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ABSTRACT: Forty years ago, the only available methods for improving poor foundation soils were excavation and replacement, 
displacement by blasting, chemical grouting, vibrofloation, sand drains, and electro-osmosis, and most of these techniques were only 
rarely applied.  Among the recent developments in soil improvement are PV drains, lime columns, dynamic compaction, and pile 
supported embankments.  The paper describes the early history of these relatively newer techniques using the results of some case 
studies in which the author was directly involved.  The pile supported embankment case also involved one of the first uses of 
geosynthetic reinforcement.  Recent developments and lessons learned are mentioned. Pertinent references are also given.   
 
RÉSUMÉ : Il y a quarante ans les méthodes uniquement disponibles pour l’amélioration des sols de Fondation pauvres étaient des travaux 
d’excavation et de remplacement, déplacement par dynamitage, scellement chimique, vibrofloation, drains, de sable et electro-osmose et 
la plupart de ces techniques ont été que rarement appliquée.  Parmi les développements récents dans l’amélioration des sols sont les drains 
vertical préfabriqué, colonnes de chaux, compactage dynamique et aux remblais tas pris en charge.  Le livre décrit l’histoire des débuts de 
ces techniques relativement récentes en utilisant les résultats de certaines études de cas dans lequel l’auteur a été directement impliqué.  Le 
cas de remblai tas pris en charge également impliqué une des premières utilisations de renforcement géosynthétique.  Développements 
récents et les leçons apprises sont mentionnés. Références pertinentes sont également indiquées. 
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1  INTRODUCTION 

In the 1960s, only a few alternates to deep foundations were 
feasible. For sites with soft clays, for example, sand drains 
could be used to accelerate consolidation settlement and 
strength gain. For structures on loose sands, Vibrofloation 
was occasionally used to reduce settlements. Electro-osmosis 
was only rarely used for foundation stabilization. If the 
problem soils were relatively shallow, then excavation and 
replacement with dense granular materials was often more 
economical than driven piles, which at that time were the 
most common deep foundation for structures.   

   Today, we have many soil improvement methods (Holtz 
et al., 2001; Schaefer et al.,2012) that the prudent foundation 
engineer should    consider as alternates to driven piles or 
drilled shafts. These include lightweight fill and EPS foam, 
PV drains, vacuum preloading, chemical stabilizaztion (deep 
soil mixing, jet grouting) and geosynthetic reinforcing for 
embankments on soft cohesive sites.  For sites with loose 
granular soils; physical densification by dynamic compaction, 
blasting, vibro-compaction and vibro-replacement are often 
feasible.. Which of these methods is most appropriate and 
economical depends on several factors including the 
anticipated loads and soil conditions at the site (Holtz et al., 
2001). 

   This paper looks back at four “relatively new”methods 
developed since the 1960s: (1) PV drains, (2) lime columns, 
(3) dynamic compaction, and (4) pile supported 
embankments. They were selected because I conduted 
research or had practical experience with them during their 
early development.  
 
2.  SAND AND PV DRAINS 
 
For sites with deep deposits of soft clays, preloading with 

surcharge is often used in combination with vertical drains to 
decrease the length of drainage path which accelerates 
consolidation and strength gain.                
      
2.1. Early history (1920s-1930s); sand drains and the 
Kjellman paper drain 
 
The history and development of sand drains in the 1920s and 
30s is well documented by Rixner et al. (1986), Holtz (1989), 
and Holtz et al. (1991) and their references.  Until the early 
1970s, most vertical drains were sand—the only exception 
was the Kjellman paper drain invented in the 1930s 
(Kjellman, 1948a and b; Figure 1). 
 

      
Figure 1.   Kjellman paper drain. 
 

   Equipment for installation of Kjellman paper drains was 
developed at the Swedish Geotechnical Institute (SGI).  
(Photographs  are available from the author that include one 
of the inventor Kjellman and Terzaghi, a consultant at that 
time for the Swedish Government.)  After some early field 
tests, Kjellman’s patents and installation equipment were sold 
to Pieux Franki who installed them in Europe and especially 
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 in Japan. However, most vertical drains used in the world at 
that time were sand drains. 
 
2.2. Sand drains and the Skå-Edeby test field (1957-60; 1970-

72)   

In 1957, the SGI established the Skå-Edeby test field at the 
proposed site for a new airport about 25 km west of 
Stockholm. The site was underlain with 10-12 m of soft 
glacial and post-glacial clays, and undesirable settlements 
would likely occur under runways and taxiways.  Because  
preloading with sand drains was considered to be the most 
feasible method, sand drains (160 mm diameter) were 
installed at various spacings under three loaded area test fills 
(one area IV without drains was a control section) (Figure 2).  

   Hansbo (1960) described the site, subsurface conditions,   
laboratory testing and soil properties, drain installation, 
instrumentation, and presented about three years of    
measurements.  

  
(a)           

      (b)   

 

 

 

 

 

 

 

Figure 2.  (a) Plan of the Skå-Edeby test field with some data about 
the test areas; (b) aerial photo of the original test field in 1957 shortly 
after the end of construction (Hansbo, 1960) 
 

     In 1970-72, I carried out a re-analysis of the 
performance of test areas that included additional sampling, 
testing, and new piezometric measurements in Area IV. Even 
13 years after loading, that area was still settling, with excess 
pore water pressure still quite high. A detailed summary of 
laboratory and field data as well as an analysis of the 
settlement observations for all test areas is given by Holtz and 
Broms (1972).  We also excavated about 2.5 m of gravel fill 
and clay crust in Area I to expose two sand drains. We found 
sand-filled fractures extending out from the drain, apparently 
caused by hydraulic fracturing during installation. The 
effective drain diameter and their effectiveness drains was 
thereby significantly increased (Holtz and Holm, 1973).   
    
2.3 Prefabricated vertical (geocomposite) drains (PDV) and 
the Geodrain, 1972 
 
The first modern prefabricated vertical geocomposite drain 
(PVD) was the Geodrain, developed in 1972, by O. Wager of 
the SGI (Figure 3).  In additional to replacing conventional 
sand drains, PV drains have been used for slope stabilization 
and to reduce pore pressures caused by driving piling (Holtz 
and Boman, 1974).   
 
 
 
 
 
 

(a)              (b)  

                 
 
Figure 3.  Two PV drains invented by O. Wager: (a) the Geodrain 
(1972), and (b) the Alidrain (1975). 
 

    Since the late 1970s, more than 60 different PVDs have 
appeared, and because of competition, their cost has 
significantly decreased.  At the same time, contractors have 
developed rapid and efficient installation equipment.  
Consequently, sand drains are rarely used today.  

   PV drains are discussed by Hansbo (1979, 1981, and 
1997), Holtz (1987and 2000), and Holtz et al. (2001).   

 
3.  LIME COLUMNS 
 
Today lime columns are one method of deep soil mixing 
(DSM), but when they were invented in Sweden by Kjeld 
Paus in 1967, they were the only way to stabilize soft soil 
deeper than roadway subgrades. Although Paus originally 
intended for lime columns to replace small diameter steel 
piles, they could never compete in terms of cost/length/load 
capacity. But lime columns could possibly reduce the 
settlement of lightly loaded structures because, in effect, the 
lime columns would be extending the depth of the dry crust at 
a soft clay site.   

 Lime columns were installed under my supervision in 
December 1972 in a 4 by 4 m test area at the Skå-Edeby Test 
Field that was subsequently loaded with a gravel embankment 
0.6 m thick to simulate the loading of a small apartment or 
commercial building.  An adjacent 4 by 4 m test area was 
constructed over unstabilized soils. Figure 4 shows the results 
of the settlement measurements carried out for more than 5 
years. The lime columns significantly reduced the total 
settlements and made them much more uniform. 

 

 
Figure 4. Results of a loading test on lime columns. 
 
 Research at the SGI has demonstrated the efficacy of 

additives, e.g., Portland cement, fly ash, etc., especially for 
soils containing even small amounts of organic materials.  
The availability of lime and Portland cement is also important, 
as supply often fluctuates which can affect contractors prices. 
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   Design procedures for lime columns have been 
developed by Broms and colleagues (see references in Holtz, 
1989).  Lime columns are used in Sweden to reduce the bump 
at the end of bridges, and to replace piles in pile-supported 
embankments.  Other important developments of DSM 
include Kansai Airport, Boston Central Artery, and the 
Swedish Deep Stabilization Research Centre at the SGI. 
 
4.    DYNAMIC COMPACTION 
 
The first use in the USA was for the stabilization of hydraulic 
fills at the Franklin Falls Dam, New Hampshire, by the US 
Army Corps of Engineers (Figure 5).   
 

 
 
Figure 5.  Compaction of hydraulic fill, Franklin Falls Dam, New 
Hampshire, 1935-6. 
 

    In the mid-1960s, Bob Lukas of STS Consultants in 
Illinois compacted loose rubble fills by “pounding”, first with 
a wrecking ball but later with a flat bottom steel or concrete 
weight. About 1970, Louis Menard in France patented 
“dynamic consolidation” (Menard and Broise, 1975), 
although it was really compaction. In 1979, Prof. G. A. 
Leonards of Purdue Univ., geotechnical consultant William 
Cutter, and I used dynamic compaction to densify very loose 
sands in Indianapolis, Indiana. Two trials were performed 
with an ordinary construction crane: the first with a concrete-
filled steel box with a mass of about 4100 kg dropped 9 m, 
and the second trial with a 5900 kg mass and a drop height of 
12 m. A detailed description of the subsurface, the two test 
trials, and vibration measurements are given by Leonards, 
Cutter, and Holtz (1980). 

   Menard and Broise (1975) estimated the depth of 
influence of dynamic compaction by D = √Wh. We found 
however that a better fit of the available data (Figure 6) 
should be D = ½√Wh.   Mayne et al. (1984) with more case 
histories indicated the exponent n in D = (Wh)n ranges from 
0.3 to 0.8, so 0.5 is a good average value.  Additional details 
about improvement in CPT results and correlations with total 
applied energy are in Leonards et al. (1980) and Mayne et al. 
(1984). 

   Since the early 1980s, contractors have learned how to 
modify their cranes to avoid equipment damage and crane 
failures. The US FHWA has sponsored two projects by Bob 
Lukas to review and summarize dynamic compaction practice 
(Lukas, 1986 and 1995). 
 
 5.  PILE-SUPPORTED EMBANKMENTS (WITH GEO-
TEXTILE REINFORCEMENT) 
 
Piles have been used in Scandinavia since the 1920s to 
support railway and highway embankments on soft clays.  By 

the 1960-70s, pile-supported embankments were typical 
practice, especially for the support of bridge approach 
embankments on soft soils.  Figure 7 shows two examples of 
highway projects in Sweden from that era. To resist the lateral 
earth pressures  
  

 
 
Figure 6.  Depth of influence of dynamic compaction as a function of 
the energy/drop. 
 
 

 
 
 Figure 7. Cross-section of two pile-supported highway embankments 
in Sweden (Andreasson, 1975).   
  
exerted by the embankment, the piles were inclined, and if 
additional lateral support was required, either brushwood 
fascines between the pile caps or cables were used to tie the 
pile-pile cap system together.   

   In 1972 at a site in SW Sweden where a new bridge was 
being constructed, the bedrock was highly irregular. There  
was concern that inclined piles under the approach 
embankments would not seat properly when loaded by the 
embankment and this could lead to excessive settlements or 
even a failure.  The solution was to drive the piles vertically 
and then take up the horizontal forces with three layers of an 
industrial grade 100 g/m2 multifilament woven polyester 
textile. The site was well documented and well instrumented, 
and all indications are that the geotextile reinforcement 
performed very well (Holtz and Massarsch, 1976 and 1993).  
See Harney and Holtz (2006) for information about the long 
term performance of the polyester geotextile.  

   Pile-supported embankments in the US are called 
“column supported embankments” (CSE) because the 
columns can be piles, lime-cement columns or e.g. vibro-
replacement or stone, geotextile-encased, or vibro-concrete 
columns.  Another great advantage, especially in urban areas 
with reconstruction projects, is that construction of CSE is 
much faster than other soil improvement methods.  
Disadvantages include high initial costs and design methods 
are not standardized. 

   The US FWHA (2006) criteria for successful CSE 
projects include column spacing < 3 m; three layers of 
geosynthetic reinforcement in the load transfer platform 
(LTP); initial reinforcement strain < 5%; LTP of select 
granular fill,  > 35º; columns designed to carry full 
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 embankment load; and embankment height > clear span 
between columns. Some additional guidance on CSE is given 
by Filz et al. (2012).  These criteria will be included in a 
revision of the FHWA manual which should be available in 
early 2017. 
 
6.  CLOSING REMARKS 
 
This paper describes personal experiences with some “early” 
(1960s-1970s) developments in soil improvement—mostly, 
but not all, at the Swedish Geotechnical Institute.  They 
include 

• PV drains 
• Lime columns 
• Dynamic compaction 
• Pile supported embankments  

Some recent developments in these technologies has been 
provided along with pertinent references.   
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