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Steel Pipe Piles in Silty Clay Soils at Belawan, Indonesia

Les Pieux Creus en Acier dans les Argiles Limoneuses à Belawan, Indonésie
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N.A. TREN TER Sir William Halcrow and Partners, Consulting Engineers, United Kingdom 
N.J. BURT

SYNOPSIS The paper describes the driving and test loading of steel pipe piles which formed
part of the geotechnical investigation for design of a major port extension at Belawan, Indonesia. 
Four piles were tested, two onshore and two offshore, in a silty clay succession, which contained a
5 m thick layer of volcanic ash and sand at the onshore location. Tested at different intervals 
after driving, the offshore piles showed substantial gain in load carrying capacity with time, which 
was reflected in an increase in the calculated parameters a, 3 and S . The calculated parameters 
were also significantly higher for the onshore tests, probably due to the thick volcanic ash and 
sand layer. Back analysis of the driving records indicated that, despite partially plugged dynamic 
behaviour, the internal shaft resistance during driving was generally of a low value, but might be 
increased in the presence of layers of granular material.

INTRODUCTION

It is proposed to extend the Port of Belawan, 
Indonesia, by the construction of a five berth 
quay, with transit sheds and ancillary struc
tures. The quay will be some 900 m long and 
comprise an in-situ concrete deck supported on 
pre-cast concrete transverse beams at 4 m cen
tres. Each beam will be supported in turn by 
500 mm diameter steel pipe piles at 6 m centres.

As part of the studies for the design of the 
project, a geotechnical investigation was 
performed which included boreholes, in-situ and 
laboratory testing and a series of four tests 
on steel pipe piles, two onshore and two off
shore .

SITE DESCRIPTION AND GEOLOGY

The Port of Belawan lies on a peninsular, 
bounded by the Deli and Belawan Rivers, 18 km 
north of the city of Medan, capital of North 
Sumatra. The Port occupies flat low lying 
ground, typical of the east coast of Sumatra, 
with mangrove swamps, ponds and small arable 
farms adjoining. The site itself is largely 
under-water and substantial reclamation will be 
necessary during construction.

The site is underlain by deposits of Recent and 
Pleistocene ages laid down during erosion of 
the older more mountainous rocks which traveise 
the island from south-east to north-west. 
Relative changes in sea level occurred during 
deposition of the some 50 m of Recent sediments, 
and sands up to 5 m thick are present within 
an otherwise silty clay succession.

Where penetrated, the Pleistocene deposits 
consisted of sands and clays together with 
rhyolitic tuff. Whilst large thicknesses of

tuff were not encountered in the overlying 
Recent deposits, some tuffaceous material was 
present in the sands; it may be that the sea 
level changes at the time of sand deposition 
were associated with volcanic activity else
where on the island.

SITE INVESTIGATION

The site investigations for the design study 
included a total of 23 boreholes and 59 static 
penetrometer soundings using a Begemann cone, 
both onshore and offshore. In the boreholes,
73 mm diameter open drive samples were taken 
for inspection and laboratory testing, and a 
number of piston samples were also recovered. 
Laboratory testing included consolidated 
drained and unconsolidated undrained triaxial 
compression tests, oedometer and index property 
determinations. Vane tests were also performed 
in the boreholes to determine the undrained 
shear strength of the soil in-situ.

An instrumented trial embankment 50 m by 20m by
4 m high, sited close to the onshore test-' 
pile location, was also constructed to invest
igate the consolidation properties of the 
upper silty clay deposits.

SOIL CONDITIONS 

General

The boreholes revealed a succession of very 
soft silty clay becoming soft with depth 
(Clay I) which, at the onshore location, over
lay a 5 m thickness of medium dense to dense 
volcanic ash and sand at about 18 m depth;
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this was followed by firm, becoming stiff, silty 
clay (Clay II) to about 52 m depth, where 
another granular stratum was encountered. The 
succession at the offshore location was similar 
except that the volcanic ash and sand stratum 
had reduced to less than one metre thickness. 
The above described Recent deposits were un
derlain by Pleistocene very stiff to hard 
silty clays with sand horizons which continued 
to the full depths penetrated.

Shell fragments, silty sand pockets and part
ings and organic matter were frequently 
disclosed in both Clay I and Clay II. The 
volcanic ash and sand layer largely comprised 
ash and pumice at the top, which gave way with 
depth to micaceous fine to coarse quartz sand. 
Organic material including rotting wood was 
often particularly common above and below this 
layer.

Index Properties

The Plasticity Index of both Clays I and II 
was usually well in excess of 20 per cent and, 
whilst the scatter was large, an average of 
40 per cent has been assumed. There was also 
large scatter in both the Liquidity Index and 
the Activity for Clay I, where the average 
values were about 100 per cent and 1.3, res
pectively. There was smaller scatter in these 
properties for Clay II, where 60 per cent and 
about 0.8, respectively, are considered reason
able average values. The scatter in these 
properties probably reflects variations in 
silt, sand and organic content.

Undrained Shear Strength

The undrained shear strengths determined by the 
laboratory triaxial tests on the 73 mm diameter 
open drive samples were found to be consistent
ly low, probably due to sample disturbance. 
Attention was therefore concentrated on the 
in-situ vane tests, supplemented by the 
results of the static penetrometer soundings.
In Fig 1, the undrained shear streng-ths from 
the vane tests made in the offshore boreholes 
have been plotted, together with the static 
penetrometer results, assuming that the cone 
resistance "q " and the undrained shear 
strength "cu" can be related by q /20 = c .

Study of Fig 1 indicates that the equation 
cu= 0.25 pQ fits the data reasonably well, where 
"p " is the effective overburden pressure 
ca?culated using a submerged unit weight of
6 k N / m 3 .  jt should be noted that the relation
ship between c /p and Plasticity Index pub
lished by LeonMrds (1962) suggests that for a 
Plasticity Index of about 40 per cent, a c /p 
ratio of 0.25 would be appropriate. u °

Sensitivities of both Clays I and II, as 
measured by the in-situ vane tests, were 
generally less than four and averaged about 
two.

Drained Shear Strength

The drained shear strength of samples of Clay I 
and Clay II soils was determined by a series 
of consolidated drained triaxial tests on open

drive samples. The results have been plotted 
in the form of a "p-q" diagram in Fig 2, where 
it will be seen that the best fit to the points 
plotted would be given by a line corresponding 
to:

c 1 = O, 0 ’ = 25 degrees

Data published by Bjerrum & Simons (1960) show 
that for a Plasticity Index of about 40 per 
cent, the above effective shear strength lies 
within the expected range.

PILE LOADING TESTS 

General

As previously stated, four pile tests were 
performed: two onshore (Test Piles 1 and 2) and 
two offshore (Test Piles 3 and 4). For each 
Test Pile, reaction was supplied by four 
universal column sections driven six pile dia
meters distant from the centre of each Test 
Pile. In the case of the onshore pile tests, 
the reaction piles were of 300 x 165 mm section 
driven between about 30 and 39 m depth; for the 
offshore pile tests, the reaction piles were of 
400 x 200 mm section driven to 47 m depth.
Data on the Test Piles are given in Table I.

TABLE I

Test Pile Data

Test 
Pile No.

Diameter
(mm)

Wall
Thickness

(min)
Penetration

(m)

1 350 10 38.5 and 39.1

2 400 12 24 and 30.3

3 400 12 53.5 and 54.5

4 400 12 43.3

Each Test Pile was driven open ended by a Kobe 
22 hammer, crawler mounted in the case of the 
onshore pile tests and barge mounted for the 
offshore pile tests. An account of the 
behaviour of the four Test Piles during driving 
is given later. The hammer specification is as 
follows:

Total Weight 
Ram Weight 
Ram Stroke 
Energy per Blow 
Explosive Force

48 kN 
22 kN 
2.5 m 
6 2 kN m 
720 kN

The Piles were generally tested using the 
maintained load procedure; however, in the 
case of the offshore Test Piles 3 and 4, 
Constant Rate of Penetration (CRP) tests were 
occasionally performed as indicated in the 
following text.

Onshore Pile Tests

Test Pile 1 was loaded 10 days after driving
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to 38.5 m depth, but one of the reaction piles 
lifted when a load of about 1300 kN had been 
applied and before failure could be reached.
A plot of load v pile head settlement is 
given in Fig 3. The pile was then redriven 
to 39.1 m depth 193 days later, but was not 
tested.

Test Pile 2 was first driven to 24 m depth. 
After an interval of 8 days it was loaded to 
failure at 715 kN. Twenty four hours later 
the pile was redriven to 30.3 m depth and 
after an interval of 121 days loaded to failure 
at 1035 kN. Relationships between load and 
pile head settlement for both stages of this 
test are given in Fig 4.

Plots of blowcount v depth for Test Piles 1 
and 2 are given in Fig 5 and 6, respectively.

Offshore Pile Tests

Test Pile 3 was driven to 53.5 m depth with one 
lengthy interruption. A preliminary load 
test at this depth made after an interval of 
9 days indicated that the pile could carry 
2090 kN without failure. The pile was then 
redriven a further one metre to 54.5 m depth 
(for which 5510 blows were required) and 
tested after intervals of 2.3, 3.0 (CRP) and 
4.2 days from re-driving. A plot of load v 
pile head settlement for these three test 
intervals is given in Fig 7, where it will be 
seen that failure was recorded at 1555, 1615 
and 1670 kN, respectively.

Test Pile 4 was driven to its final depth of 
4 3.3 m with only minor interruptions. Loading 
followed after intervals of 1.7, 10.5, 20.5 
and 32.5 days from driving and failure 
occurred at 1225, 1555, 1670 and 1670 kN, 
respectively (NB: no change in failure load 
between 20.5 and 32.5 days from driving). 
Immediately after the maintained load test at
32.5 days from driving, a CRP test was per
formed; failure occurred at 1600 kN, a slightly 
lower load than occurred during the maintained 
load test. The relationship between load and 
pile head settlement for this Test Pile is 
given in Fig 8.

Plots of blowcount v depth for Test Piles 3 and
4 are given in Figs 9 and 10, respectively.

DISCUSSION OF RESULTS OF 
PILE LOADING TESTS

General

The shaft resistance was analysed in terms of 
total and effective stress using the following 
well known expressions:

f = a c u

f = 0 Po
Burland (1973)

f = K p tan 6 
*o

Chandler (1968)

where "f" is the unit shaft resistance; "a" is 
the average adhesion factor in terms of total

stress; "8" is the corresponding factor in 
terms of effective stress; "6" is the average 
angle of shearing resistance between soil and 
pile; K is the average coefficient of lateral 
earth pressure for the conditions adjoining 
the pile (assumed to be 1 - sin 0' or about 
0.6 in this case) and p is the vertical 
effective stress. The vertical effective 
stress was computed on the basis of the unit 
weight of the soil only; no allowance was 
made for the effect of the reaction piles.

Base resistance was computed throughout in 
terms of total stress using the expression:

q = 9 cu

where "q” is the unit end bearing resistance. 
The assumption was therefore made that the 
pile had "plugged" (see below). It should be 
noted that the calculated base resistance 
appeared to be a very small proportion (5 per 
cent) of the total pile carrying capacity and 
so the analysis was not sensitive to this 
assumption.

The relationship c = 0.25 p was assumed for 
the clay soils. F$r Test Pi?es 1 and 2, which 
penetrated substantial volcanic ash and sand, 
Begemann's relationship (1965) f = q^/2 was 
adopted, where "f" is the unit shaft resistance 
of the pile as already defined and "qf" is the 
average local sleeve friction over the thick
ness of the granular stratum obtained from the 
static cone penetration tests. The factor 
q. was determined as about 9 0 kN/m2 from the 
three static cone penetrometer tests made 
closest to the test area.

Onshore Pile Tests

The results of the analyses for the onshore 
pile tests are given in Table II, below:

TABLE II

Onshore Pile Tests

Test Pile 
No

Time from 
Driving to 
Testing 
(days)

Calculated Parameters

a ß 6°

1 10 > 1.02 >0 .26 > 23

8 1 .24 0. 31 27
2

121 1.16 0.29 26

It will be noted that the calculated parameters 
( a ,  B and 6) for Test Pile 2 at 8 days from 
driving are substantially in excess of those 
for the same pile at 121 days from driving. At 
first sight this result might seem anomalous 
but Test Pile 2, when tested at 8 days, 
penetrated only 24 m and did not penetrate into 
Clay II. A substantial proportion of its 
load carrying capacity was therefore afforded by 
the volcanic ash and sand layer. However, Test 
Pile 2 at 121 days penetrated 30 m, about 6 m
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into Clay II. Hence no conclusions can be 
drawn as to the gain of strength with time 
in the case of Test Pile 2.

Offshore Pile Tests

The results of the analyses for the offshore 
pile tests are given in Table III, below:

in failure at the slightly lower load of 16oo 
kN. It may be that the slightly lower ultimate 
load achieved during the CRP test was the result 
of undissipated pore pressures set up during the 
previous maintained load test. On the other 
hand, the small difference may be accounted for 
by the use of a different test procedure.

TABLE III

Offshore Pile Tests

Test Pile 
No

Time from 
Driving to 
Testing 
(days)

Calculated Parameters

a ß 6°

3

2.3 0.51 0.13 12

3.0 0.53 0.13 13

4.2 0.55 0 .14 13

9.0* >0.73 > 0.18 >17

4

1.7 0.63 0.16 15

10.5 0.81 0.20 19

20.5 0.87 0 .22 20

32.5 0.87 0.22 20

*NB: Test Pile 3 did not fail under load at
9 days.

The results quoted in Table III have also been 
plotted in Fig 11 (calculated a values versus 
time) and in Fig 12 (calculated 6 and 6 values 
versus time). It will be observed that in 
all cases a reasonably smooth curve can be 
drawn through the points to a projected equili
brium value some 30 to 50 days after driving.

Calculated values for Test Pile 3 shortly after 
driving are significantly lower than for Test 
Pile 4, but there is a clear indication that 
as time progresses, the calculated values 
increase towards the curve for Test Pile 4.
Note that Test Pile 3 was not taken to failure 
at 9 days and the calculated parameters are 
consequently lower than they would have been 
at failure.

The reason for the significant difference be
tween the calculated parameters for Test Piles
3 and 4 when tested at an early stage is not 
clear. However, Test Pile 3 penetrated to
54.5 m depth whilst Test Pile 4 penetrated 
to only 43.3 m depth. It is possible that 
in driving the additional 11 m through stiffer 
Clay II, Test Pile 3 set up relatively higher 
pore pressures than did Test Pile 4. As a 
consequence, the calculated parameters are 
lower during the early stages, but increase 
with time as pore pressures dissipate.

A CRP test performed on Test Pile 3, immediat
ely after failure had been reached at 1680 kN 
using the maintained load procedure, resulted

DISCUSSION ON RESULTS OF PILE DRIVING 

General

In general, the test piles penetrated the first
10 to 15 m of Clay I under the weight of the 
hammer alone and penetrated a further 5 to 10 m 
under the free fall of the ram, before the 
diesel hammer was fired. For onshore Test 
Piles 1 and 2 there was a noticeable increase 
in the driving resistance on encountering the 
volcanic ash and sand stratum. It appears 
that this increase was not completely lost 
when the layer was penetrated, although it is 
difficult to be certain, due to changes in the 
mode of operation of the hammer.

The driving records for offshore Test Piles
3 and 4, where the volcanic ash and sand layer 
was less than one metre thick, generally 
increase gradually with depth, suggesting in 
turn a reasonably uniform increase in pile 
capacity with depth in Clays I and II. It is 
clear that unlike the onshore Test Piles 1 and
2, the volcanic ash and sand stratum had little 
if any effect on the performance of the offshore 
Test Piles 3 and 4.

Whenever there was a halt in pile driving, the 
blow-count required to "restart" the pile was 
greater than the blowcount immediately before 
the halt. With continued driving, the blowcount 
reduced below the peak restart value, but did 
not return to the value achieved before the 
halt. In general terms, the increase in 
driving resistance was greater the longer the 
halt in driving lasted. Also, the greater the 
penetration at which the halt occurred, the 
greater the increase in restart driving 
resistance. This behaviour no doubt reflects 
the excess pore water pressures set up during 
driving whose dissipation is related to the 
gain in strength, reflected in the increase in 
calculated parameters a, 3 and 5.

The position of the internal soil plug was 
monitored at intervals during the driving of 
Test Piles 2, 3 and 4 and on completion of 
driving of Test Pile 1. It was established 
that during driving the piles behaved as 
neither fully plugged nor fully unplugged, 
but in some intermediate manner. In general 
terms, the internal soil plug moved down with 
the pile during driving, but with relative 
movement, such that the final length of the 
internal soil plug was typically some 70 per 
cent of the pile penetration. The piles 
behaved in a partially plugged manner through
out driving and did not commence unplugged 
to become plugged at a later stage. This 
phenomenon has been predicted and discussed by 
Heerema and de Jong (1979).
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Back Analysis

The pile driving records (Figs 5,6,9 and 10) 
were analysed using the wave equation method 
in order to determine the soil resistance 
during driving (SRD) for the final metre of 
penetration. The analysis was carried out 
for both fully plugged and fully unplugged 
conditions and did not take into account the 
dynamic behaviour of the internal soil plug 
as discussed by Heerema and de Jong; the 
differences in the calculated SRD were 
relatively small (generally about 2 per cent). 
This is presumably because the estimated fully 
plugged end resistance was only a small 
proportion of the total resistance. The 
results of the analyses are given in Table IV, 
below, where the final lengths of the internal 
soil plugs are also given.

TABLE IV

Soil Resistance During Driving (SRD)

shaft friction during driving as it may have 
on external shaft friction under static 
loading.

In the case of Test Pile 3, the calculated SRD 
is less than the static load capacity achieved 
when tested 9 days later, but greater than the 
static load capacities measured following 
a further 1 m of heavy driving. This supports 
the suggestion made earlier that heavy driving 
may cause a disproportionate reduction in 
pile capacity, when piles are subject to early 
testing.

Apart from Test Pile 2 at 30.3 m depth, 
already discussed, it is possible to assume 
that the internal shaft friction developed 
during driving is negligibly small; the 
calculated SRD values then lead to an 
equivalent dynamic "a" value of about 0.9 for 
the onshore Test Piles and about 0.5 for the 
offshore Test Piles. The significant effect 
of the thick granular stratum within the 
clay succession is again demonstrated.

Test Pile 
No

Penetration
(m)

Final Length 
of Soil Plug 

(m)

SRD
(kN)

1 38.5 23.3 1080

39. 1 - 1500*

2 24.0 - 590

30.3 23.1 1250

3 53.5 38.5 1730

4 43.3 3,3 930

*Re-driven 203 days after initial driving

The calculated SRD values are lower than the 
loads achieved at failure in the pile loading 
tests which followed, with the exception of 
Test Pile 2 at 30.3 m depth. Close correlation 
between the SRD and static load test results 
cannot, however, be expected because of pore 
pressure and other effects.

Although the calculated SRD values may appear 
consistent with fully plugged behaviour during 
driving, partially plugged behaviour was in 
fact observed, indicating in turn relative 
movement between soil plug and the inside of 
the pile. The conclusion may therefore be 
drawn that the internal shaft resistance was 
relatively low, apart from Test Pile 2 at 30.3m 
depth. This pile possessed a calculated SRD 
value in excess of the load achieved at 
failure in the static load test. This suggests 
that whilst the pile was partially plugged 
during driving, with a substantial internal 
shaft resistance, during static loading it 
behaved as if fully plugged. It will be 
remembered that at 18 m depth, this Test Pile 
had penetrated a 5m thickness of granular 
material; consequently, it may be that a thick 
granular layer in an otherwise clay succession 
may have as significant an effect on internal

CONCLUSIONS

On the basis of the four pile tests described,
certain conclusions may be drawn as follows:

(i) Friction piles driven into normally 
consolidated silty clay soils show an 
increase in carrying capacity with 
time, due to a gain in strength of the 
soil around the pile shaft as pore 
water pressures generated during 
driving dissipate. In the case of the 
offshore pile tests described, an 
increase in carrying capacity up to 
about 50 per cent was measured in 30 
to 50 days from driving. In this 
connection, Wroth,Carter and Randolph 
(1979) predict a 50 per cent increase 
in undrained shear strength next to the 
pile for a soil having a Plasticity 
Index of about 40 per cent and an 
angle of effective shearing resistance 
of 25 degrees, determined in triaxial 
shear.

(ii) It is possible that piles driven through 
stiffer normally consolidated materials 
will show the greatest gain in strength: 
the pore pressure increase associated 
with driving into these soils is 
larger, as is the corresponding gain
in strength on pore pressure dissip
ation. This is not meant to imply 
that high pore pressures are only 
generated in the stiffer soils them
selves, but that vibration due to 
continued hard driving sets up relativ
ely higher pore pressures in the 
overlying softer soils. Hence the 
longer the pile and the deeper the 
penetration into underlying stiffer 
soils, the greater the apparent reduct
ion in load carrying capacity on early 
testing.

8 7 9
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(iii) Substantial differences in the 
calculated values of a , Band 6 were 
evident between the onshore Test Piles 
1 and 2, which penetrated a 5 m layer 
of volcanic ash and sand, and the 
offshore Test Piles 3 and 4, where the 
layer was less than one metre thick.
The projected equilibrium value of
a for the offshore Test Piles was about 
0.9, whereas the average o for the 
onshore Test Piles was about 1.15. 
According to Tomlinson (1977), pile driv
ing in these soil conditions produces 
a skin of granular material, dragged 
down by the pile into the underlying 
clay. This causes an increase in shaft 
resistance and hence the calculated 
parameters a, 6 and 6.

(iv) Measurements made during driving 
indicated that the internal soil plug 
moved down with the pile and achieved
a final length some 70 per cent of pile 
penetration. The piles were therefore 
neither fully plugged nor fully unplugged, 
but behaved as if partially plugged 
throughout.

(v) Thick granular layers within an other
wise clay succession appear to have a 
significant effect on the magnitude of 
the internal shaft resistance mobilised 
during driving. There is evidence to 
suggest that an onshore Test Pile driven 
through the 5 m thick granular layer 
into underlying clay possessed a high 
internal shaft resistance during 
driving, whereas for the remaining piles 
which did not, the internal shaft 
resistance was relatively small.

(vi) Assuming the internal shaft resistance 
mobilised during driving to be neglig
ibly small, an equivalent "a" value of 
0.9 is appropriate for the onshore 
piles, where the thick granular layer 
was present, and 0.5 for the offshore 
piles.
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