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Ground improvement and piling 
Amélioration des sols et fondation sur pieux

Ergün Togrol -  Istanbul Technical University, Ayazaÿa, Turkey

ABSTRACT: Jet-grouting aims at producing stronger and less permeable soil body. The technology is also used to transfer loads to 

deeper stratum which has high bearing capacity. A number o f case records are given to illustrate applications o f jet-grouting.

RESUME: “Jet-grouting” a le but de produire un sol plus fort et moins perméable.La technologie est aussi employée pour transformer 

les charges ou stratum plus profond qui a la meilleure capacité portante. Une série des cas témoins est donnée pour illuster les 

applications de “jet-grouting”.

1 INTRODUCTION

The emergence o f jet-grouting has important technical as well as 

economical implications. One crucial factor in determining the 

success of the technique is its versatility. Ground modification 

techniques are continuously evolving and as new technology 

becomes available and new applications are found. In recent years 

we have witnessed major developments in the areas of soil 

densification, soil reinforcement and permeability control. As one 

of those developments jet-grouting aims at producing stronger and 

less permeable soil body (Attewill & Morley 1994).The technique 

is also used to replace deep foundations transfering loads to deeper 

stratum with higher bearing capacity. In the broadest sense jet- 

grouting serves the dual purpose of soil modification and load 

transfer.

The jet-grouting technique comprises the destruction o f soil by 

a very high energy water jet for in situ mixing and introduction of 

cement grout into the resulting slurry to produce a soil-cement 

column. Generally speaking the design o f jet-grout columns are 

based on soil properties, selection o f grout and grouting 

parameters for the type of the equipment used (Lac 1996). High 

unconfined compressive strengths are achieved in alluvial soils (60 

-79 Mpa are reported in literature). Lower compressive strengths 

(15 - 2.5 Mpa) are obtained when silt and clay content in the soil 

increases.

The properties o f soil outside the jet-grout column are also 

improved. Kauschinger et al (1992) reports that the compaction of 

soil outside the perimeter o f the jet-grout column reaches to a 

distance of about half o f the column’s diameter.

The purpose of this paper is to highlight those areas where 

further investigation, improved standards and in some cases better 

technical explanations are necessary. Particular emphasize is given 

to parameters which play a decisive role in the design and an 

answer is seeked to the question “when to design as a soil 

improvement technique and when to design as a piling system?”

2 JET-GROUTING IN RESTORATION WORKS

The demand for conservation fostered the attempts o f preserving, 

restoring and strengthening of structures o f all sizes which possess 

artistic, historical and cultural interest. From a geotechnical 

engineering point o f view conservation includes reinforcing of 

foundations in order to maintain the integrity and functionality of 

ihe building (Cippo et al 1985). The part o f the structure which is 

hidden deeply in the ground is no less important than the upper

part o f it when structural integrity is concerned. Very often the 

behaviour o f foundations becomes one o f the principal factors 

which determines the serviceability o f the structure.

In many cases modifications applied to historical buildings 

threaten their stability. Human activities are sometimes more 

prominent than natural phenomena in changing original 

geometrical features o f the structure. It is quite possible that such 

distrubances may take place during the restoration work. Thus it 

should also be necessary to evaluate the influence o f restoration 

operations on historical buildings.

In order to give a correct direction to the remedial work a 

good understanding o f the modes of deformation is required. 

Measurements o f movements and in-situ testing o f soil properties 

play an essential role in the analysis o f soil behaviour and provides 

sound guidelines in the design.

Here two cases o f underpinning of historical buildings are 

described illustrating the use of jet-grout columns. Both of these 

cases demonstrate the value o f preliminary geotechnical 

reconnaissance and deformation measurements before remedial 

measures are attempted.

2.1 Kii<;uksu Palace

The Kii?uksu Palace is situated along the Bosphorous. The Palace 

although much smaller than other palaces along the Bosphorous is 

a major point o f interest with its rich ornamental facade. Built in 

1856 the palace is seated on an area o f 15 m. by 27 m. and 

consists o f one basement and two upper floors. Restoration work 

has started in 1975 and continued with intervals. The first study of 

deformations was dated back to 1976 (Togrol & Yorulmaz 1976). 

In the restoration o f 1975-1976 the main stress was laid on the 

repairs o f the superstructure, and besides diverting of the nearby 

land and sea traffic no other measure concerning foundations were 

attempted.

During recent years there has been an increase in the rate of 

settlements and horizontal movements were observed in the 

garden and on the embankment o f the palace. In 1991 movements 

had reached at a critical level. The whole building lay at an 

inclination of 2° - 3° towards the sea (Fig. 1). In one comer at the 

level o f the roof there was a divergence from vertical o f 17.5 cm. 

As a result o f subsidence the embankment o f the palace was 

completely sunk under water. The gateway on the seaward side 

showed such a dangerous inclination towards the sea that in 1991 

it was finally removed and placed under conservation.
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Figure 1 Vectors indicating divergencies from vertical at various 

levels on the comers o f Kufuksu Palace.

Although measurements are not available from earlier years, 

the fact that the lowest step of the stairway on the front facade of 

the building is only 35 cm. above the sea level would suggest that 

there has been a total subsidence in the region of 50 - 60 cm. The 

reason for the cracks and deformations in the building lies not so 

much in the total degree o f subsidence as in the differing amount 

o f subsidence under various parts o f the foundations.

The Kufuksu Palace was built on layers o f soft marine 

sediments o f a depth of 20 - 23 m. on the seaward side and 13-15 

m. towards the land. The depth o f rock reaches to 35 - 37 m. on 

the north side comer o f the palace garden. The limestone bedrock 

has a fairly steep inclination towards the nort-west comer of the 

site.

The walls o f the palace at the basement level are of an average 

thickness of 1 50 m. and rest on timber grillages consisting of 

square balks with a cross section of 0.25 x 0.25 m. Beneath the 

timber grillages there are short wooden piles with a length o f 4 m. 

and a cross section o f 0.45 x 0.45 m. The timber grillages are 

secured to the pile heads by drift bolts. The pile ends were 

protected with wrought iron shoes. An inspection o f piles 

indicated that they were preserved in good condition.

The underwater slope in front o f the palace was found stable. 

Nevertheless when repairing the shallow embankment o f the 

palace in 1987 serious settlements had been observed and some o f 

the concrete blocks brought for the embankment construction 

were sunk.

A series o f measures were employed in the restoration work. 

Two rows of cast-in-situ reinforced concrete piles were installed 

along the embankment o f the palace in order to control the lateral 

movements o f the soil. Pile heads were connected with a 4.00 m. 

wide reinforced concrete beam thus utilizing a robust system to 

meet the horizontal thrust. Piles were 100 cm. in diameter and 

their lengths ranged from 20 to 40 m. according to the depth o f 

the bedrock.

In order to arrest settlements and to improve the future 

performance of existing foundations several foundation 

strengthening methods are available (Makarchian & Poulos 1994). 

The main factors which influenced the load transfer from existing

foundation to the installed piles are considered to be pile 

installation time, applied load level and pile length. Pile installation 

time had had to be short at Kufiiksu Palace in order to avoid any 

threat to the stability o f the structure. Thus to apply jet-grouting 

technology in underpinning work instead o f piling seemed to be 

more economical and practical.

A total o f 318 jet-grout columns were installed as permanent 

support for the building. The length o f each column varied 

between 15.00 m. and 22.00 m. according to the depth of the 

bedrock. Four trial columns were made at the beginning of the 

operations to determine the injection pressure to be applied in the 

formation of jet-grout columns and the length o f time for which 

this pressure was to be applied. The necessary condition for the 

production o f columns with minumum diameter o f 40 cm. were 

envisaged in the project were thus determined. Into the jet-grout 

columns an open ended steel pipe with an outer diameter of 89 

mm. and a thickness o f 9 mm. was inserted.

After the jet-grout columns were installed around the periphery 

o f the existing foundations, openings were made on both sides of 

the foundations and reinforced concrete side beams with a cross 

section o f 0.65 m. x 0.65 m.poured on both sides o f foundation 

walls. These beams were inserted into the walls by about 0.20 m 

Longitudinal beams on two sides o f foundations were connected 

to each others with transversal beams at places. The construction 

was preceeded in stages to avoid undesired stressing o f the upper 

structure.

Throughout the project both geodetic and photogrametnc 

measurements were taken. Openings in a wall is always a source 

o f weakness, and if they are not strutted there is a risk that while 

the wall adjusting itself to its new foundation any movement that 

may take place will be uneven, resulting in distortion o f openings 

and possible cracking o f the wall. Therefore the whole work of 

inserting jet-grout columns, excavating trenches, and cutting and 

pouring concrete for beams were made with utmost care and 

according to a detailed programme. Furthermore possible 

movements o f various parts o f the building were monitored.

The three dimensional visualisation and measurement of the 

deformations and tilt o f the Ku^uksu Palace were successfully
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realized by employing photogrametric measuring technique. The 

results o f  the last two measuremets dated April 1993 and June 

1994 clearly indicated complete halting o f settlements and 

d e fo rm a tio n s  after the underpinning operations (Miiftuoglu,et al

1995).

2 2 Ahmet Yesevi Mausoleum

Ahmet Yesevi Mausoleum is one o f the oldest monuments of  

Central Asia survived the decay o f time. The construction o f all 

brick Mausoleum was started in 1396 in the town o f Turkestan. 

The building occupies an area o f 46.50 m x 65.00 m. in plan. The 

south entrance of the Mausoleum was given an impressive 

appearance by two 32 m. high towers. The dome over the main 

hall has a height o f 37.50 m.The building seated on loess layers 

which are underlain by a gravel layer.

The underground water table is at a depth o f 5.00 m. and it is 

known that the water level rises to the ground level with 10 to 12 

yearly periods. Loess is known to be stable when it is permanently 

located above the water table. However, submerged loess tends to 

be unstable because o f its high porosity and because of leaching 

effects of submergence.

A soil investigation carried out in 1993 revealed that the soil 

profile consists o f an artificial fill o f 1.00 - 1.90 m. underlain by 

low plasticity clayey silt (loess) which has an average thickness of

3 25 m The natural water content and consistency limits o f loess 

layer are, w„= 0.14-0.22, wL= 0.24-0.30, wp= 0.18-0.20, and the 

average shear strength is 150 kN/m2 . Below that loess layer a soft 

brown coloured clayey silt (loess) layer is found. The natural water 

content and consistency limits o f that loess layer are,wn = 0.20-

0 25, w l = 0.22-0.36, wp= 0.17-0.21, and the shear strength is 50 

kN/m2.At a depth o f 7.00 - 8.00 m. a dense gravel layer is 

encountered.In 7 out o f 10 boreholes the upper 0.60-2.20 m. of 

the gravel layer is found to be medium dense.

Subsidence and cracks were observed almost immediately after 

the construction. Between 1969 and 1984 settlements o f various 

parts of the building reached to 12 mm. Total settlement o f some 

walls indicated that the building does not have a reliable 

foundation system. Between 1952 and 1956 underpinning was 

attempted by augmenting stepping brick foundations at certain 

parts of the Mausoleum.

Wall thicknesses o f the Mausoleum varies between 0.55 and 

4.20 m. The pressure beneath the walls at the ground level are 

estimated to be between 235 - 605 kN/m2.

Underpinning with jet-grout columns inserted into dense 

gravel constituted the initial part o f the restoration work. 

Reinforced concrete side beams which are connected to each 

others with rails passing through walls were placed on top o f jet- 

grout columns (Fig. 2). In few places, such as the towers, wall 

thicknesses reached to 8.00 m. In such cases vertical and inclined 

columns are used as a ground improvement method below the 

building.

Two series o f tests were carried out in order to determine the 

length of columns. In the first o f those series loading tests were 

performed on three piles with lengths o f 7.70 m., 9.70 m., and 

12 70 m. The ultimate capacity was reached at the first two series 

as 900 kN and 1000 kN. For the last column estimated ultimate 

capacity according to Chin method was 2200 kN. Estimated 

capacities of the first two piles were 1300 kN. An analysis o f 

results indicated that columns can be considered as end bearing 

elements. Then the design was made accordingly.

Another series o f tests were carried out to determine the 

extend of the ground improvement beneath large walls. A goup of 

20 vertical and battered columns were made around a square area 

of 4.50 m. x 4.50 m. Then a plate loading test was performed in 

the middle o f the area (Fig. 3). Plate area was chosen as 0.55 m2 

Net settlements were within the acceptable limits for a pressure of 
2.7 MPa.

3 GROUND IMPROVEMENT

The process of driving friction piles in coarse grained permeable 

soils very close to each others causes compaction of the soil 

around piles. However, when such piles are driven in very fine 

grained soils o f low permeability they do not compact the soil 

appreciably. Because of the wide variety o f soil conditions 

encountered in nature any attempt to produce an easily applicable 

design necessarily involves oversimplifications. Jet-grout columns 

seem to have an important advantage with that respect on 

compaction piles and floating pile foundations. Jet-grout columns 

can be used at variable ground conditions with more confidence 

In addition to their load carrying capacity jet-grout columns are 

capable o f improving ground conditions.

Euro-Asia Exhibition Center was planned on an area o f 30 000 

sq.m. along the Izmit-Yalova highway. The soil profile is 

dominated by soft, very soft compressible strata to a considerable 

depth.

From the ground surface to a depth of 5.00 m. an erratic layer 

of man made ground covers the whole area. Made ground is 

underlain by soft, very soft silty clayey sediments down to a depth 

of 40 m. Underground water level is found at a depth of 2 m.

Since the soil beneath the base o f planned buildings does not 

have adequate bearing capacity the possibility of supporting 

buildings on shallow foundations was excluded. At a time when to 

support the buildings on 40 m. long end bearing piles had been 

considered an alternative proposal which employs shorter jet-grout 

columns was made.

WALL

Figure 2. Underpinning o f Ahmet Yesevi Mausoleum.
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Figure 3 Plate load test on improved foundation (Ahmet Yesevi 

Mausoleum)

12 m. long, 0 80 m. diameter jet-grout columns are used in 

clusters The number o f jet-grout columns required in each cluster 

is determined by the total load o f the building column to be 

supported. Clusters o f up to 12 columns are designed in this 

manner

Two series o f loading tests were earned out on 12 column 

clusters (Tan 1993) In the first series the load was applied at 

along the central vertical axis o f the cluster. The maximum load 

was 2480 kN. In the second series the load was applied 

eccentrically 0 90 m. off the central axis and the maximum load 

was 1880 kN In both cases settlements were much below the 

allowable limits. Tests were performed 75 days after their 

installation to allow for adjustment.
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4 CONCLUSIONS

Although jet-grouting technique is extensively used in many parts 

o f the world, the subject seems open for further research and 

standardization

The main objectives o f jet-grouting are to produce a stronger 

and less permeable grout-soil system. A number of case records 

are given in the paper to illustrate the versatility o f the technicque.

The scope o f jet-grouting seems to increase beyond the 

expectations Employing jet-grout columns as a means of 

improving the bearing capacity o f foundation soil and controlling 

the settlements becomes the best option technically and 

economically, for a large number of cases The technique should 

also be considered to replace deep foundations transfenng loads to 

stronger stratum
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