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ABSTRACT -

Three rexnforced concrete chlmneys, 250m in height, were constructed to " garve six
generator units of a foss;l fuel power plant on the seashore of Taichung, Talwan. They . are
founded on 1nd1v1dua1 ring-shape reinforced concrete pile caps which are in turn supported on
closed-end steel pipe plles,’

All the piles are 48m in length and 80 cm inm dzameter. They were considered to be
friction piles because calculations indicated that shaft friction would comstitute the
’magorxtv of the hearlng capac1t1es of the, plle foundatlons. This de51gn concept was confirmed
by 1oad1ng tests in whlch.51x piles were loaded to twice of thelr design 1oads and very little
end bearlng was . observed in all the six. cases. However, subsequent monltorlng durlng the
construchzon of the chlmneys revealed that the end bearing of the plles lncreased drastzcally,,
obviously, as a result of. group effects and surpressed frlctlon as the predomlnant components
of res;stances. :

Thls paper presents the results of 1oad1ng tests and the. flnd1ngs obtalned from the long-'
term monitoring of 1oads 1n the six. test piles. The load~ t;ansfer mechanlsm is also
discussed.



1.0 INTRODUCTION

In order to increase supply to meet the
demand on electricity, a fossil power plant
is being built on the seashore of Taichung,

Taiwan. Upon completion, - ‘_i,t, will-
~accommodate eight 550-megawatt ‘generator -
units. There are a total of four chimmeys,

each serving two generator units, of 250m
in height in the plant. Currently three of
them have been completed and the fourth is
scheduled to be completed in 1994.  all
these chimneys are founded
pile caps which are in turn supported on
closed-end steel pipe piles.

Six pile loading tests have been conducted
and the results are discussed herein. Also
discussed are the load distributions in
piles during the construction of the
chimneys.

2.0 FOUNDATION SYSTEMS

Chimneys No. 1 and 2 rest on separated
pile caps with an outer ‘diameter of 41.5m
and ° an inner diameter of 24.5m. A

schematlc plan cf the plle caps, together
with the ‘layout of plles, ig given in Fig.
1. Each of the two pile caps ia formed by
three concentrl a relnforced concrete ring
beams 1nterconnected by tled beams. The
ring ‘beams are, as shown in Fig, 2, 5m in
thickness and are supported on 88 piles.
The foundation system for Ch:.mney No. 3 is
slightly "’ dlfferent. Instead of 3
interconnected ‘ring beams, ’ a solid
reinforced ring beam is used. The beam isg
3.5m in thickness and is in turn supported
‘on 126 piles. Figs. 3 and 4 show the
schematic plan, together with the layout of
piles, and the elevation, respectively.
The outer diameter of the ring beam, in
this case, is 34.4m and the inner diameter
is 23.2m.

3.0 SUBSOIL PROPERTIES

The site was reclaimed in 1986 by hydraulic
filling and the ground was raised, on an
average, by 4.5m. Sand-pile compaction was
conducted to improve the subsoils to depths
of 16, 18 and 12m for 3 chimmeys, respec-
tively. The subsoils mnear gsurface, as
revealed by drilling, consist of quaternary
alluvium with a thickness exceeding 150m. A
typical scil profile, showing the ground
conditions at the locationg of the three
chimneys, is given in Fig. 5. As can be
noted, above a depth of 50m, the soils are,
primarily, interbedded silty sand, sandy

on ring-shape .

:

__the _top . 40m,,
" "hydrostatic.

“replaced.

"gauges were equally spaced
"tenth of the gauges  were damaged durlng

‘monitor

silt and silty clay, with SPT N-values
ranging fxom 10 to 20 blows/ft. Below this
depth sand dom:.nates and the SPT. N-values

all exceed 20. -

The groundwater table is now at depths of 3
to -5m . below: surface is found to be
insensitive to tidal fluctuations. Within
watex pressures are
Between dépths of 50 to 100m,
water pressures are . below hydrestatic
pressures by, on an average, 5t/m2. This
is believed. to be due to drawing of
groundwater by nearby f:.sh farms.

4.0 MONITORING PROGRAM

Strain gauges (GEOKON VK4100: Vibrating
Wire Type) were mounted on four piles,
namely, TPl and TP2 for Chimney No. 1 and
TP3 and TP4 for Chimney No. "2, for
studying the load distributioms in’ piles.
The locations of thése test piles are shown
in Fig. 1. The $train gauges were mounted
in pairs on the iunside surfaces of the pile
walls at depths of 7m, 14m, 2lm, 28m, 35m
and 42m. "Al1l° of them were seriously
damageéd during pilé driving and’ hdd to be
For Chimney No. 3, TP5 and TPE,
of ‘which ‘the locations 'are’ indicated in
Fig, 3, were ' instrumented by ‘using a

Vd:.fferent type of stra:.n gauges'’ {oY0 HE10:

Electrical Res:.stance “Type) “mounted at
depths of 6.5m, 14.5m, 22.5m, - 30.5m,
38.5m, and 46.5m. At each depth, four

Less than one-
driving .

In addition to strain gauges, settlement
points and extensometers were used to
ground settlements and the
settlements of piles, and concrete stridin
gauges and rebar strain gauges were bu}ried
in the pile caps to monitor the stresses
induced. , However, due to the limited space
available, the results will ‘not  be
discussed herein.

5.0 LOADING TESTS

Loading tests were conducted on these six
instrumented piles to wverify the design.
For TPl and TP3, the standard pile load
testing procedures given in ASTM D1143-81
were followed. Piles were first loaded to
their design load of 333 tons in four equal
increments. The ' design load was
maintained for 12 hours. The pile was then
loaded to twice of the design load in four
steps with equal load increments. The



. #inal load was maintained  for 48 hours

:before it was totally released in  four

: gteps. N
for other test p:’fiés; thé quick loading
g procedures given in the same cgde, i.e.,
AsTH D1143 81 ware followed The load .

increments were 25 t:ons for TP2 and TP4,

and 30 tons for TPS and TPG _ In each step
‘other than "the ' final, the 1load was .
maintained for only 2.5 ‘minutes. At the
~ final step, the load" wag maintained for 5 B

ninutes before 1t was totally released J.n
four steps.

The results " of the ' loading tests are

presented :Ln tems of 1oad depth curves in*

Figs. 6 to 11

§.0 LOAD DISTRiéﬂfious'DﬁRINé"CONSTRUCTION"

- The chimneys were constructed in *three
stages, ie., a) p:.le derlng,_b) casting of
pile caps,» and <}’ construct:mg w:.ndsh:.elds
and steel 1iners. The ‘stresses in the six’
test plles ) were ont;nuously mon:.tored
throughout* these three stages.' For ' each
chimney, tHe p:.le cap  was cast 3 “to §
months after all the pipes had been
installed, it is therefore believed that
the residual stresses induced in the piles-

would not be sn.gnlf:.cant. The readings

taken 1mmed1ately ‘béfdre the casting of "the

pile caps were used as :.nxt:lal ‘readings- for-
computing the stresses “in “‘piles in the .

subsequent  stages ‘and - the. results are
presented in Figs. 12 tq\, 17.

7.0 COMPARISON OF PERFORMANCE OF SINGLE
PILES AND GROUP PII.ES

The results of loading tests shown in Figs.
6§ to 11 indicate that. the test loads were
fully resisted by shaft friction and the
end bearing of the piles was negligible.
This fact’agreesr well with the observations
obtained - by many researchers that ‘end
bearing contributes to, wusually, 20%, or
even less, of the capacities of long piles
in leoading tests because: of insufficient
movements at the pile tips for the end
bearing to £fully develop. Based on the
load-settlement curves, (not shown herein)
cbtained in the tests, the bearing capacity
did nor fully developed, and therefore
piles shorter than 48m would have been
adequate if settlement were not a concern.
to 17. The  dead weights of the pile cap
and the c¢himney and the loads shared by
each pile are as follows:

Chlmnays 1 and 2 Chimney 3
(88 plles) (126 piles)

Pile Cap 8,900 tons 4,920 toms
Load/Pile 101 tons 39 tons
Chimney 13,800 tons 17,880 tons
Load/Pile 157 tons 142 tons
Total 22,700 tons 22,800 tons
Load/Pile 258 tons ) 181 tons

There is a fair agreement between these
computed loads and the measured loads in
the upper portion of piles if 'all” the six
piles are evaluated together. ‘

Although the load profiles for the three

‘chimneys are different in shape, ‘théte is

a clear tendency for the end bearing to
increase with the loads applied at the tops
of piles. At the end of construcdtion, the
contributions of end bearing were 30% (for =
TP3, TP4 and TP6), 60% (for TP1l), 80% (for
TP2) and 100% {for TP5) of the theoret;cal '
loads. This is drastically different “from
what was observed during the loading tests
in which the end bearing wis foind to ‘be =
negligible even &t the final lcads “which
are twice of the design loads. o

Since test piles were not loaded to'failure,
the ultimate shaft frictions- of :Lndnrldual
plles "have to be estimated using = the -
correlations established at nearby “sites
(Duann, Wang, and ‘Wang, °. 1991) and sites’

.with similar ground conditions (Yen, et  al,

1989), and the results are shown in Table 1l.°
Asg can be noted, the ultimate shaft
frictions range from 910 tons/pile for
Chimney No. 3 to 1130 tons/pile for Chimney
No. 2. The shaft friction acting on each
pile can be obtained by subtracting the end
bearing from the load applied on the pile
on each pile can be obtained by subtracting
the end bearing from the load applied on -
the pile top, ie. the dead load. Assuming
the end bearings measured by the strain
gauges at the pile tips are reliable, the
shaft frictions, refer to Figs. 12" to 17,
would correspond to only 10 to 20% of their
ultimate values computed by correlation
with soil strengths. e -

The frictional resistance of piles as a
group was also computed by congidering the
soils under the  ring-beams to the depth of
piles as a solid block. The total
frictions on the outer faces of - the
cylinder alone, as shown in Table 1, range



from 383, 000 for Chimney No. 3 to. 677,000
tons for Chxmney No. 2. Accordlngly, the
structural loads, correspond to 35% to 60%
of the ultimate f£rictional resistance, of
the pile groups.

The frictional resistances of the pile
groups were also computed by wusing the
Converde-Labarre Equation (Moorhouse and
Sheehan, 1968) and the results are given in
the last column of Table 1. The ratioc of
the frictional resistance so computed to
the sum of shaft friction of individual
pilesg is called group efflclency The

group efficiency is 0.8 for Chimneys No. 1
and 2 and 0.6 for Chimney No. 3. The

structural loads Aeorrespond to, roughly,

30% of the frlctlonal resistances of the

pile groups.

In sumﬁery, the structural lcads correspond
to ‘less than 50% of the frictiomal

regigstance of the pile groups, and yet,’r

monitoring indicates that the majérity of
the structuzral loads is ‘taken by end
beefing'instead,o£>frictibn;f ' )

Another 1nteresting observatlon c¢an be made
from Figs. 12 to 17 is the fact that the
load proflles bulge out at. certain depths
for all the six test plles. This
phenomenon is quite the same as that of
negative skln £riction and a  similar

observatlon was reported in Endo, Kawashakd |
It. is a result of
compllcated soil- plle cap interaction

and Shlbata, 1969.

effects and the mechanlsm deserves further
studies.

8.0 CONCLUSIONS

Based on the results presented herein

before?' the _following conclu51ons can be
drawn:

a) The  load disﬁribution iﬁv'piles in a

.group is drastically different. from

~that in isolated. 51ngle piles. .
Thexrefore, the performance of piles in

a .group can not- be predicted based on
pile . load tests. ’

b) In the cases studied,fthe loads were
fully taken by shaft friction during
loading. test, while .the structural
loads were predomlnantly taken by end

bearing upon the. completlon of the )

construction.

9.0 ACKNOWLEDGMENTS

This paper was prepared based on the soil

1nvest1gat10n, pile load tests, and
monitoring during ‘the constructlon of p;le
caps and wzndshlelds carrxed ocut by Moh and
Assoczates, Inc.’ and comm1551oned by Ta;wan
Power company . Permission for publishing
the results is gratefully acknowledged The
authors wzsh to express thelr apprec;atlon
to Drs. Za-Chieh Moh,. N chhard ‘Nanhuei
Hwang, Chung “Tien Chln, Kuo Liang Pan and
Manager Chiéh-Hong Wang ‘of Moh ' and
Associatesg, Inc. and Dr. Fu-Shu Cheng of
the  Civil Englneerlng Department of
Natlonal Taiwan Unzverszty for prov:dlng
their precious opinions, to Mr. Ming-Chuan

Kuo for his help in carrying out all the
computational work presented herein.

10,0,RESERENCESV

Duann, §. W., Wang, R. F., and Wang, C. H.
The - Applicatiom of Eleckric  Cone
Penetrometer i@ 'Estlmatlng Drlven Pile
Bearing Capacity- A Case. Hlstory, Sino-
Geotechnicg, No. 36,v P. 7- 19, Talpel, 1991
(in Chinese) ) '

Yen, T. L., Lin, H., Chin, C. T., and Wang,
R. F. ‘ .
Interpretatlon of Instrumented Drlven Steel
Pipe . Piles, Proc. of the Congress, ASCE,
Foundatlon Englneering. Current Prlnc1ples

and Practices, Vol. 2,. PR 1293 1308, 1989

Moorhouse," D. C. and'sheehan, J v.
Predicting . Safe ,Capacxty of P11e Groups,
Civil Engineering, ASCE, Vol. 38 No.. 10
Oct., 1968, pp. 44-48, 1968

Endo, M., Kawasakx, T;, and Shlbata, T,
Negative Skin Frlctlon Acting on Steel Plpe
Pile in ,Clay,, Proc. 7th. International
Conference on_Soil Mechanics and Foundation
Engineering, Vol.. 2,..pp. 85-92, Mexico,
1969 : '

FCIE S R



Table.l. Comparison of Skin Friction among Single Pile, Group Pile and the Dead Load

Chimney | Structural -|.Ultimate Skin Friction for Single Skin Frictiom of Group Piles
' I ' ; N o (tom).
: Pile x No. of Pile Considering Group - By Converse-
Dead Load - " {Local Experienéé) Piles as a Labarre Equation
¥o. ¢ (tom) o {ton) T Cylindrical Block - :
1 22700 7’95088 = 83600:; 44500 663500
- 227000 ©:1130x88 = 99440 67700 79500
3 22800 - ' 910x126 =114660 38300 71600
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Figure 1. Plan View of Pile Cap for Chimney No.1 and No.2 Figure 3. Plan View: of Pile Cap for Chimney No.3
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Figure 2. Elevation View of Pile Cap for Chinney No:1 and No.2 Figure 4. Elevation View of Pile Cap for Chinmey No.3
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Figure 5. Subsoil Profile and CPT Results near Chimney No.1, No.2 and No.3 .~
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Figure 6. Load Vs Depth during Pile Load Test
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Figure 10. Load Vs Depth during Pile Load Test Figure 11. Load Vs Depth during Pile Load Test
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