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ABSTRACT: During an earthquake, saturated fine sands tends to lose its bearing capacity due to the earthquake induced and accumulated
excess pore water pressure. The phenomenon, known as liquefaction, is one of the earthquake hazards that need to be mitigated in an
earthquake prone area such as the archipelagos of Indonesia. The occurrence of an earthquake cannot be prevented and, with the present
knowledge, is difficult - if not impossible - to predict. However, liquefaction potential can be mitigated by carrying out proper ground
improvement methods. The most common ground improvement schemes that have been widely implemented in mitigating liquefaction
potential of saturated fine sands in Indonesia are dynamic compaction and vibro-compaction. However, many practicing engineers are still
not familiar with the methods. This paper presents the design, execution, and evaluation methods of dynamic compaction. Two case histories

on real projects are also presented as examples.
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1. INTRODUCTION

One of the geotechnical problems in Indonesia, a country of
thousands islands, is: it lies right at the ring of fire, indicating high
occurrence of earthquake and volcanic activities (Figure 1). Adding
to the high seismicity problem, many of its coastal regions also lie
on saturated loose fine sandy soils. Combination of high seismicity
and saturated loose fine sandy soils lead to high potential occurrence
of liquefaction, a phenomenon where the sandy soil loses its bearing
capacity due to the accumulation of earthquake induced pore water
pressure, u. Once the accumulation of pore water pressure equals or
exceeds the total overburden pressure, oy, of the sandy ground, the
effective stress, c'v, becomes zero and the soil loses its shear
strength. Loss of shear strength causes the soil to liquefy and to
completely lost its bearing capacity, hence the structures above will
damage or even collapse. To mitigate the liquefaction potential,
saturated lose fine sandy soils need to be improved by compacting
them up to a certain degree.

Figure 1 Indonesia in the Ring of Fire (Irsyam, 2012)

Figure 2 shows various available ground improvement
techniques and its suitability for broad category of soils. It can be
seen that a number of techniques can be applied to improve sandy
soils, e.g. blasting, dynamic compaction, vibro-compaction, certain
type of grouting and deep mixing. This paper only presents the
ground improvement by dynamic compaction, starting from design /
planning, execution, instrumentations, monitoring, up to evaluation
of the improvement results. Some case histories will also be
presented.
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2. LIQUEFACTION POTENTIAL

Dynamic compaction and vibro-compaction techniques are often
adopted to mitigate liquefaction potential of sandy soils. In order to
warrant the success of the adopted improvement techniques, a
proper assessment of liquefaction potential is of utmost important.
Method to analyse the liquefaction potential shall not be elaborated
in this paper, readers may refer to the references published
elsewhere, among others are: Seed and Idriss (1971, 1982), Seed et
al (1985), Ishihara (1985), Stark and Olson (1995), Andus and
Stokoe (2000); Cetin et al (2004), Idriss and Boulanger (2004).

3. DYNAMIC COMPACTION

Compaction is defined as the process of soil densification by used of
external compaction effort. Dynamic compaction is a ground
improvement method where in situ soil is densified by repeatedly
and systematically dropping a heavy weight (tamper or pounder)
from a certain height. The weight of the pounder ranges from 8 to
200 metric tons, and the drop height varies from 10 to 40 meters.
This method is first pioneered by Louis Menard in the early
seventies (Gambin, 1979, Menard and Broise, 1975). Figure 3
shows the dynamic compaction equipment and process.
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Figure 3 Dynamic Compaction Equipment and Process

This method is primarily suitable for cohesionless or granular
soils, be it saturated or unsaturated. It is also suitable to compact fill
materials that consist of stones, gravels, industrial and domestic
waste. However, it is not suitable to be directly applied in cohesive
soils without any modification. To improve cohesive soil it needs
modification, e.g. by spreading gravel blanket on top of the ground
surface and then tampering / poundering / hammering it into the
ground to form gravel columns; or by installing prefabricated
vertical drain into the cohesive soils and then pounding the tamper
onto the ground, the poundering will induced excess pore water
pressure which will then dissipate through the vertical drain and
causing the soil to consolidate.

When the pounder hits the ground, it generates three types of
waves as illustrated in Figure 4 (Gambin, 1979), and elaborated
below:

e  The fastest among the three is the compression wave, also
known as P-wave. It can travel through soil solids and
groundwater. Being the fastest it will arrive first at every point
in the soil body, This P-wave creates push and pull actions onto
the soil structures (Figure 5) and hence breaks the interlocking
effects among the soil particles. In saturated non cohesive soils,
the compression wave increases the pore water pressure which
in turn breaks the interlocks among the soil particles.

e The second wave that arrives at the soil elements is the shear or
distortional wave, also known as S-wave, which is slower than
P-wave. The S-wave travels only in soil solids; it causes the
soil particles to slide against one another to a denser state
(Figure 5).

e The last wave, the slowest and the last wave arrives at the soil
elements among the three waves generated, is the Rayleigh
wave. The Rayleigh wave travels at and near the ground
surface, in a cylindrical wave front; it also causes the soil
particles to slide against one another to a denser state.

Menard (1975), explained the compaction mechanism in
saturated sandy soils as presented in Figure 6. The first diagram in
Figure 6 shows accumulation of compaction energy over time
(induced by repeated blows onto the ground surface). The second
diagram shows soils volume compression caused by the
accumulated compaction energy. The third diagram shows the
increasing pore water pressures induced by the accumulated
pounding energy, until it reaches maximum, indicating further blows
will no longer effective. The excess pore water pressure dissipated
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Figure 4 Waves Generated when Ponder Hits the Ground
(after Gambin, 1979)
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Figure 6 Compaction Mechanisms (after Menard, 1975)

with the passage of time, and hence the soil consolidates toward a
denser state. The fourth diagram shows the accumulated excess pore
water pressure causing the soil to liquefy (segment a in the diagram)
and lost its shear strength, when the blow is stopped, excess pore
water pressures dissipates and the soil starts to gain its shear
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strength (segment b) to a higher state. Menard also said thixotropic
effect will cause the soil to have even higher shear strength
(segment c).

3.1 Design

Dynamic compaction design is started by determining the required

depth to be improved. The purpose of the treatment is the governing

factor in determining the required improvement depth. Based on the
author’s experiences, the following guidelines can be adopted:

e To mitigate foundation settlement problems, the depth of
improvement must be up to the depth where the stresses
induced by the structures are only 5% of the stresses exerted at
the base of the structure foundation, or until the depth where
the settlement of the untreated deeper layers is no longer
detrimental.

e To mitigate soil liquefaction problems of structures founded on
shallow foundation, the improvement can be carried up to a
depth in such a way that when the underlying unimproved
ground liquefy during earthquake, the improved upper soil
layer will not liquefy and only minimal impact appear at the
ground surface. Ishihara chart (Ishihara, 1995) presented in
Figure 7 can be used to determine the required improvement
depth.

e  To mitigate soil liquefaction problems of structures built on
pile foundation, the improvement depth has to extend to the
depth of all liquefiable soil layers where the pile foundation
existed. This is to assure that the piles will not buckle if the soil

liquefies.
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Figure 7 Thickness of Unliquefiable Surface Layer Recorded when
Underlying Liquefied Sand Layer induced Minimal Damages at the
Ground Surface (Ishihara,1995)

Once the required improvement depth, D, is determined, the next
step is to estimate the pounder weight, height of drop, and
cumulated energy necessary to achieve the target improvement
depth. The weight and the drop height of pounder shall be estimated
by using the following empirical formula:

D =n V(MH) 1)

where D is the target improvement depth (m), M is the pounder
mass (ton), H is the height of drop (m), and n is an empirical factor
varying from 0.3 to 1.0. A guideline on the n values, derived from
many case histories, is given in Table 1. With this equation the value
of MH can be calculated. The next step is to decide the weight of the
pounder; it generally varies from 5 to 40 ton, with contact pressures
of 4 to 8 ton/m?. Concurrently, the height of drop is determined;
generally within 10 to 30m.

Table 1 Empirical Dynamic Compaction n Factor

. Degree of
Soil Type Saturation "
All Soils 0.50
Pervious Soil Deposits - High 0.50
Granular Soil Low 0.50 - 0.60
High 0.35-0.40
Semi Pervious Soil Deposits
Primarily Silts with PI <8
Low 0.40 - 0.50
. . . . Not
Impervious Pervious Deposits High recommended
Primarily Clayey Soils with
PI>8 Low 0.35-0.40
Fine Sand 0.65
Soft clay** 0.66
Loess** 0.55
Silty sand 0.65
Municipal Waste 0.35
Clayey Sand 0.50
Soil with unstable structure 0.50
Silts and sands 0.67
Pure frictional soils 1.00
Sand with Fines < 15% High 0.80
Coralline Silty Sand with High 035

Fines <35%

after: Gouw (1989), Gouw et al (2013), Qian (1986), Lukas (1995),
Smoltczyk (1983), Van Impe (1989)

** from Qian(1986), caution suggested as the n values appear to be
very high. Generally, saturated soft clay and loess cannot be
compacted without any additional measures.

Next, the cumulative energy required to compact an area up to a
certain depth can be estimated through Table 2. Multiply the
cumulative energy, Ec, obtained from Table 2 with the target
improvement depth, D, to get the estimated average energy required
for improving a certain area of ground,

Ea=EcxD )

The estimated number of blows required to densify per unit area of
the ground is determined by:

Nunit area = Ea / (M H)
=(E.D)/(MH) 3)

The poundings are normally carried out in a square grid pattern
with every pounding point centre to centre distance of S. Note that
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the pounding point is usually termed as print. The distance S is
generally adopted within 1.5 to 4 times pounder diameter. Hence,
the total number of blows at every print is:

Nprim =S X S X Nunitarea (4)

Table 2 Empirical Dynamic Compaction Cumulative Energy, Ec

Type of deposit Ap]:il:;l/lenlgrgy
Pervious coarse grained soil 20-25
Semi-pervious fine grained soils, clay fills 25.35
above water table
Saturated Coralline Silty Sand (fines 15- 59
35%) **
Landfills 60-110

Remarks:

« Use higher value for loose soil deposit
« Use higher value for recently placed fills (less than 3-5 years)

« Applied energy is obtained by multiplying the values by
the depth of treatment

« Applied energy of the standard compaction test is 56 t.m/m?

after: Gouw (1989), Gouw et al (2013), Lukas (1995)

In actual dynamic compaction execution, the number of N blows
calculated above shall not be carried out at one go. At every print
point, the pounding is stopped when the cumulative blow energy has
reached saturated stage. The pounding saturated stage is defined as
follows:

a.  When the depth of the crater created by the blows has reached
the height of the pounder plus 25cm. This is meant for the ease
of pulling up the pounder out of the crater.

b.  When the ground around the print started to show heaving
phenomenon. This is normally due to the increase of pore water
pressure.

Note that in practice, the number of blow per print is determined
from heave and penetration test as shown in the next section, a and b
serve as general guide only. In case a, the blow can be directly
restarted after the crater is backfilled or flatten out. In case b, the
blow is restarted when the excess pore water pressure has been
dissipated and the crater is backfilled or level out. This second stage
of pounding series is restarted/repeated at the same print point as the
previous stage, the pounding series is named as pass two, while the
previous series of blows is named as pass one. Subsequent stages of
blows on the same print points, if any, are named accordingly.

Examples: Assumed treatment to be done on saturated sand
layer with fine content less than 15%, target depth of improvement,
D is 16 m. From Table 1, the value of n is 0.8, so:

MH = (D/n)? = (16/0.8)*>= 400 ton m

take a drop height of H=25m

then M = 16 ton

Take pounder base area of 2mx 2 m

Height of pounder =400/ (2 x2x 7.8) =0.52 m

From Table 2, the cumulative required, E, is estimated to be around
20 t.m/m’. Hence, the number of blows required to densify a every
square meter of ground is:

N(lmxlm) = (Ec D) / (M H)
= (20 x 16) /400 = 0.8 blows/m?

If the minimum centre to centre pounding distance of 2 times
diameter (width) of the pounder is adopted, i.e. 2 x 2m = 4 m, then
every print point will require a total blow of:

Nprint = 4m x 4m x 0.8 blows/m? ~ 13 blows/print

In practice, the pounding is not directly applied in one phase
with  4m x 4m distance, but spread over two phases or more. If the
poundings are spread over two phases, then the execution pattern
shall be as presented in Figure 8. Every print is still subjected to
estimated total blows of 13 blows/print.

8m 8m

o

O

.- Phase 1 ® Phase 2

Figure 8 Poundings in Two Phases

3.2 Execution and Testing

Dynamic compaction equipment is relatively simple (Figure 9). It
only needs a lifting crane able to lift and to drop the pounder from
the design height; a bulldozer to backfill and level out the created
print craters; and a pounder of a certain weight and contact area. In
the older days, the crane must be able to lift and drop the pounder
using only a single line pulling wire. However, to date an
automatically trigger release mechanism to drop the pounder from
its design height eliminates the need of single line crane.

A
//..A;
A
/<) single line
pulling wire

Figure 9 Dynamic Compaction Equipment
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Execution of dynamic compaction work is often started with a
trial area to verify the design, especially when the job is carried out
on soil layers where there is no prior similar experience. The
minimum size of the trial area is 2D x 2D square grid, where D is
the depth to be treated. The first phase of the trial compaction square
grid distance is usually taken equal with the depth to be treated, i.e.
D x D; if D exceeds 10 m, the distance can be reduced to 0.5D x
0.5D. The minimum print distance is 1.5 pounder diameter (width).
Figure 10 shows a trial compaction area executed in three phases of
poundings.

Example: Say the planned treated depth, D = 16m, pounder base
area (contact area) is 2m x 2m.

e  Select grid distance of S=0.5D = 8m

e Phase 1: Pounding on the points determined as phase 1,
indicated as black circles in Figure 10. Figure 11 shows the
moment when the pounder hit the ground. Figure 12 shows the
condition right after pounding.

e Repeat the pounding at the same print point. At end of every
pounding measure and calculate the volume of created soil
depression (crater), Va; Also measure and calculate the volume
of soil heave around the crater, Vi (Figure 13 and 14).

%

D
A
0 \®

~
: "
D Q A
° T .

Figure 10 Three Phase Pounding Pattern

Figure 11 Moment when Pounder Hits the Ground

Figure 14 Volume of Soil Depression, V4, vs Heave, Vi

Stop the pounding process when pounding efficiency (defined
as net depression volume, Vrett = Vda - Vi, divided by volume
of depression, Va) is smaller than or equal to 40%.

Et=(Va- Vn)/ Va<40% 5)
Move to the next print position.
After all phase 1 print points (all the black circles in Figure 10)
at the trial area are pounded. Conduct in situ test (either SPT,
CPT or Pressuremeter test) at the untreated point located
among the print positions, and compare it with the pre-
treatment SPT/CPT/Pressuremeter. Evaluate whether the target
treated values has been achieved.
If the in situ tests reveal that the compaction results have not
yet achieve its target values, carry on with phase 2 poundings.
The phase 2 poundings are carried out at the centre point of
within phase 1 print points (empty circles in Figure 10).
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e As in phase 1, measure the depression and heave volumes to
determine the optimum number of blows at every print point.

e  After phase 2 compaction is completed, again carry out in situ
test at the untreated point located within the print points of
phase 1 and phase 2. Evaluate the results.

e If phase 2 compactions still have not reached the target values,
carry on with phase 3 poundings (noted as triangular in Figure
10) and repeat the whole procedures.

e At every stage, remember to always record the number of
blows at every print point, the drop height, and the backfill
volume added (if any).

e At every compaction phase, when the created craters make the
movement of equipment difficult, the craters need to be
backfilled and/or levelled out.

e  Once the target design values of the treated ground has been
achieved, level out all treated area. Then carry out final
pounding with a drop height of only 2 to 4m. This process,
commonly known as ironing tamping, is meant to further
compact the ground surface layer. Finally, vibrating roller is
used to compact the upper 30-50 cm surface layer as it is
almost impossible to compact this upper layer using dynamic
compaction equipment.

e When the whole process is completed, measure the surface
elevation, compare it with the pre-treatment elevation, calculate
and estimate the enforced settlement created by the dynamic
compaction process (while not forgetting take into account the
backfill volume added, if any).

Based on this trial tamping, decide the compaction pattern and
program for the whole area to be treated. At every 500 to 1000 m?
treated area, always conduct in situ test to evaluate the compaction
results and the degree of improvement achieved. Also conduct
surface elevation measurement to calculate the enforced settlement
obtained.

Degree of improvement achieved normally depends on:

e  Thickness of the soil treated

e  Type and characteristics of the soil

e Groundwater elevation

e  Pre-treatment density or consistency

Typical degree of improvement and maximum bearing capacity

achieved is presented in Table 3.

Table 3 Typical Degree of Improvement by Dynamic Compaction

i Degree of Maximum Bearing Capacity
Soil e Improvement Achieved
Clay )
(unsaturated) 100 - 150% 100 kPa
Silt 200% 200 kPa
Sand 400% 350 kPa

Degree of Improvement = Pre-treatment Compactness divided by
Post-treatment Compactness

4. ENVIRONMENTAL ISSUE

The prime environmental issue of dynamic compaction techniques is
its induced vibrations which can cause inconveniences to peoples
and, if carelessly conducted, can even cause damages to surrounding
structures. Therefore, during dynamic compaction trial test, it is
highly suggested to monitor the induced vibration with a modern
vibration monitoring instrument which is able to measure the
horizontal and vertical vibration acceleration, velocity and
displacement / amplitude. The result of the monitoring can then be
plotted into vibration hazard criteria presented in Figure 15. With
this, measures can be designed to alleviate detrimental effect during
the execution of the work.
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Figure 15 Vibration Hazard Criteria (Richart et al, 1970)

5. CASE HISTORIES
5.1 Dynamic Compaction on Reclaimed Sandy Soils

The project was located in a small town of Lhoksemawue in North
Sumatra, Indonesia. The site was originally tidal flatlands adjacent
to the beach, with small tidal rivers flowing through the area. During
the late 1970s and early 1980s, sandy material dredged from the
harbor was pumped to fill the project site. The grade in this area
was, thus, raised from near mean sea level to a level approximately
4 m above sea level. A LNG tank of 70 m diameter and 26m high
were going to be built side by side. The soil investigation revealed
that up to about 30 m depth, the soil was primarily poorly-graded,
medium to fine grained, sands in the upper 10 m then grades to only
fines with increasing depth. Thin clayey sand layer of about 1 m
thick was found at a depth of about 3 to 6 m depth. At this depth the
fines (% passing #200 sieve) content was around 30%, whereas at
other depths the fine content was generally in the order of 5-15%.
Figure 16 shows the soil profile and the SPT blow counts. The site is
located at the earthquake prone area, with an anticipated maximum
ground surface acceleration of 0.18g. Based on liquefaction
potential analysis developed by Seed et al (1982, 1985), the
foundation soil was clearly prone to liquefaction. Ishihara (1985)
reported that during Niigata Earthquake of 1964, no liquefaction
occurred at depth deeper than 15 m. Therefore, it was decided to
densify the soil up to 16 m depth by dynamic compaction
techniques.

The dynamic compaction was carried out by dropping a 16 ton
pounder with contact area of 2 m x2 m, from 25 m height. The
poundings were carried out in two phases. Phase 1 with a grid
pattern of 8 m x 8 m. Phase 2, also with a grid pattern of § m x 8§ m,
was carried out at the centre points of the first phase grids. The
radius of the improvement, Ri, was taken as radius of the tank, Ro,
plus two third of the target improvement depth, D.

Ri=Ro+ 0.66 D (6)
=35+0.66x 16=45.6m
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Figure 16 Soil Profiles and SPT Blow Counts at LNG Tank Site

Figure 17 shows the executed tamping pattern. Upon completion
of phase 2, the ground surface was further compacted by ironing
tamping using the same pounder but with a drop height of only 5m.
Cumulative compaction energy applied at the side was 200 t.m/m?
or 12.5 tm/m? (200 t.m/m? divided by improved depth of 16 m).
The enforced settlement recorded was within 22 to 28 cm.

QO
L0 Lq T l O

Tank Diameter 70m
Diameter of Improved Area 91.2 m

' P = Print Measurement ? Phase -1 Tamping
l Pre-Compaction SFT Post-Compaction SP1T

@ Phase-2 Tamping
+r Water Standpipe

Figure 17 Dynamic Compaction Pattern at LNG Tank Site

Figure 18 shows the pre-compaction vs post-compaction SPT blow
counts. It can be seen that only 5 post-compaction SPT data points
still falls below the liquefaction boundary line, and majority falls
above the boundary line. Those few SPT blow counts that still fall
below the liquefaction boundary was judged to be non-significant.
The distribution of the SPT N values shows that the impact of
dynamic compaction is diminishing with depth. Figure 19 shows the
degree of improvement achieved. It can be seen that no
improvement was achieved when the pre-compaction normalized
SPT N value, (N1)eo, is larger than 30.
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Figure 19 Degree of Improvement Achieved at LNG Tank Site

5.2 Dynamic Compaction on Coralline Soils

At Tarahan, South Sumatra, Indonesia, a coal terminal was going to
be built. Soil investigation results revealed that the underlying soils
consisted of 0.5-4.0 m thick fill material, composed of a mixture of
cobble, gravel, sand and silt, overlying 12-16 m thick coralline soil
(Figure 20). The coralline soil composed of loose silty sand with
substantial amount of coral fragments throughout the depth. The
upper 5 m, on average, contained about 30% coarse coral fingers
(percent retained in sieve no. 4) while the lower part had about 20%.
This coralline soil was underlain by stiffer strata of clayey soil
followed by conglomerate in the northern area and stiff to hard clay
in the southern area. The water table varied from 1.5 m to 2.5 m
depth from the northern to the southern part. The site is located in
earthquake prone area. Liquefaction analysis with maximum
horizontal ground acceleration of 0.25g and earthquake magnitude
of 7.5 showed that the site was prone to liquefaction (Figure 21).

Dynamic compaction was chosen to compact the subsoil up to
10 m depth. A 15 ton pounder with a contact area of 4.3 m? and a 20
m drop height was selected. A number of trial compactions were
carried out. It was later found that four phases of compaction were
needed. Figure 22 shows the compaction pattern. The ironing
tamping was conducted with a drop height of 12.5 m. The
cumulative energy applied was 295 t.m/m?.
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Figure 22 Dynamic Compaction Pattern at Coal Terminal Site

The compaction energy was able to induce enforced settlement
of around 70 to 90 cm. However, comparison of pre and post
compaction SPT (Figure 23) clearly showed the improvement depth
achieved was less than 5 m, which was way off target of 10 m depth.
Analysis showed that the compaction could not improve the soil
with pre-compaction SPT higher than 20 blows/ft (Figure 24). The
applied cumulative compaction energy per unit volume of soil
improved was 59 t.m/m? (total energy applied at the surface of 295

t.m/m? divided by the 5m depth improved). This value was certainly
out of the usual range of 20 to 30 t.m/m? to compact granular soils.
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Figure 23 Pre and Post Compaction SPT at Coal Terminal Site
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Figure 24 Degree of Improvement Achieved at Coal Terminal Site

Therefore, investigation was carried out. Pre and post
compaction grain size distribution of the subsoils revealed that the
percentage of fine content increases (Figure 25). Careful visual
examination on pre and post treatment soil samples used for grain
size analysis showed that the post compaction coral fingers reduce
significantly. It was concluded that significant part of compaction
energy was absorbed to crush the coral fingers. It was later decided
to compact deeper layer by vibro-compaction with added backfill,
i.e. to form sand compaction piles.
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Figure 25 Pre and Post Treatment Fine Content at Coal Terminal
Site
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5.3  Conclusions on the Case Histories

Both case histories show that the degree of improvement achieved
by dynamic compaction diminishes with depth. This phenomenon is
not exceptional because the fact is the compaction energy
transferred to the soil is also diminishes with depth.

Coralline silty sand deposits, i.e. sandy soil with existence of
coral fingers, need much higher cumulative compaction energy to
compact compared to sandy soil with no coral fingers (59 t.m/m’ vs
12.5 tm/m?®). About half of the dynamic compaction energy was
absorbed to crush the coral fingers. Back calculation of dynamic
compaction empirical coefficient n as in equation (3) showed a low
value of only 0.3 [ n =5/ V(15x20) ] to improve the coralline soils
compared to a high value of 0.8 [ n =16 / V(16x25) ] to improve the
reclaimed sandy soils with no coral fingers. It can be concluded that
dynamic compaction is not very effective to improve coralline soils.
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