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Abstract 
 

 In recent years numerous motorway projects have been initiated and are in the 
process of construction in Poland. The motorways are often crossing areas with large 
deposits of soft clays and organic soils. Based on experience gained at the A2 
motorway project, authors of the paper, are presenting several solutions of soil 
improvement applied for weak soil areas and for foundation of bridges. Case studies 
for deep soil exchange, deep soil mixing and construction of pile-deck system are 
presented. 
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1. Introduction 
 Beginning from year 2000 numerous road construction projects have been initiated and are 
ongoing in Poland. A national program of building motorways has also been initiated and today many 
construction works are in progress on several sections of the A1, A2 and A4 motorways. The designed 
and constructed roads/motorways are often crossing areas with poor soil conditions e.g. soft soils, 
large deposits of organic soils such as peat and gytja. In many cases it is not possible to bypass such 
area by changing the location of the road/motorway. Building roads/motorways and bridges on soft 
soils or on large/thick deposits of organic soils requires overcoming major geotechnical problems and 
requires preparation of soil improvement projects. 
 Authors of this paper are involved, since year 2000, in the design process, geotechnical 
investigations and supervision works related to the construction of the A2 motorway in Poland. In 
years 2001–2004, an 80 km section has been constructed. Currently, in years 2004–2006, a 100 km 
section is under construction. Another 100 km section is beginning currently designed and it is 
planned for construction in years 2006–2008. Based on all analyzed cases, both related to the 
foundation of bridge structures (over 50) and to soil improvement of organic deposits, the authors are 
presenting several implemented solutions for soil improvement. After detailed analysis of numerous 
possible solutions, two soil improvement techniques were chosen for all organic soil areas i.e. deep 
soil replacement method combined with vibro compaction (forming sand or gravel columns in the 
loose sand fill constructed after peat replacement) and a pile–deck system for peat areas where 
organic soil replacement was not possible. The replacement of peat and gytja was possible due to its 
almost liquid state. Case studies are presented. Control measurements and “in situ” testing of the soil 
improvement were carried out and results are discussed. Authors of this paper were also involved in 
an alternative design process, in geotechnical investigations and supervision work related to the 
construction of over 50 bridges on different sections of the A2 Motorway in Poland. The authors have 
proposed to replace existing design solutions in most cases (e.g. bored concrete piles or other deep 
foundation method) by a soil improvement technique using the DSM–wet method (Deep Soil Mixing). 
For numerous bridge foundations the DSM soil improvement technique has proved to be very 
successful and economically justified solutions compared to traditional piles or other deep foundations 
techniques. 
 



2. Geotechnical conditions 
 In order to build the motorway, what’s most important is the geology of the surface soil layers – in 
most cases to a depth of approximately 10 m below ground surface. Only in the case of bridge 
foundations and very deep deposits of organic or soft soils may the depth of interest be larger. The 
description of typical for the A2 motorway, ground conditions is based on extensive investigations, 
analysis of geological maps and the author’s knowledge gained on other projects in the area of 
interest. In the analyzed area of Poland Cenozoic Quaternary deposits from Holocene and Pleistocene 
are present. The top layers of soil have been “curved” during the latest glaciation’s period and post 
glaciation’s period. The Pleistocene deposits dominate on most of the analyzed area, and Holocene 
deposits are found in all peat areas and along streams and rivers. The first level of ground water is of 
major importance for the construction works of the motorway. The first ground water in noncohesive 
(sandy) soils is present as a free water table. In the case of cohesive soils (sandy clay and clayey 
sand) the first water may be in the form of seepage and water under pressure (in sand interlayer). The 
level of ground water depends on the morphology and on the general seasonal changes (depending 
on the amount of rain and snow falls, and the level of water in rivers and streams). The analyzed area 
may be described as an area of simple geotechnical conditions, with uniform lithologicly and 
genetically formations, with mostly horizontal soil layers. Generally the soil layer are of sufficiently high 
bearing capacity and relatively low deformability. Complicated soil conditions do exist in areas of 
organic deposits and all river and stream valleys. These soils (mainly peat and gytja) are 
characterized by low bearing capacity and very high compressibility. 
 
3. Soil improvement methods 
 
 3.1. Deep soil exchange 
 Based on detailed technical and economical analysis it was decided to apply the soil exchange 
concept as the major soil improvement technique for all peat areas except for one deep peat area. 
Similar geology and geotechnical conditions at all sites and the semi-liquid state of organic soils 
enabled the dredging of the organic material, helped by the application of an overload fill, which 
induced the “push out” process of the organic deposits. In the case of 4 smaller and shallow peat 
areas (depth 2-4 m) the simple dredging technique was applied. After removing all organic soils the 
new mineral fill was constructed in layers with compaction of each ca.40 cm layer. All the exchange 
and compaction works were executed in dry conditions, with the ground water table lowered to below 
the bottom of organic deposits. 
 In the case of deeper peat areas, generally exceeding the depth of 4 m, the dredging and “push 
out” technique was applied. After completion of dredging and pushing out, all organic deposits were 
replaced by a sandy fill of very low density. The mineral fill, composed of noncohesive granular 
material, had to undergo a surface and deep compaction process. The whole soil improvement 
operation was carried out in 3 phases. 
 
 3.1.1. Phase I 
 The replacement of organic soil by dredging and the “push out” process was induced by an 
overload fill. The “push out” of organic soils was possible due to its very low vane shear resistance in 

the order of 10÷20 kPa, and to the semi-liquid state of the deposits. The height of the overload fill was 
calculated so that the peat could be pushed out ahead of the fill. Before this stage of work, all trees 
and bushes were removed and the top-surface layer of peat was also removed.  
 Building the overload fill was generally carried out in 2 or 3 directions. In order to speed up the 
push out process the elevated masses of peat were continually removed from the head of the fill. The 
fill formed in the space after peat replacement was designed to be 8 m wider on each side compared 
to the designed motorway embankment. This enables future widening of the motorway to the 3-lane 
system. 
 After the soil replacement process was finalized a number of control boreholes were executed in 
order to check the effectiveness of the process, and to identify zones where peat was still present. 
Dynamic or static cone penetration tests were also executed to determine the compaction and density 
index of newly formed fill. It is important to state that the applied method does not always guarantee 
total replacement of organic soils and sometimes does not allow sufficient compaction of the newly 
made granular fill which is in most cases is partly or totally saturated (submerged under water). 
 
 
 
 



 3.1.2. Phase II 
 Deep compaction of the mineral fill, which in most cases was below the existing ground water 
level. The mineral fill placed in the space after peat and gytia removal is always of a very low density, 
compaction index was in the order of 0.15-0.25, therefore it had to undergo a compaction process that 
guaranteed the increase of the average compaction index (ID) to at least  0,50-0,55 (Proctors index 
above 0,94). In shallow areas, where mineral soil layers were placed in dry conditions a surface 
compaction method was applied (each ca. 40 cm layer of soil was compacted by vibrating rollers or 
heavy vibro plates). In cases where the newly formed fill was below ground water table a deep vibro 
compaction method was chosen. In cases where some organic soils remained and were detected, by 
control boreholes, it was decided to form gravel columns by a bottom fed vibroflot – by application of 
the vibroexchange method. In areas where all organic deposits were removed the newly formed fill 
was only compacted by simple vibrocompaction technique. Generally sand and gravel columns of ca. 
0.80 m in diameter and diverse length were formed with spacing varying from 2.0 m to 2.4 m. The 
length of sand and gravel columns was designed so that each column penetrates at least 0.5 m into 
the mineral bearing soils underlying organic deposits. In zones with soft cohesive soils the sand and 
gravel columns were at least 1.0-1.5 m longer. 
 After finalizing the deep compaction process several dynamic or static cone penetration tests 
were carried out to verify the effectiveness of the compaction process. The compaction tests were 
carried out in space between columns. In all 10-peat areas where the vibro method was applied the 
verifying compaction test proved that the vibro technique was very efficient. The Average index of 
density (ID) determined for the newly formed fill exceeded the value of 0.60, the Proctors compaction 
index was above 0,95. 
 
  3.1.3. Phase III 

 Leveling of the surface of newly formed fill and surface compaction by a vibrating roller. On top of 

the compacted mineral fill a gravel layer of 40 cm thickness was constructed. This was the foundation 

for further construction of the road embankment. After the construction of the embankment 

settlements of the whole structure were observed for at least 3 months after work completion. The 

average settlements of the top of the gravel layer, for all measured sites, were in the range of 2-4 cm 

and practically stopped within the time of observation (3 to 4 month). 
 

 

1. Deep soil exchange with vibroflotation. 

 
 
 
 



 3.2. Pile-deck system 
 The pile and deck system was introduced on a large part of the longest and deepest peat area. 
The prefabricated piles are designed to be installed on a 250 m long and 36 m wide stretch. A total 
number of ca. 1700 piles were designed in 2.5 m spacing. The length of the piles varies from 18 m to 
24m. A cross-section of the pile-deck system is shown on figure 3. 
 Before main piling works started, 23 test piles were installed for static and dynamic testing. The 
standard static test was carried out on 13 piles (each testing setup was anchored to 4 additional piles) 
and the dynamic test was performed on 14 piles. The results of the dynamic test were analyzed by 
both CASE and CAPWAP methods. The results of the static and dynamic tests gave very similar 
values of the bearing capacity of tested piles. Analysis of the test results allowed for the optimization 
of the final design. 
 The design criteria were as follows: traffic load on the motorway, 33 kPa; weight of the concrete 
slab plus construction layers of the motorway surface, ca 40 kPa, allowable deformations 
(settlements) of neighboring piles, 3-5 mm, reduction factor for pile group - 0,8. Total load acting on a 
single pile was calculated to be in the order of 450 kN.  
 Taking into account all design criteria, especially potential settlements, and relevant safety 
factors, it was finally accepted that each pile has to carry at least 600 kN. 
 

 

2. Pile-deck system for deep peat area. 

 
 Settlement benchmarks were installed every 25 m longitudinally and every 18 m in cross-
sections. The measured total settlements, after 2 years under traffic, of the concrete slab were in the 
order of 0,5 to 4 cm, and differential settlements did not exceed 3 cm in neighboring benchmarks, 
which give maximum deformations in the order of 0,168 % or l/595. Such settlements, total and 
differential, were predicted in the design stage. The slab has been designed and constructed to take 
differential settlements of the neighboring measurement points up to 5 cm. Maximum total settlements 
of a selected measurement point should not exceed 10 cm. 
 The graphs shown below indicate results of settlement measurements for 4 selected, 
characteristic, benchmarks. The settlement curves indicate gradual stabilization of deformations. 
 
 



Settlement graphs - benchmarks no 1, 20, 21, 27
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3. Graphs of concrete slab settlements 

 
3.3. Deep soil mixing DSM 
 The DSM soil improvement method was applied in the foundation design in the case of over 50 
bridges along the A2 motorway. Below described is an example of soil improvement for a typical 
bridge structure. 
 The bridge is a two span structure founded on two abutments and one intermediate-middle sup-
port. The abutments are monolithic reinforced concrete structures: 8,9 m high. The abutments are 
founded on a 13,5m x 4,8m x 1,2m slab. The middle support is a 4-column structure founded on 
14,0m x 4,6m x 1,2m slab. 
 The upper layers of soil consist of postglacial deposits from the North-Polish glaciation’s period. 
The soil is generally cohesive, mainly sandy boulder clay in plastic state described by index of liquidity 
in the range of between IL from 0,30 to 0,50. Deeper soil layers, from the level of between 0,8 to 3,0 
meters below designed foundation slab, present are cohesive deposits originating from the Middle-
Polish glaciation period i.e. boulder sandy clay in a hard-plastic state described by an index of liquidity 
in the range of between IL from 0,00 to 0,20. 
 Calculations of direct foundation of the slab on soil indicated that the I-st limit state – the bearing 
capacity of soil would not be fulfilled, therefore the foundation dimensions should be significantly 
increased or deep foundation such as piles applied. Both solutions proved to be very expensive, 
therefore it was decided to apply deep soil mixing as the soil improvement technique. 
 The design of soil improvement by DSM was carried out by the authors with the following 
assumptions : 
 1. Foundations of the abutments are founded on 50 DSM columns, each 2,6 m long, with axial 
spacing equal to 0,8 x 0,9 m (locally 2,4 m). 
 2. Foundation of the middle support is founded on 66 DSM columns, each 4,5 m long, with axial 
spacing of 0,9 x 1,0 m (locally 2,0 m). 
 3. The diameter of DSM column was ca. 0,80 m. 
The following settlement values were calculated: 
- foundation of abutment no 1:  s1 = 0,5 cm; 
- foundation of middle support no 2: s2 = 1,2 cm; 
- foundation of abutment no 3:  s3 = 0,7 cm; 

- maximum differential settlements: ∆s = 0,7 cm. 
  
 
 



 During the construction of the bridge surveying benchmarks were installed on each of the 
foundations and supports. Settlement readings were continuously taken during construction and at 
least once a month after construction was finalized. The total average values of settlements after 4 
months of observations in the post construction period are given below: 
- foundation of abutment no 1:  sP1s = 0,4 cm; 
- foundation of middle support no 2: sP2s = 0,2 cm; 
- foundation of abutment no 3;  sP3s = 0,5 cm. 
Measured values of settlements indicate that the decision to apply deep soil mixing, as soil 
improvement method was appropriate and the calculation procedure gave a relatively good prediction 
of total settlements. 
 

 

4. Soil improvement by DSM for a bridge structure 

 
 
4. Conclusions 
 Successful soil improvement carried out for numerous peat areas that were classified as shallow, 
was possible thanks to detailed geotechnical investigations that helped to choose the right technology 
and enabled the preparation of detailed technical design for each peat area.  
 Experience gained at the execution of works on the A2 motorway project and in other similar 
projects allows us, to draw the following conclusions: 
 - In the case where the thickness of the organic deposits does not exceed 3-4 m, and the soil 
exchange is executed in dry conditions, a simple soil exchange with compaction of each sand layer 
can be easily executed. 
 - In the case of deeper organic deposits, exceeding 4 m, and where ground water table is high 
and difficult to lower, the deep soil exchange technique should be executed. 
 The deep soil exchange is possible to execute when the vane shear strength of the pushed-out 
peat or gytja is generally lower than 15 kPa (maximum 20 kPa), and the water content is relatively 
high, generally above ca.100%. 
 In case were the organic and mineral soft deposits are present to the depth of more then ca 10-
12 m, alternative solutions should be considered. One of such solutions is the slab-deck system 
developed and applied by the authors. It was found that the pile-deck solution was cheaper and 
possible to build in a relatively short time, compared to a flyover structure or a bridge structure. 
Results of settlement measurements, carried out for more then 2 years after opening of the motorway, 
indicate that the design assumptions and criteria were correct. 
 The Wet Deep Soil Mixing method has proved to be a very good soil improvement method from 
both technical and economical standpoints, in the case of constructing bridges on the A2 motorway. 
  



 Based on experience gained on the A2 motorway project, where over 50 bridges were founded 
on soil improved by the DSM wet method, the following conclusions can be made: 
 - The soil conditions along the A2 motorway, mainly sandy clays and clayey sands, were very 
good for the application of the DSM method. Large amount of sand particles guarantied very high 
strength of the soil-cement mixture. 
 - Laboratory compression strength tests carried out on core samples taken from the soil-cement 
mixture from the column proved that the compression strength was at least double the designed value. 
 - Settlement measurements carried out on most of the bridges proved that the designed values 
gave a very close estimation of the actual soil deformations. Total settlements were below the total 
accepted values. 
 - It was possible to execute the soil improvement by DSM in a relatively short time - 
approximately 5-8 working days per bridge. 
 - Construction site during and after soil improvement needed no deep excavations, dewatering 
works or installation of sheet piles. 
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