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ABSTRACT

Due to the highly inherent heterogeneity of the fill materiads, landfill areas generally paose many
uncertainties and some serious problems when construction takes place Excessive and unpedictable
settlement may occur due to the potentia large voids in the landfill. Dynamic compadion technique by
repeated impads of a heary weight on to the fill can successfully reduce the voids in within the landfill
thus minimizing the potentia settlement problem and increasing the beaing cgpacity. The dfectivenessof
the technique isillustrated by two case histories presented in this paper. The results of pressuremeter tests
caried out before and after the dynamic compadion in the first case history show that the stiffnessof the
fill had been increassed. Ground vibration induced by the impad was also monitored and an empiricd
correlation was established. The second case history illustrates the goplicaion of dynamic compadion
tedhnique for a housing projed on a landfill site. After more than 10 yeas, the buildings and the
surrourding platform are performing well.
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1. INTRODUCTION

A wide variety of human adivities had left many areas covered by fill materias. These fill materials may
consist of industrial wastes, municipal and damestic refuse, construction debris...etc. Serious problems
can arise where congtruction takes placeon these landfill areas. In general, there ae two mgjor aspects
which need to be assessed. Firgt is the excessive or unexpected settlement if the landfill isin very loose
state and consists of very large voids. Secondis the potential hazardous to hedlth if the landfill consists of
toxic wastes. Only the first aspect is discussed in this paper.

Dynamic compadion technique is one of the groundimprovement methods which has been proven very
effedive in dengfication d loose soil within certain depth (Menard and Broise 1975, Lukas 1980, Chow
et d. 192). It has aso been successfully applied in landfill areas for various purposes (Mayne € al.
1984). This paper presents experiences gained from two case histories where dynamic compadion
tedhnique was adopted for the densification of the existing landfill. The first case history was a aastal
reclamation project where aout one third of the projed site was filled with refuse in the past 10to 20
yeas. The results of Pressuremeter tests carried out before and after the dynamic compadion show that
the landfill could be densified and the stiffness could aso be increased. Groundvibration induced by the
compadion was monitored. An empirical correlation was established based onthe monitoring results. The
second case history was a low cost housing development on a landfill areawhich was carried out more
than 10 yeas ago. As of today, the dynamic compaded landfill has not shown any sign of excessive or
unexpected settlement.

2. SETTLE MENT MECHANISM OF LANDFILL
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The settlement mechanism of landfill is very complex. In general, the main mechanisms involved in
landfill settlement consist of the followings (Edil et a. 1990, Gifford et al. 1990:

Consolidation —simil ar to soil where the landfill will settle due to its own weight.

Ravelli ng and collapse — settlement due to the movement of fines into larger voids or sudden collapse
of hollow structures.

Physica-chemicd change — settlement mainly caused by corrosion, oxidation and combustion.

Bio-degradation — settlement mainly due to aerobic and anaerobic ectivities which will cause the
materials to decompaose or decyy.

The magnitude of settlement is affected by many fadors such as the initial landfill density or void ratio,
content of decompaosable materials, stresshistory ...etc and these factors are dso influenced by each ather.
In genera, the landfill settles substantially mainly due to the self weight or subjected to external load.
Ravelling and collapse may also cause significant settlement. Settlement caused by physicd-chemicd
change and bio-degradationisrelatively less sgnificant. Apparently, if the voidsin landfill can be reduced
or the landfill can be densified, the potential of excessive settlement caused by own weight or external
load or movement of fines into voids will also be reduced significantly. Dynamic compadion appears to
be asuitable and effective tedhnique in densification or reducing the voids in landfill. Althowgh the
physicd-chemica change and bo-degradation medanisms cannot be treaed by dynamic compadion, the
densification effect will deaease the anount of oxygen in the landfill which indiredly resulting in a
deaeased rate of decay and slowing down the rate of settlement.

3. DESIGN OF DYNAMIC COMPACTION

Dynamic compadion consists of dropping a heary mass
repeatedly from certain height to impad the ground. The
degreeof subsoil improvement is a function of the goplied
energy which relates to the tamper weight, drop height,
grid spacing and numbers of drop at ead pant. Figure 1
shows the principle of the tedhnique. In the design of ~
dynamic compadion, selection of tamper weight (W) and
drop height (H) depends on the required depth (D) of
improvement. For preliminary design, an empirica
correlation shown below can be alopted:

D =n (W H)0> @) Figure 1: Dynamic compadion

The empiricd coefficient n isin the range of 0.3to 0.8

depending on soil types, efficiency of the drop medanism and existence of hard layer or energy absorbing
layer. Generally n equals to 0.5 is adopted for preliminary design. For very loose and hghly
heterogeneous landfill, n of 0.3 may be alopted. The typical tamper weights and drop heights range from
5tonsto 20 tons and 10m to 40m respectively.

A full scale calibration test at site is generally required for the evaluation of the depth and degree of
improvement as well as for the determination of suitable grid spacing and numbers of drop at each point.
A variety of field testing methods can be enployed for evauation d the effectivenessof the design. The
most common geotechnical tests are Standard Penetration Test (SPT), Cone Penetration Test (CPT) and
Pressuremeter Test (PMT) carried out before and after the trial. As ground heaving is an indication of
whether the subsoil is being densified o deformed plastically only at no volume dange, Heave and
Penetration Test (HPT) is usually required during the tria for the assesanent of the optimum numbers of
dropsto be gplied a each point. For site where the surfaceisin loose condition such as a landfill site, it
normally required to have astabilizing layer or capping layer mainly consists of granular soil to form a
stable working platform andto limit crater depth penetration. Usually this layer is about 0.3mto 1m thick.



4. CASEHISTORY A

This project was a reclamation work on a
coastal land which was partially filled with
refuse in the last 10 to 20 years as shown in
Figure 2. The thickness of the landfill was
abou 3m to 6m from the results of site
investigation. Figure 3 shows the observed
landfill at site from a tria pit. Part of the
landfill needsto be trimmed down to the design
platform level and part of it neeads to be filled
up. Underlying the landfill was <ft clayey
soils. To reclaim this piece of land, the soft
clayey soil was treated with surcharging
method and the mnsoli dation was expedited by
ingtallation of prefabricated vertical drains at
areas where development will commence soon
To prevent excessive post construction settlement due to the
loose landfill, dynamic compadion technique was adoped to
densify the landfill.
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In the preliminary design, tamper weight of 15 tons and drop
height of 20m was slected. Before carrying out the dynamic
compadionwork, field trials were conducted for the selection |
of suitable grid spacing and numbers of blow at each point.
Trials were aondwcted on grid spacing of 5m and 5.5n. For
ead grid spacing, the numbers of blow per point were 8 and [
12. The results of PMT carried out before and after the trial [
indicated that the stiffnessof the landfill had been increased.
HPT tests were aso conducted during the trial. The
penetration-heave arve shoud reach to a stabilized condtion
when the landfill had been compaded to refusal. If too many
blows were applied at the same paint, the pounder may purch
through the landfill and penetrate into the underlying soft
clay. An increase in the grourd heave can be observed
indicating the effectiveness of the mmpadion hes been  Figure 3: Observed landfill at site
reduced. Figure 4 shows the results of HPT. The ground

heave stabilized at abou 10 blows. Boreholes caried out 18

inside the impad points iows that the thickness of the 16 0
landfill had been compressed from 3m to orly 0.5mto Im. y ] f; ::Z"V'ol ?
Ground vibration induced by the dynamic compadion was 11=A— Penetation-Heave /o/q
monitored during the trial. A cut-off trench was introdwced & | S

for the assesament of the eff ectivenessof reducing the ground % 10 Ny

vibration. Figure 5 shows the relationships between the pesk £ 4 | o o)

particle velocity (PPV) and scale energy. It appeas that the 2 6 o)

PPV inthe landfill is a the lower bourdary as compared with ] o

other monitoring resultsin silty sand, sandy fills, rublde, coal O Y

spails and debris fill. The monitoring results aso indicate that 21 s/ oo
the ground vibration could be reduced with the introduction o ] f«ﬁf«ﬁ«ﬁﬁo‘fﬁﬁ«ﬁf o
of cut-off trench. The following empiricd relationship was o 2 4 5 8 10 12 14
established (without cut-off trench): Number of Blows

- 0.5/D]0.95
PRV =14 [(WH)>>/D] @ Figure 4: Results of heave and

penetration test
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A grid spacing of 5.5m and 10blows per paint was used 0 2 4 6 8 10 12 14 16 18 20
based onthe trial results. Site investigation consisted of Pressure Limit (PI, bars)

SPT and PMT were caried aut after the landfill areahad ]

been dynamic compaded. The results of PMT as diown in  Figure 6: Results of Pressuremeter
Figure 6 show that the landfill had been improved

significantly.

5. CASEHISTORY B

This project was a rehabilitation of a landfill site for a low-cost housing development consisted of double
storey terrace houses. The site was located within a disused ex-mining land filled with dumping materials
situated onthe outskirt of Kuala Lumpur. Geologicaly, the site was nea to the boundary between the
Limestone formation and Kenny Hill formation. Boreholes were sunk to 30m depth terminated upan
reaching the limestone. About 6 to 7m thick of rubbish mostly household waste could be foundat site. The
groundwater level was at about 1.5m below grade.

The design criteria & specified for the groundimprovement works were:
) Safe bearing capacity of 120kN/m?2
i) Maximum diff erential settlement of 1:600

In addition to the @&ove aiteria, the structural design aso incorporated a structural joint at every second
house unit.

A full scale calibration test consisted of heave and penetration tests and a series of pressuremeter tests
before, during and after compadion was carried out at site. Based on the calibration test results, a
combination d dynamic replacement (DR) and dynamic compadion (DC) was selected. DR was used to
form 2.5m diameter sand columns as shown in Figure 7. DR was used at the structural areas while DC
was used mainly for the infrastructure aeas. A schematic illustration is siown in Figure 8. The fina
adopted compadion parameters developed for the works is shown in Table 1.

A 165ton crawler crane was used for the compadion works. The dfective aea of compadion included an
overwidth periphera strip of 5m beyondthe boundary of the houses.

The construction sequence was as follow:



Step 1 : Excavation o upper 2.5m of very young rubhkish deposit (< 5 yeas old) and backfilled with

clean sand.

Step 2 :  Performed dynamic replacement on structural areas and dynamic compadion over the entire
treatment area

Step 3 :  Carried out quality control during and after compadion works using presauremeter tests.

Step 4 : Carried out 2m surcharging for 6 weeks with simultaneous instrumentation and monitoring of
settlement.

Step 5 :  Surcharge removal and proceed with construction works.

1 2

Figure 7: Congtruction of DR columns

Table 1: Parameters for compadions

Figure 8: Illustration of combination d DR and DC

Weight of Pounder

Maximum Drop Height

Spadng of compadion points

Numbers of Phases

14 tons (pounder size: 1.83n x 1.83n)
20m

6.7m

3

Infrastructure Area Structural Area
Phase 1 1% pass 8 bows/points (50 tm/m?) 8 blows/point (50 tm/m?)
2" pass - 6 blows/point (37 tm/m?)
Phase 2 1% pass 8 bows/point (50 tm/m°) 10 Hows/point (62 tm/n’)
Phase 3 Ironing phase ontinuous overlapping | Continuous overlapping
prints (87 tm/m°) prints (87 tm/m?)
Forty-one locations were tested with pressuremeter; eight locations 0 e
before mmpadion works, twelve locations after phase 1, nine 1
locations after phase 2 and followed by ancther twelve locations 2 g

after the final ironing phase. At each location, the pressuremeter
tests were carried out to depth of 10m with test carried out at every
meter vertical intervals. A total of 410tests were carried out on a

treatment areaof 25,000m°. Typical result isas sown in figure 9. % 5 :
The results suggested an improvement depth of 6-7m which gives g : -
the n coefficient in equation 1 of about 0.33-0.39for this particular 8 8
landfill site. o ] J g
] , U - (O - Before F
During the compadion works, the observed enforced settlements g © —@— ter |
were as follows: 1 3
12 Jrr
Phase 1 02% 0.0 0.5 1.0 15 2.0
Phase 2 0.2Im Pressure Limit (PI, MPa)
Ironing phase 0.10m Figure 9: Pressuremeter result

The total enforced settlement is about 0.6m represents roughly about
13-17% of the total thickness of the remaining rublish deposit after excavation d the upper 2.5m.




Beaing capacity and estimated settlement after compadion were calculated based on the results of
pressuremeter tests (D60AN). The safe bearing capacity before mmpadion was about 90 kPa to 160kPa.
After compadion, the safe bearing capacity increased to about 320 kPa to 450 kPa. The estimated
settlement after compadion was about 5mm to 11Imm with mean value of 8mm. To assessthe maximum
differentia settlement between two footings, the worse possible nditions of loading was used. Based on
a maximum footing spacing of 2.5m and footing size of 1.65m x 1.65m, the maximum differential
settlement was about 1:544 which was dlightly larger than 1:600as designed.

Surcharge of 2m fill was caried ou after the cwmpadion to consolidate any trapped cohesive soil |ayer
below the rubbish depaosit and to further reduce any potential differential settlement. The surcharge was
used as a field loading test. The resting period was about 6 to 7 weeks. Total 12 numbers of settlement
plates were instaled. The average monitored settlement was 13mm. Figure 10 shows the completed
houses some 10 yeas later.

Figure 10: Before rehabilitation (left) and 10 yeas after construction (right)

6. CONCLUSION

Dynamic compadion is an effedive technique to densify and reduce the voids within landfill thus to
minimize the post construction settlement. Two case histories illustrated the effectiveness of this
tedhnique. A full scale cdibrationtest should be caried out prior to the mommencement of the works.
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