO, CAIWELD,
POCLAIN/ where the static loading tests are
rather expensive,

In many cases results of dynamic tests en-
abled to discover unexpected damage of piles
e. g. disturbance of hammered piles or in-
terruption of cast-in-place piles manufactu-
red by Prépact method /DVORLK 1963, 1969/.
Batisfactory results were also obtained by
testing thermically strenghtened bodies in
loess /DVOELE 1970/, further with piles
stressed by tension and underground walls.

THE SETTLEMENT OF PANEL BUILDINGS ON PILES
/ J. BLAVACEK, J. PETRLSEK/

A great attention is payed in recent years
to the nomuniform settlement of large pre-
cast concrete panel buildings. With this
problem are very closely connected the ques=-
tions of the stiffnes of a comstruction, of
the stiffness of foundations and the dues-
tions of a mutual interaction between foun-
dations and the respective superstructure,

A certain answer to these guestions can be
given by the measurement of actual settle-
ments,

That is why we measured during the years
1968 - 1971 the settlements of some high -
rise appartment buildings in three locali-
ties with various geological conditions in
the subground. The results of the measure-
ments of all investigated structures in ad-
dition with a description of their construc-~
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tion and respective subground are presented
in the table.

The piles at PetrZalka and Ko3ice were em-
bedded into a sandy gravel, the piles at Du-
bravka had charakteristics of friction piles.
The building of the type T 06 had load bear-
ing cross walls that were layd on a monoli-
thic footing distributing the load to the
piles. Some investigated structures formed
single dilatable units /PetrZalka, Ko&ice D2/
the other ones consisted of two or more di-
latable units. The physical and mechanical
properties of solls were determined by geo-
logical investigations of remoulded samples,
taken during the boring of piles. In two lo-
calities pressiomeilric tests according to
MENARDE were made in soils above the tips of
piles /Petrialka: Py = 5,0 - 8,0 kp/cmz,

E, = 22 - 51,0 kp/cm®; Dubravka: Py = 4.0 -
6,5 kp/cm2, E, = 12,0 - 40,0 kp/cu”. The re-
sistance on the penetrative tip MAIHAK hed a
value 15 - 20 kp/em® /Petrialka/. Loading
tests of single piles were made in a close
distance of investigated structures. The pre-~
sented values were measured after the fini-
shing of the buildings., The inclination and
angular defoymation, the mutual influnce of
dilatable units and the rate of settlement
were ascertained in addition to a current
geodetic evaluation. Then the modulus of set-
lement /BABITCHEV, JUSHIN 1970/ was calcula-
ted in Mp/cm /i. e. the average load in a
single pile that 1s necessary in order to
press the pile foundation in a depth of lecm/
and the settlement ratio too /i. e. the ra-
tio between a settlement of a pile under the
structure and a settlement of a single test
pile/. The settlement was calculated accord-
ing to the czechoslovak standards and accord-~
ing %0 various authors /BOWLES 1968, BARTO-
LOMEJ 1970/, The lower settlement at KoSice
was caused by the minor thickness of the loa~
my sandy gravel layer,

According to the measured settlements we can
make following conclusions:

1. The average settlement of investigated
structures reached from 3,3 to 19,2 % of the
limited values of average settlement glven



TECHNICAL DATA AND SETTLEMENTS (F PANEL BUILDINGS FOUNDED ON VIBRODRILLED PILES OF vlis sysTed g3t
Data Structure | Petrialka Koffce D 2 | KeSice T 8| Dibravka S | Dibravka N | Dibravke 01C|Dibfavia O1A
Number of Storeys 1 12 14 8 4 4 9 9
Lenght of Plles »m | 60-65|65 =170 | 55=6,0(55 =6,0 | 4,2=5,5 | 4555 | 5,0=6,0
Number of Plles | 152 132 165 94 94 2D 26
Load in 1 Pile Mp 14,2 38,6 9,0 28,6 28,6 21,8 27,8
Sendy Loam, Loamy Sand, | Loamy Sand,|Black Sand,Granitic Sendy | Loam,Granitic Sandy Clay
Sol1 Description Graval, Sand Loamy Gravel,| Loamy Sandy| Clay with Fragments ¢ 6cn, with Fragments, Granitle
with Beplders Neocane Clay Gravel Granjtic Conglomerate | Conglomerate with Fragm,
s P/ 2,n 2,B 2,24 2,69 2,B 2,69 2,69
v % 20,6 16,18 2,45 13,92 14,6 n,62 18,83
I % ™, 70 13,36 15,86 15,99 21,% 16,3 7,15
I 1 0,947 0,781 0,991 0,641 0,61 0,459 0,494
D 10 ™ 0,656 0,138 = 0,056 o,0n 0,018 0,018
Measurcd Settlement n 0538 | 1,73 0,392 0,413 0,393 0,455 0,78
Predicted Settlement en 0,58 0,53 0,40 0,91 0,91 0,94 0,99
IncTination of
Longltudlnal Walls  _, . 4| 0,16 = 0,43| 0,18 = 0,36 |0,0~ 0,06 | 0,04 0,08 = 0,16 0,19 « 0,42 | 0,31 - 1,0
Cross Walls - 0,12 - 0,25| 0,% = 1,8 [0,0~0,24| 0,80 0,26 0,67~ 1,67 | 0,17 2,16
'Hax, Angular Dcformation of
Longltudinal Wells w‘n..'n(‘-‘ 0,70 « 0,84 0,50 « 1,71 | 0,50 = 1,0 - 0,17 0,29 = 0,57 | 0,33 - 1,23
Cross Walls 0,19 = 2,36 = 0,50 - 3,98 0,50 = 1,83 | 0,50 = 2,33
Settlancnt Modulus Mp/cm 66 3 18,2 B,2 65,6 69,2 51,8 30,7
Settlement Ratle 1 1,92 13,62 5@ | 3,5 2,89 4,50 7,60

by the czechoslovak standards.

2. The maximum nonuniform settlement of both
longitudinal and cross walls reached in the
first case from 3,2 to 45,7 % of limited va-
lues and in the latter ome from 13,3 to 75,5%.
The nonuniform settlement of panel buildings
is considered as decisive for their dimen-
sioning.

3. The cross footings amount usually greater
inclinations and relative deflection than
the longitudinal ones.

4. The consolidation of the subground is gi-
ven by the rate of the settlement of the
building after its beeing inhabited. The con-
solidation at PetrZalka and Kodice /T 8/ was
minimal, at Ddbravka and Kodice /D 2/ it rea-
ched greater values /0,19 - 0,40 mm monthly
during & period of 11 months/

12

THE EFFECT OF SURFACE ROUGHNESS OF PILES ON
THEIR BEARING CAPACITI IN COHESIONLESS SOILS
/K. KLEIN/

The bearing ocapacity of a plle in cohesion-
less soils depends chiefly on the density of
the goil and on its construotion method. The
loading of a pile mobilizes by displacements
the shear strenght in the adjacent soil while
the voluminal changes result in it. Already
JOHN 1960, FEDA 1963 and BROMS, SILBERMAN
1964 refered to the significance of these vo-
luminal changes. This paper presents an in-
vestigation of the effect of a surface rough-
ness of a pile on the values of voluminal
changes of the soil in the surrounding of a
pile and by that on its bearing capacity.
EXPERIMENTAL MEASUREMENT

Field tests were made in a saturated medium
sand /Iy = 0,55 - 0,65/ on piles with diffe-
rent surface roughness. The results of these
tests showed that by a machanical roughing

of 25 - 50 % of the pile surface increased



the bearing capacity of the precast piles
three times at loading by a vertical or ob-
lique tensile load. In the case of vibro
piles /driven and cast-in-place displacement
piles, 5 m long/ increased the bearing ca-
pacity five times in contrast to precast pi-
les with a smooth concrete surface, made in
a new steel soffit. The measurement of dis-
placements of the sand in the surrounding

of the pile during the loading test showed
that the areas of the same vertical displa-
cements /measured in the adjacent soil to
the distance of 3 m/ were along the total
lenght practically parallel with the pile
surface and the displacements decreased hy-
perbolically in the direction from the cen-
tre of the pile. The tests with model piles
/80 cm long and 3,6 c¢m in diameter/ with a
smooth steel surface and a rough one /pasted
sand/ showed that the ratio of the skin
friction resistance amounts 2,3 - 3,5 /ID =
0,35 - 0,60/ at piles forced into the sand
and then loaded by a tensile or campressive
load and 8,1 - 13,0 /ID z 0,6 - 0,72/ at pi-
les showered by sand.

In a direct anear box machive tests were ma-
de with constant loading /N = const./ and
with practically constant volume of the sand
semple /V = const./. Specimens with diffe-
rent surfaces were put in the lower jaw of
the shear machine, At the test N = const.
the ratio of tg ¢/ tg§ for the total extent
of ID was 1,49 - 1,70 for the sand and the
smooth concrete, 1,9 - 2,35 for the smooth
steel and 0,94 -~ 1,03 for the steel with
pasted sand. At the test V = const. the ra-
tio of the skin friction resistance amounted
4,5 for ID = 0,39 and 9 for ID = 0,72 for
steel with pasted sand and smooth concrete.
DISKUSSION OF TESTS RESULTS

I'he mechanism of the deformation and the dis-
turbance of the soil surrounding the pile
loaded by a tensile load allows with a cer-
tain approximation to narrow the problem of
the load transfer from the pile surface to
the soil to a question of original normal
stress © /upright to the surface/ and its

I
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change A G that results during the loading of
the pile in consequence of the voluminal
change at the contact pile-soil and in the
surrounding soil. These changes can be ap-
proximately studied by a direct shear test,
where the shear area is parallel with the
pile surface.

A significant difference between the bear-
ing capacities of piles with a smooth sur-
face and the rough one results in conse-
gquence of the abllity to transfer such a
shear stress at the contact rough surface -
s0il that develops an increase of the soil
volume in a close pile surrounding /Fig. 1./
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PIG, 1. RESULTS OF DIRECT SHEAR BOX TESTS
As the increase of 350il volume 15 limited by
the presence of adjacent soil, the origi-
nal at the pile surface increases and by
that also its bearing capacity. The area of
dilatancy in the surrounding of the pile is
limited by the axlal symetry of this pheno-
menon, In the case of a smooth surface the
contact pile-soil is able to transfer only
such a shear stress that does not mobilize,
in the moment of its maximum value, the in-
crease of adjacent soil volume as & rule.
/Fig. 1. - in our case 65%Tfof the surround-
ing sand./ The fact that the continuity of
the medium conserves itself causes that the
original on the pile surface remnins ap-
proximately the same or that it decreases,
The difference between the bearing capaci-
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ties of piles with a smooth surface and a
rougn one, experimentaly stated, was there-
fore considerably greater than the diffe-
rence established on the commonly used pre-
sumption that it is given only by the
change of tgf§ at the preserving of the ori-
ginal constant & on the pile surface.
DESIGN OF ANALYSIS
We suggest to analyse the skin friction re-
sistance of driven and cast-in-place dis-
placement piles in sands of a lenght to ap-
prox, 6 m by means of this formula:

Ty=K.f.h.tgd

where for piles with a smooth surface

£ =0,5-1,0; I,=0,33 - 1,0; §=0,7¢" ;
for piles with a rough surface

K = 1,0 - 2,05 I = 0,33 - 1,03 §= 0,759';
for driven and cast-in-place displacement pi-
les or driven piles with contemporary injec-
tion K= 0,7 + 0,9 . tga(45° +d2 ; F=0'.
At the analysis of piles loaded by a temsile
load it is necessary to decrease the calcu-
lated values of skln friction resistance by
15 -~ 30 %.

CONCLUSIONRS

1. The intenslty of the change of original
normal stress on the pile surface and the
bearing capacity connected with it depends
on the roughness of the pile surface that
influences the voluminal changes of the soil
in the surrounding of piles.

2. The designed analysis of skin friction
resistance takes into account the changes

of original during the loading of the pile
and it is in agreement with the results of
field tests.
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