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ABSTRACT: Soil improvement techniques are typically implemented to enhance the subsoil properties in order to increase the soil 

bearing capacity, prevent excessive settlement under foundations and mitigate the liquefaction hazards. 

Combination of different soil improvement methods can be used for the same project in order to utilize the advantages of each method 

on the basis of soil conditions and project modalities in terms of budget and schedule. Significant saving in terms of cost and 

construction time can be made by adopting this approach, mainly when dealing with heterogeneous soil conditions and/or complex 

foundation system. 

This paper gives the concept and range of applicability for Dynamic Compaction, Dynamic Replacement and Vibro Replacement 

techniques and describes the practical application of combining these techniques according to soil type, depth of weak soil and post-

improvement criteria to be reached. A case history from project executed in the Kingdom of Saudi Arabia is discussed here to 

elaborate this approach. 

RÉSUMÉ : Les techniques d'amélioration des sols sont mises en œuvre pour améliorer les propriétés mécaniques du sol en vue 
d’augmenter sa capacité portante, réduire les tassements de fondation et éliminer le risque de liquéfaction; 

Une combinaison de plusieurs méthodes d'amélioration de sol peut être envisagée pour le même projet afin de combiner les avantages 

de chaque méthode et d'aligner la solution d'amélioration de sol avec les conditions du sol et les modalités du projet en matière de budget 

et de planification. Une optimisation considérable en termes de cout et durée pourrait être réalisée en adoptant cette approche, surtout en 

présence de sols très hétérogènes et/ou de systèmes complexes de fondations.   

Cet article présente la conception et le domaine d'application des techniques de compactage dynamique, substitution dynamique (plots 

pilonnés) et l'application pratique de la combinaison de ces techniques selon le type de sol, la profondeur d’admiration et les critères à 
atteindre après amélioration, avec un cas réel d'un projet exécuté en Arabie Saoudite. 
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1  INTRODUCTION 

Soil improvement techniques are typically implemented as value 
engineering solutions to classical deep foundations or 
conventional soil replacement, for wide range of applications 
such as infrastructure projects, residential buildings, oil & gas 
facilities, transportation structures [roads, railways and airports], 
marine structures, power plant structures and storage tanks.  

The main objective of soil improvement is to enhance the 
mechanical properties of the subsoil in order to provide a safe 
platform satisfying the project requirements in terms of   
allowable bearing capacity, post-construction settlements and 
minimum factor of safety against soil liquefaction risk in 
earthquake prone regions.  

The selection of the most suitable and economical soil 
improvement method for each project depends on the soil 
conditions (soil type, depth of improvement), type & loads of 
foundations, project modalities in terms of cost and project 
schedule and site conditions. 

Granular soils can be improved without need of substitution 
with additional material, by re-arrangement of the soil particles 
into a dense structure. Two methods are usually used either by 
means of high levels of impact energy repeatedly applied on the 
ground (Dynamic Compaction or Rapid Dynamic Compaction 
methods) or by using vibration from the bottom of weak soil till 
the ground surface (Vibro Compaction). 

For fine-grained soils, densification concept is not possible 
due to the presence of cohesive material that can inhibit the 
dissipation of excess pore pressures and, therefore, reduce the 
compaction effectiveness. For this category of soils, 
improvement shall require substitution of soil by creating 
compacted columns, with gravel or sand material, through the 

soft soil layers. Two procedures are commonly used for this 
category of soils, by means of Dynamic Replacement and Vibro 
Replacement methods.  

1 .1  Brief about Dynamic compaction technique : 

Dynamic Compaction (DC) is a ground modification technique 
whereby loose soils can be effectively and economically 
densified to improve its mechanical characteristics and allow 
construction of different types of structures without need of deep 
foundations. The method involves dropping heavy steel pounders 
repeatedly on the ground at regularly spaced intervals. 

Dynamic Compaction (DC) method is applicable for a wide 
variety of soil conditions, particularly saturated & unsaturated 
loose sands, non-organic fill, reclaimed fill, landfills deposits and 
collapsible soils.  

This technology has been frequently used to densify loose 
soils to significant depths in order to increase its bearing capacity, 
reduce post construction settlements and mitigate liquefaction 
risks in case of seismic events.  

1 .2  Brief about Dynamic replacement technique : 

Dynamic Replacement is an extension of Dynamic Compaction 
to cohesive soils. In this application, the tamping energy drives 
granular fill material down into the compressible soils to form a 
large diameter soil reinforcement column with a diameter of 2-
2.5m.  

Dynamic Replacement Columns are formed through a 
succession of tamping by dropping a 15-25 tones weight from a 
height up to 22m (using DC-DR standard equipment) and back-
filling sequences.  

Dynamic Replacement can be pre-excavated, and then 
partially backfilled with granular fill material, which is then 
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 driven into the soft layer by the drop weight to the designed depth 
of improvement. The created hole is regularly backfilled with 
additional granular fill material between each tamping phase. 

Dynamic replacement columns can be formed using a variety 
of granular fills up to a nominal size of 400mm, with fines 
content of less than 15%, clay content less than 1%, and free from 
organic matter. Many locally available granular fill materials can 
be utilized: coarse sand, quarry run, demolition material 
(concrete blocks). 

This method combines the advantages of Dynamic 
Compaction with those of stone columns (Vibro-replacement) by 
creating large-sized columns with high internal shearing 
resistance and overall improvement of the mechanical properties 
of the immediate soil.  

1 .3   Brief about Vibro Replacement technique : 

The essential equipment for Vibro Replacement process is a 
depth vibrator. The depth vibrator is a cylindrical steel tube 
having eccentric weight at the bottom part linked to a motor. The 
eccentric weight rotates and produces horizontal vibrations 
required for compaction process. Depth vibrator/vibroflot is 
normally suspended from a crane. Extension tubes are attached 
to the vibrator to increase the length as per required design depth. 

Depth vibrator/vibroflot penetrates into the ground with the 
assistance of water or air flushing under its own weight including 
follower tubes. The combination of vibration and high-pressure 
water jetting causes temporary liquefaction of the soil 
surrounding the vibrator, which assists in penetration. Upon 
reaching the design depth the vibrator is often completely 
withdrawn from the hole, allowing the hole to be cleaned from 
loose soil material.  The water flow is adjusted to keep the 
annular space open around the vibrator. Now the coarse grained 
backfill material which is normally stones or crushed aggregate 
is dumped into the hole. The stones are helped to reach the 
bottom of the hole by various up and down movements of the 
vibrator. Once the stones reach the bottom of the hole, the 
vibrator is penetrated again to full depth. The backfill is 
compacted and pushed into the sides of the hole with horizontal 
vibration and small up and down motion of the vibrator, thus 
forming a tightly compacted stone column. Further stones are 
added through annular space around the vibrator and the whole 
process is repeated up to the ground level in small steps, resulting 
in a densely compacted stone column which is tightly interlocked 
with the surrounded soil of enhanced density. The stone column 
and the in-situ soil form an integrated system having low 
compressibility and high shear strength. Due to their relatively 
high permeability and close patterns, the vibro probes represent 
numerous vertical drains. Thus, fast dissipation of excess pore 
pressure is prompted by the applied building load, which 
accelerates the consolidation process and hence improvement in 
strength of the foundation soil occurs faster than normal. 

The best quality control tests are load tests either plate load 
test or zone load test. Test methods are based on BS 1377: part 9: 
1990 recommendations adapted to suit local conditions. 

The typical grid spacing for vibro replacement columns (of 
0.9m to 1.2m diameter) ranges between 1.5 to 3 m, 

 
2  SUITABILITY OF SOILS 

A preliminary soil investigation is always required to perform 
necessary field exploration, test and analysis of the sub-soil, 
aiming to assess the prevailing geotechnical conditions at the site 
and derive necessary conclusions regarding the ability of the 
existing soil conditions to sustain the foundation loads or 
numbers. If soil improvement is deemed to be required, the depth 
of improvement, physical properties and type of soil to be treated 
shall be initially assessed from the preliminary soil investigations. 

Nevertheless, it is always recommended to perform additional 
soil investigations prior to start the soil improvement works, in 

order to confirm the presumed soil profile extracted from 
preliminary soil investigations, to provide better understanding 
on the soil conditions and define the initial soil parameters to be 
used for the soil improvement design, 

Cone penetration tests (CPT) and piezocone tests (CPTu) 
have proven to be an important tool with multitude usages 
throughout the life cycle of a soil improvement project, starting 
from design, execution stage and result verifications. 

During pre-improvement stage, CPT and CPTu can be used 
for the assessment of soil conditions and adjustment of soil 
parameters required for the design and optimization of soil 
improvement techniques. 

2.1 Soil behavior Index Type 

Cone penetration measurements (cone resistance and friction 
ratio) can be used in order to provide a good prediction of the soil 
type and ability for soil densification. The use of electric cone 
(piezocone) will lead to further improve the accuracy of this 
prediction by taking into consideration the impact of horizontal 
effective stress on cone resistance and friction ratio values. A 
normalized CPT Soil Behavior Type (Ic) shall be calculated from 
normalized CPT cone resistance and friction ratio, as explained 
herein below: 
(Reference CPT Guide 6th Edition by Robertson, 2009) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Normalized CPT Soil Behavior Type (SBTn) chart 
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Where; 

tnQ  Normalized cone resistance  

rF  Normalized friction ratio (%) 

cq  CPT tip resistance 

sf  CPT sleeve friction  

0v  Total vertical stress at tip level 

ap  Reference stress = 100 kPa 
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Where; 

5.0n        If  Ic < 1.64 

0.1n       If  Ic > 3.30 

   5.03.064.1  cIn   If    1.64 < Ic < 3.30 

0'v = effective vertical stress at tip level 

The Ic calculation is based on iterative procedure, by 
assuming a stress component n=0.1first, which applies for clay-
like soils, then iterate until the change in the stress exponent Δn< 
0.01. A correlation is also defined based on the soil behavior type 
index to estimate the fine content and has been recommended by 
Robertson and Wride (1998). Soil behavior type index is derived 
as described in eq (1): 

 

- 26.1cI   0cF    (%) 

- 5.326.1  cI   7.375.1 25.3  cc IF (%) 

- 5.3cI   100cF    (%) 

 
The correlation from CPTu test results shall be confirmed by 

comparing the resulted Fc values to the actual Fines Content 
values obtained from sieve analysis results. 

2 .2  Selection of techniques :  

The following chart is communally used as guidance for 
selection of soil improvement techniques, based on depth of 
weak soil and type of soil. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Selection of soil improvement technique 

 
It is to be noted that the above is empirical and shall be used 

as guidance only, subject to further adjustment and verification, 
by considering additional parameters related to site conditions, 
water table level and overall soil stratigraphy. A trial area shall 
be performed for each technique prior to start the field soil 
improvement works in order to confirm its efficiency and adjust 
different design parameters. 

 
3  PROJECT CASE HSITORY 

3.1  Project description : 

The project described here is a steam power plant located in south 
of Saudi Arabia and consisted of four 660 MW heavy fuel oil 
fired supercritical boilers, a 380 kV substation, related seawater 
intake, flue gas cleaning system and all necessary auxiliaries. It 

will have a generation capacity of 2640 MW. The project 
includes the construction of different structures such as storage 
tanks, buildings, pipe racks, water towers, pipe sleepers, culverts, 
storage areas as well as other facilities, appendices and other 
local infrastructure. 

The preliminary soil investigations have indicated very 
heterogeneous soil conditions with presence of weak soil layers 
down to different depths varying between 4 to 12m below the 
natural ground level, with average depth of about 8m. Soil 
improvement was required in order to improve the weak soil 
layers and achieve the project requirements in terms of bearing 
capacity, post-construction settlement and minimum factor of 
safety against soil liquefaction risk. 

A careful study has been made at tender stage in order to 
provide the most suitable and economical soil improvement 
solution using combination of various soil improvement 
techniques according to the ground conditions and foundation 
design criteria for every zone.  

3.2 Project Criteria : 

The project criteria consists of an allowable bearing capacity 
ranges from 50 KPa to 250 KPa, with maximum total settlement 
not exceeding 25mm for small foundations, 50mm for large 
foundations and edge settlement less than 100mm for tanks (API 
650 code to be applied for other settlement criteria).  

Additionally, soil improvement should eliminate the risk of 
liquefaction, with a minimum factor of safety of 1.50, for design 
earthquake magnitude of 5.5 and PGA 0.1685g. 

3.3  Pre-improvement soil conditions : 

Tender soil investigations consisted mainly of boreholes with 
standard penetration tests (SPT) at regular intervals and 
laboratory tests in addition to cone penetration tests (CPT). 

Due to heterogeneity of soil conditions, additional soil 
investigation campaign has been conducted at site prior to start 
the soil improvement works, by means of piezocone tests (CPTu) 
in order to confirm the expected soil profile inferred from 
preliminary soil investigations and provide better understanding 
on the soil conditions. 

3.3.1  Depth of weak Soil 
Preliminary soil investigations revealed presence of alternating 
layers of very loose to loose silt SAND and very soft to soft 
CLAY/SILT having cumulative thickness varying between 4 to 
12m, followed by stiff to very stiff sandy soil interbedded with 
sub-layers of over consolidated clay. The figure herein below 
shows the variation of weak soil depth across the site: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Depth of weak soil across the site 
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 3.3.2 Type of soil : 
The below figure shows the variation of the normalized CPT Soil 
Behavior Type (Ic) over depth: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Variation of Soil Behavior Type (Ic) over depth 

3.4 Soil improvement scheme : 

According to the analysis of all available soil data, it was 
concluded that most part of the site cannot be improved using 
densification methods, due to presence of very low permeability 
soil layers at different depths that can adsorb the compaction 
energy, and, therefore, reduce the compaction effectiveness. 

Dynamic Replacement (DR) and Vibro Replacement (VR) 
techniques are envisaged for most part of the soil improvement 
works. The distribution of DR and VR techniques was designed 
based on the depth of weak soil and project requirements for 
every zone, so as to accommodate varying combinations of loads 
and foundation configurations. Dynamic Compaction (DC) 
method was used as alternative wherever granular soils with Ic 
less than 2.35 are found. 

It is worth mentioning that a load transfer layer, made of 50-
100cm of compacted granular material, shall be interposed 
between footings and the created inclusions (DR/VR columns) 
for proper diffusion of the foundation loads, by arching effect. 

The final adopted distribution of techniques (at tender stage) 
can be summarized as follows: 
 

Table 1. Distribution of soil improvement techniques 

Type of 

foundation 
Load 

(kPa) 

Settlement 

Limit, mm 
technique 

Area, 

m2 

1 
Spread footings 

(B<5m) 

50 to 

250  

        

25  
DC / DR  

  

139,234  

Mat (B>5m) 200  50 VR  11,326  

2 

Spread footings 

(B<5m) & Mat 

50 to 

150  

        

25 to 50  
DC / DR  

  

130,703  

Mat (B>5m) & 

Tanks  

200 to 

250  
25 to 100  VR 

  

49,273  

3 
Spread footings 

(B<5m)+ Mat  

50 to 

200  

           

25 to 50 
DC / DR 

  

18,193  

4 

Spread footings 

(B<5m), Mat  

& Tanks 

50 to 

250  
25 to 100  VR 

  

56,223  

5 
Spread footings 

(B<5m) & Mat 

50 to 

200 
25 to 50 DC/DR 14,276 

Total area for DC/DR 72% 302,407 

Total area for VR 28% 116,821 

 

4  CONCLUSION 

Thanks to the good understanding of the subsurface conditions 
from one side and the careful prediction of ground performance 
under foundations on the basis of the actual foundation geometry 
and loads, a significant savings in terms of cost and construction 
time was possible. 

The pre & post treatment tests and field calibration areas 
conducted at execution stage has confirmed the pertinence of 
tender design and distribution of soil improvement techniques.    
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