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SUMMARY: The construction of three deep station boxes in the old city centre of 
Amsterdam introduces a settlement risk for the surrounding historic buildings. In 
order to reduce this risk the deformations of the walls of the station boxes should 
be limited. One of the essential elements in the design of the station boxes to limit 
deformations is a grout strut at a depth of approximately 30 m below surface level, 
constructed before excavation. This paper describes the design of the grout strut. 
Keywords: Amsterdam, deformations, diaphragm wall, grout strut, historic 
city centre, metro tunnels, settlement, stiffness. 

 
 

INTRODUCTION 
 

For many years the city of Amsterdam has discussed the possibility of a metro line from 
the north to the south of the city. In the seventies the so called East Line was constructed. 
For this line some parts of the city centre of Amsterdam had to be demolished and there 
was a lot of political resistance against the removal of the buildings. Since the planned 
North-South Line had to cross the old city centre, the execution of this project was 
postponed till new techniques were developed to build an underground metro line 
without harming the existing city. In the nineties several bored tunnels in the soft Dutch 
soil were successfully constructed. The experience that was gained in these projects made 
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it possible to realise the wish of the city of Amsterdam to construct a metro line in the old 
city centre without removing buildings in the proposed alignment. By the end of the 
century the design of the line was finished and in the period of 2000 to 2002 several 
contracts were signed with different contracting companies to start building the metro 
tunnel and its stations. Figure 1 shows the alignment of the North-South Line. 
 

 
 
Fig. 1: Arial view of the North-South Line in Amsterdam. 
 
 As shown on the photograph, the line starts in the north part of the city, then crossing 
the river Ij, the Central station, followed by the old city centre. At the end the North-South 
Line is connected to the existing metro line at Amsterdam South – World Trade Centre. 
Figures 2 and 3 show maps of Amsterdam with the metro line and the stations. 
 As shown on the maps and the accompanying longitudinal section there are two 
stations in the northern part of the city which are at surface level. The river IJ will be 
crossed by an immersed tunnel connected to an underground station to be built 
underneath the existing Central Station in Amsterdam. In front of the Central Station the 
entry shaft for the bored tunnel is planned. From this entry shaft the bored tunnel will 
continue to the southern part of the city where the exit shaft is planned. The exit shaft will 
also be used as the newly built underground station Europaplein. In between the entry 
shaft and the exit shaft three new deep station boxes will be constructed, from north to 
south, Rokin, Vijzelgracht and Ceintuurbaan. The stations will be constructed using 
diaphragm walls and a reinforced concrete structure inside. Excavation of the station 
boxes will be done after constructing a deck thus avoiding long time interference with the 
city’s traffic and facilitating a strut construction at the surface prior to the excavation. 
 Since the station boxes have to accommodate entry and exit of the bored tunnel, the 
stations are relatively deep with a platform level of approximately 21 m below surface 
level. The stations as well as the bored tunnel follow the pattern of the streets to avoid as 
much as possible interference with existing buildings. Because the area available is 
limited the station boxes are constructed close to the buildings. These buildings are in 
general founded on wooden piles which are driven to the first sand layer, a sandy stratum 

Central station 

Rokin station 

Vijzelgracht station 
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Fig. 2: Alignment of the North-South Line in Amsterdam. 
 

 
Fig. 3: Alignment of the North-South Line in Amsterdam with stations. 
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some 13 m below surface level. The bottom level of the station boxes will be significantly 
deeper than the foundation level of these piles. To limit settlement of the first sand layer, 
and thereby of the buildings, deformation of the diaphragm wall must be limited. To 
minimize the deformations of the diaphragm walls, the excavation of the station boxes 
will be done after constructing the station’s deck and using steel temporary struts every 
5 m of depth. This method is sufficient until the last phase of the excavation. To construct 
the base slab of the station, excavations need to continue to a level of approximately 26 m 
below surface level. However a strut cannot be placed due to the construction of the base 
slab. Further more the soil stratum just underneath the base slab, called the Eem clay is 
not stiff enough to reduce the movements of the diaphragm wall sufficiently in order to 
keep the settlement of the first sand layer below 25 mm. The latter being the boundary 
condition for the design of the tunnel and the station boxes. For this reason reinforcement 
of the clay layer at a level of approximately 30 m below surface level is required. This 
reinforcement is put in to practice by creating a strut in the clay layer made of grout. 
Figure 4 shows the soil profile which is representative for the three station boxes. In the 
following chapters the method statement used to design this grout strut and the 
modifications made to the design during execution of the works are described. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Representative soil profile of station boxes. 
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INITIAL DESIGN 
 
Initially the design of the grout strut was based on the following boundary conditions: 
• The grout strut should achieve a certain stiffness in order to minimize the settlement of 

the first sand layer to 25 mm. This design stiffness was defined as 1800–2500 MPa. 
• The strength of the grout strut was defined as 5.5 MPa. 
• The grout strut should consist of a waling beam construction attached to the diaphragm 

walls with discreet struts at an horizontal interval of approximately 10.80 m. 
• The diameter of the grout columns should be 1.10 m. This diameter was based on 

a trial carried out in 1999 in the northern part of the city. 
• The grout strut should be constructed after finalizing the deck construction and the 

first two excavation stages at 12 m below surface level. 
• The height of the grout columns (thickness of the grout construction) should be 1.50 to 

3.25 m depending if the columns were part of the waling beam or part of the strut. 
 
Based on these assumptions the contractual design was made. The constraint of a maximum 
settlement of 25 mm is based on the assumption that settlements within this limit should not 
lead to major damage to the surrounding buildings. FEM calculations using Plaxis showed 
that with the design parameters described above the settlement of the first sand layer stayed 
within this limit. See Figure 5 with the results of the FEM calculations.   
 

 
Fig. 5: Representative prediction of settlement of the first sand layer. 
 
 The original structure with a waling beam and struts every 10.80 metres can be seen 
on the drawing of Figure 6. The stiffness of this structure, with a Young’s modulus defined 
as 1800–2500 MPa, was inputted in Plaxis to compute the graph as shown in Figure 5. 
The compressive strength necessary to carry the load imposed on the structure by the 
diaphragm walls was defined as approximately 1.5–2.5 MPa. Apart from this load from 
the diaphragm wall, a prediction was made for the phenomenon of swell for the Eem clay 
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layer. Because of the excavation, the surcharge on the Eem clay will subsequently be 
reduced. This will cause a swelling of this layer and will thereby introduce a curvature in 
the grout strut. This curvature is an imposed deformation introducing additional stresses 
and an additional buckling problem. To cope with these additional stresses and buckling 
the minimum compression capacity of the grout structure was defined as 5.50 MPa. The 
defined stiffness and compressive strength was incorporated in different clauses of the 
contract together with requirements for tolerances on the as-built locations of the 
columns. In principle the idea was that the contractor should supply a grout body with 
certain dimensions, the method to achieve this was not detailed in the contract. 
 

 
Fig. 6: Initial design of the grout strut for station box Rokin. 
 
 

FIRST AMENDMENT 
 
During the procurement process of the grout works several suggestions for amendments 
were raised. One of the suggestions was to achieve a larger diameter of the columns by the 
use of a super-midi jet grout system. To investigate this possibility and to find the maximum 
achievable diameter in the Eem clay layer, a second trial was carried out in the summer of 
2004 on the Rokin station box site, see Figure 7. The reason for this suggestion was that a 
bigger diameter should lead to minimization of the number of grout columns necessary to 
create the grout body as defined on the contract drawings. The result of this second trial was 
that a column diameter of 2.20 m was feasible by using a conventional double system and a 
diameter of 2.60 m was feasible by the use of the super midi system. 
 Furthermore there was the phenomenon of the solid grout body as required in the 
contract. To achieve this grout body, the grout columns should overlap by approximately 30%. 
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This overlap is inefficient and the idea was raised to abandon the pattern of waling beam and 
struts and to use the available number of columns to create a continuous slab over the complete 
area of the station box. This change was made possible by increasing the diameter of the 
columns to 2.60 m and reducing the overlap from 30 to approximately 10%. In this way a 
continuous slab was created that only had 90% of the number of columns estimated in the 
contract. This change however increases the risk of gaps between the grout columns, due to 
deviations in the inclination and diameter of the columns. Through a statistical analysis a 
prediction can be made of the percentage of gaps in the grout strut, see Figure 8 and 1. 

 
Fig. 7: Trial at Rokin station box site. 
 

 
 

Fig. 8: From a strut and waling to a continuous grout body. 
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 In a spreadsheet a part of the grout strut was inputted with the specific tolerances 
given in the contract, i.e. position of the columns due to inclination of the boring, diameter 
of the column etc. This sheet, the so-called gap generator, places the columns in the grout 
strut at random (Monte Carlo method). The result of a single run of the gap generator was 
then transported to the FEM package Diana, in which the deformations of the grout strut 
and diaphragm wall were simulated. By repeating this process a thousand times it was 
possible to find the average, and the upper and lower boundary for the deformation of the 
grout strut and the horizontal displacement of the diaphragm wall, based on the possible 
displacements and tolerances of the grout columns, see Figures 9 and 10 and 2. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: The results of the gap generator in the FEM package Diana. 

 

 

Fig. 10: Graph of the distribution of deformations of the diaphragm wall. 
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 With the use of Plaxis the relation between the stiffness of the grout strut, the 
deformation of the diaphragm wall and the settlement of the first sand layer were 
determined. Together with the results of the Diana analysis this relation was used to define 
the upper boundary for the settlement of the first sand layer, and therefore of the historic 
buildings, see Figure 11. 
 On this last graph it is shown that the upper boundary of the settlement of the first sand 
layer is around 20 mm, which is within the boundaries defined in the contractual design. 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 11: Graph of the distribution of deformations of the first sand layer. 
 
 

SECOND AMENDMENT 
 
The second amendment was introduced during the procurement process of the jet grout 
works. In the contractual design it was specified that the major part of the jet grout works 
should be performed underneath the deck construction. The original sequence of the 
works was to first construct the deck structure, then to excavate to the level of the first 
sand layer (approximately 12 m below surface level), and then to make the grout strut. 
The contractor however considered an alternative sequence in order to speed up the jet 
grout works. The contractor proposed to perform the jet grout works from surface level 
prior to the construction of the deck structure. In this way the duration of the jet grout 
works could be optimized, see Figure 12. 
 A disadvantage of this proposal however was an increase of the axial force 
(horizontal reaction force) in the grout strut. This increase in the axial force also leads to 
an increase in the bending moments and shear forces in the diaphragm walls that were 
already constructed. This change complicated the design because now there was not only 
a restriction to the lower boundary of the stiffness, because of the deformations, but also 
to the upper boundary of the stiffness, due to the strength of the diaphragm wall. The 
challenge was to keep the stiffness between these two boundaries. 
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Fig. 12: Difference between contractual design and the contractor’s  
proposal. 
 
 The initial stiffness of the individual grout columns, and therefore of the complete 
grout strut, however remained an uncertain parameter in the design process. This was 
further complicated by the uncertainty about the creep of the material. To control the 
upper boundary of the stiffness the idea was raised to introduce holes in the middle of 
the grout strut. See Figure 9 where a part of the grout strut applied with these holes is 
inputted in an FEM program. A new design for the grout strut was made by introducing 
a difference in column types, the so-called red and green columns. Green columns were 
columns to be made without restriction. The red columns were optional. If the stiffness 
of the grout columns to be produced should prove to be low the red columns had to be 
made. Red columns could be left out if the stiffness of the grout columns should prove 
to be high. Through this observational method a controlling tool was created to keep the 
cumulative stiffness of the grout strut within the narrow allowable boundaries as shown 
in Figure 13. 
 This observational method obliged the contractor as well as the designers to have 
detailed information on the stiffness and strength of the grout columns in an early stage 
of the project. For this reason the contractor made core borings and took samples from the 
first columns to be tested in a laboratory on strength, stiffness (including creep) and 
cement content. On a weekly basis the contractor was informed by the supervisor if red 
columns had to be made or could be left out. Although the progress of the works was at 
risk by this method the works were not hampered. Since there were some differences in 
the design stiffness of the different station boxes the red columns were omitted at 
Ceintuurbaan and Vijzelgracht but the major part of the red columns were made at Rokin, 
see Figures 14 and 15. 
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Fig. 13: Band width for the stiffness of the grout strut. 
 

 Fig. 14: Amended lay-out of the grout strut at Rokin with green and red columns. 

 
THIRD AMENDMENT 

 
Due to a contractual dispute the initial subcontractor for the jet grout works only completed 
the east part of the jet-grout strut at Vijzelgracht station box. The new subcontractor, which 
had to build the grout struts at Ceintuurbaan, Vijzelgracht west part and Rokin west and east 
part, did not have the accessibility to super-midi equipment but only to conventional 
equipment. For this reason it was no longer possible to proceed with columns with a 
diameter of 2.60 m. The maximum achievable diameter was defined at 2.20 m. This involved 
an increase in the number of columns and therefore an increase in production period of the 
grout struts. Although the works encountered quite some problems during the start-up phase 
the final production speed satisfied the contractual requirements. 
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Fig. 15: Detail of the grout strut at Rokin with green, red and trial columns. 
 
 

CONCLUSION 
 
The grout struts were completed in the summer of 2007. During the course of the works 
several amendments were made to the design. These amendments were mainly 
introduced because of optimizations in the execution of the grout strut. The changes, 
together with the uncertainties about the placing of the columns and the parameters of the 
grout material, made it necessary to choose a somewhat different design approach. In this 
approach a statistical analysis was used, in combination with an observational method 
and the possibility to change the lay-out of the strut during the works. With this approach 
a grout strut was constructed that both met the requirements for the allowable deformations 
and the allowable forces in the diaphragm wall. 
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SUMMARY: The construction of three deep station boxes in the old city centre 
of Amsterdam introduces a settlement risk for the surrounding historic 
buildings. In order to reduce this settlement, risk deformations of the walls of 
the station boxes should be limited. Limitation of the deformations of the walls 
can be achieved by constructing struts before excavation of the boxes. These 
struts have been designed as a deck construction at the surface and as an inner 
grout strut at a depth of approximately 26 m below surface level. This paper 
describes the execution of the grout-struts and the applied quality control in 
order to keep the axial stiffness of the grout structure between certain limits. 
Keywords: Amsterdam, deformations, diaphragm wall, jet grout strut, Metro 
tunnel, settlement, stiffness, tolerances. 

 
 

INTRODUCTION 
 

For many years the city of Amsterdam has considered the possibility of a metro line from 
the north to the south of the city. In the seventies the so called East Line was constructed. 
For this line some parts of the city centre of Amsterdam had to be demolished and there 
was a lot of political resistance to this removal of buildings. Since the north south line had 
to cross the old city centre, the local government faced the problem of removal or 
reconstruction of a lot of historic buildings when constructing this line. For this reason 
the execution of the project was postponed until new techniques were developed to build 
an underground metro line without harming the existing city. In the nineties several 
tunnel boring project in the weak Dutch soil were constructed thus enabling the wish of 
the city of Amsterdam to construct a metro line in the old city centre without removing 
buildings in the proposed alignment. By the end of the century the design of the line was 
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finished and in the period of 2000 to 2002 several contracts were made with different 
contracting companies to start building the metro tunnel and the metro lines stations. 

Figure 1 shows the alignment of the metro line from the north to the south. As shown 
on the photograph, the line starts in the northern part of the city, then crosses the river Ij, 
crossing the central station, followed by the old city centre. After the old city centre the new 
North-South Line is attached to the existing metro line at Amsterdam South – World Trade 
Centre. Figure 2 shows the map of Amsterdam with the metro line and the stations. 
 

 
 
Fig. 1: Aerial view of the North-South Line in Amsterdam. 
 

 
Fig. 2: Alignment of the North-South Line in Amsterdam with stations. 
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 As shown on the maps and the accompanying longitudinal section there are two 
stations in the northern part of the city which are surface stations. The river Ij will be 
crossed by an immersed tunnel connected to the first underground station to be built 
underneath the existing Central Station in Amsterdam. In front of the Central Station the 
entry shaft for the bored tunnel is planned. From this entry shaft the bored tunnel will 
continue to the southern part of the city where the exit shaft is planned, the exit shaft will 
also be used as the newly built underground station Europaplein. In between the entry 
shaft and the exit shaft three new deep station boxes will be constructed, from north to 
south, Rokin, Vijzelgracht and Ceintuurbaan. The stations will be constructed using 
diaphragm walls with a reinforced concrete structure inside. Excavation of the station 
boxes will be done after constructing a deck thus avoiding long time interference with the 
cities traffic and facilitating a strut construction at the surface prior to the excavation. 
 Since the station boxes have to accommodate entry and exit of the bored tunnel, the 
stations are made relatively deep with a platform level of approximately NAP – 21.00 m 
(Dutch National Datum, Normaal Amsterdams Peil). The stations as well as the bored 
tunnel follow the pattern of the city streets to avoid as much as possible interference with 
existing buildings. Because the area available is limited in most cases the station boxes are 
constructed close to the buildings. These buildings are in general founded on wooden piles 
which are driven to the first sand layer, a sandy stratum some 13 m below surface level. The 
bottom level of the station boxes will be significantly deeper than the foundation level of 
these piles. To prevent settlement of the first sand layer and thus the buildings, deformation 
of the diaphragm wall must be limited to a minimum. To minimize the deformations of the 
diaphragm walls the excavation of the station boxes will be made after constructing the 
stations deck and using steel temporary struts every 5 m of depth. This method is sufficient 
until the last phase of the excavation. To construct the base slab of the station, the 
excavation needs to continue to a level of approximately NAP – 26.00 m. However a strut 
can not be placed due to the construction of the base slab. Further more the soil stratum just 
underneath the base slab is called the Eem clay, a stiff over consolidated clay layer. This 
clay layer is not stiff enough to restrain the movements of the diaphragm wall sufficiently in 
order to prevent settlements of the first sand layer to less than 25 mm. The latter being a 
boundary condition for the design of the tunnel and the station boxes. For this reason, 
reinforcement of the clay layer at a level of approximately NAP – 30.00 m is required. This 
reinforcement is created through forming a strut at the level of the clay layer made of grout. 
Figure 3 shows the soil and CPT profile which is representative for the three station boxes. 
 Due to several amendments the axial stiffness of the grout struts became extremely 
critical, and the only way to finalize the grout-works in a sufficient secure way was by an 
observational construction method. For this reason an intensive quality control on cement 
content, stiffness, diameter, tolerances and strength was required. In the following chapters 
the aforementioned items will be described in detail. This paper should be read in 
combination with the paper describing the design process of the grout-struts1. 
 
 

TRIAL WORKS 
 
The design of the grout strut is described in detail in the sister paper1. An initial trial was 
carried out at Rokin station by Keller Gmbh under a separate advanced contract. The aim 
of this trial was to confirm the maximum achievable design diameter and the associated  
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Fig. 3: Representative soil profile of station boxes (Rokin Station). 

 
strength and stiffness. In July 2004, 7 columns, 3 m in length, were constructed at a depth 
of 33 m using both a conventional jet grout system and also using the Super Midi system, 
a jet grout system licensed by Keller from the Chemical Grouting Company in Japan. The 
Super-Midi system is to all intents a conventional double system excepting that the 
monitor or nozzle housing and the nozzles themselves have been specially engineered to 
improve hydraulic efficiency2. 
 The results of the trial indicated that the conventional system was practically 
limited to about a 2.2 m diameter column whereas the Super-midi system was able to 
achieve a diameter of 2.6 m. In order to achieve the high strengths required in the clays, 
the trial columns were constructed in two phases: 
• The first phase (Precut) consisted of the construction of the column to the full 

design diameter using a very weak grout (density 1.16 kg/l) and; 
• The second phase (Jet Grout) consisted of reinsertion to the bottom of the column 

and then injecting a cement rich grout (density 1.75 kg/l) while withdrawing from 
the bottom of the column. 
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Using the two phase approach separates the construction of the diameter of the 
column from the achievement of the required strength. It is also a more cost effective 
method as the lift speeds required to create the columns in the very stiff Eem clay would 
be very low and thus would use large amounts of cement which would be wasted by being 
expelled with the spoil.  
 The final selected trial columns were cored and laboratory testing for strength and 
stiffness. The recommendations from the trial were to increase the cement content within the 
constructed column to improve the strength and stiffness. In order to achieve the required 
strength and stiffness, the cement content required was calculated to be 550 kg/m3 of column. 
This requirement was introduced during the procurement process of Ceintuurbaan, Rokin 
and Vijzelgracht phase II. Initially the requirement was a minimum allowable compression 
strength of 5.5 N/mm2 and a Young’s Modulus ranging from 1500 to 2500 N/mm2. 
 
 

PRODUCTION JET GROUTING 
 

A joint venture of Keller, Smet and Stumpf (KSS) were awarded the jet grouting sub 
contract by the station box contractor Max Bogl and site works commenced in December 
2004 at Vijzelgracht station. Only the east side of the station box was available with the 
west side to be constructed at a later stage in the programme. 
 The contract between the client and the contractor stipulated that there would be 
cooperation to minimise the cement usage and waste spoil generated as these were to be 
paid for at unit rates whereas the rest of the column construction was based on a lump sum. 
This arrangement was possible because of the two stage approach to column construction. 
The contractor would be responsible for creating the diameter in the precut phase and 
would cooperate to maximise the required lift speed for the design diameter, whereas the 
Client could adjust the jet grout phase lift speed to vary the cement content. This was 
introduced after KSS had stopped the works due to a contractual difference of opinion. 
Initially the contractor was responsible for transport and disposal of the jet-grout spoil. 
Later during the procurement process after KKS had resumed working, this aspect was 
changed. The contractor was responsible for the cement content (550 kg/m2), diameter 
and location of the columns and for transport of the jet-grout spoil, the client was 
responsible for strength, stiffness and disposal of the jet-grout spoil. 
 Because of the above, an initial trial construction programme was agreed during 
which diameters, inclination, strength and cement content would be measured. This was 
restricted to the initial 30 columns. 
 Following the completion of the first phase of Vijzelgracht, it was decided by the 
client that a further bidding process should take place for the jet grouting as this was 
included as a provisiona sum in the bills of quantities. After a competitive bid process, 
Bilfinger & Berger (B&B) were awarded th jet grouting contracts for Ceintuurbaan and 
Rokin stations and finally the main contractor, Max Boegl (MB) with technical assistance 
from Smet completed the second phase of Vijzelgracht. As neither B&B nor MB had 
access to the super midi system they carried out the jet grouting using a conventional 
double system with a design minimum diameter of 2.2 m. 
 
Quality control of the jet grouting 
The production quality control was prescribed as follows: 
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• Diameter to be measured in situ for one column in 20; 
• Cores were to be taken from one column in twenty and three samples tested for 

strength and stiffness and; 
• Deviation of one column in twenty was to be measured full depth using an 

inclinometer system run down the actual jet grout rods. 
 
Initial performance was therefore set as follows: 
• Minimum diameter     2.6 m; 
• Maximum hole deviation   1% of depth; 
• Minimum stiffness     750 MPa; 
• Minimum strength     5.5 MPa. 
 
As Keller had performed the initial trial, the jet grouting parameters were well known at 
the start of the works and the main interest was to obtain the required strength and 
stiffness. Initial jet grout parameters are given in Table 1. 
 
Table 1: Initial jet grout parameters for Vijzelgracht station box 
 

Parameter Precut Phase Jet Grout Phase 
Grout jet pressure (Bar) 360 360 
Grout jet flow (l/min) 470 380 

Withdrawal rate (cm/min) 7 18 
Grout density (kg/l) 1.16 1.75 
Air pressure (Bar) Greater than 8 Greater than 8 

 
 The measurement of diameter was by a hydraulically actuated set of calliper arms 
(known as the “SPIN” or spider) and is described in detail below. Initial measurements 
confirmed that the diameter was at least 2.6 m and therefore the precut jet grout 
parameters remained unaltered. The emphasis was thus to reduce the cement and spoil 
usage for the jet grout phase. 
 Accordingly columns were constructed with withdrawal rates varied between 18 
and 10 cm/min for the jet grout phase in an attempt to establish the maximum acceptable 
rate. Of the 686 columns constructed, 20 were constructed with a withdrawal rate of 
18 cm/min, 277 at 15 cm/min, 312 at 12 cm/min and 77 at 10 cm/min. 
 Due to contractual problems the initial trial phase was eventually abandoned and 
production jet grouting continued with the jet grout withdrawal rate being adjusted from 
time to time based on the results of laboratory testing on retrieved cores. 
 A number of cores were taken from completed columns at various times including 
from two columns at a considerable time after construction (about 6 months) in order to 
gain more information on long term strength. In order to guarantee maximum quality, triple 
tube coring with a core diameter of at least 100 mm was utilised throughout the project.  
 Figure 4 shows the variation with strength and jet grout withdrawal rate while 
Figure 5 shows the variation of tangent modulus with jet grout withdrawal rate. 
 The results generally show a trend of decreasing strength and stiffness with increasing 
withdrawal rate as expected as the theoretical column cement content is decreasing. The 
graphs also show that the required strength and stiffness were easily exceeded. 
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Fig. 4: Results of core strengths compared to jet grout withdrawal rate. 
 

 
Fig. 5: Results of core stiffness compared to jet grout withdrawal rate. 

 

 Cement content was measured on most of the core samples. This was accomplished 
by oven drying a sample of core, crushing it and then determining the calcium content by 
the use of X-ray diffraction techniques. Samples of the original Eem clay were checked to 
ensure that there was no calcium content to effect the analysis. Cement contents in over 
90% of all samples exceeded the 550 kg/m3, with some values exceeding 1000 kg/m3 
where certainly neat grout had been present. For all the station boxes the average cement 
content ranged from 736 to 863 kg/m3. 
 The inclination of the jet grout boreholes was measured on all the station boxes. 
The jet grout rigs used had long masts (generally around 30–35 m in length) and at most 
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only required a single rod change to achieve the design depth. The deviation of the 
boreholes averaged at between 0.5% and 0.7% with only a few columns exceeding the 
1% maximum, generally due to obstructions. The inner diameter of the jet grout rods 
allowed an inclinometer survey to be carried out down them, at Rokin and Ceintuurbaan 
station boxes the contractor used a built in inclinometer system manufactured by Lutz 
that measured every column which gave very good information on the as built layout. 
 In order to control the quality of the jet grout strut, a database was developed that 
allowed all relevant parameters to be recorded and checked. Figure 6 shows a typical 
example of a quality control record for an individual column. The record details all the 
design parameters and the actual parameters as interpreted from the rig instrumentation 
data provided by the contractor. The record allows all important quality issues to be 
recorded and checked and then provides the final column approval for payment. In use, 
any columns which had wrong or missing quality information was rejected until the 
contractor could provide the required explanation. Often this was the provision of 
alternative supporting documentation if the rig instrumentation had malfunctioned. 
 The database was used on all the station box sites and eventually the site 
supervision could fill in all the quality data as the works proceeded and thus column 
quality checking by the client’s technical representative (RD Geotech) was simplified as 
the database automatically generated reports on parameters, diameter and deviation. 
 Figure 7 shows an example of a report of both precut and jet grout flow rates. This 
gives a good indication of both diameter and cement content as if the precut flow rate was 
reduced this would probably indicate a reduced diameter and also if the jet grout flow rate 
 

Fig. 6: Example of database record. 
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Fig. 7: Example of database report for quality assurance. 
 
was reduced this would indicate a reduced strength. Generally a tolerance of 5 
litres/minute was allowed on the flow rates, if the flow varied from the design by more 
than this limit then the column was rejected and was discussed in detail. 
 
Diameter measurement by the “SPIN” 
For the trials in 2004, Keller developed a hydraulically actuated calliper system to 
measure the diameter of the column in-situ at a depth of 35 m. This was a technical feat 
as it was necessary to ensure that the hydraulic connections were robust and that the 
callipers could open and close freely to allow the callipers to be withdrawn from the 
column. Figure 8 shows a photograph of the calliper system with the arms extended. To 
measure the diameter the arms are extended from a vertical to a horizontal position by the 
first hydraulic circuit and then the arms extend horizontally by the use of a second 
hydraulic circuit. The extension of the arms is measured by noting the change in volume 
of a calibrated piston and as soon as any pressure build up is observed this is taken to be 
the edge of the column. This system was also used at Vijzelgracht in 2005 for phase 1. In 
general the callipers were successful but a stabilising weak jet grout column was required 
over the top 20 m or so to prevent the callipers snagging on the way down on material 
falling into the borehole. This was normally carried out the day before the actual column 
was jetted and seemed to provide a solution to the problem. 
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Fig. 8: Keller Caliper system. 
 

Sampling of jet grout spoil 
In addition to the above quality control, the contract required the contractor to take three 
samples of the return spoil. If the return spoil density is assumed to be identical to that in 
the column and total mixing is assumed then a calculated diameter can be obtained. In a 
uniform material this can be reasonably accurate but not accurate enough for diameter 
measurement unless both the cement content and moisture content are determined in 
which case the result can be within 20% of the actual diameter. The density of the spoil 
return should not vary during the works as the precut parameters were not varied and the 
Eem clay is relatively uniform. Therefore any variation in spoil density could be a sign of 
variation in diameter and would trigger a more detailed column review. 
 
Diameter measurement by the hydrophones 
For Rokin Phases 1 and 2 and Ceintuurbaan station boxes, the jet grouting was carried out by 
Bilfinger & Berger who had developed there own method of diameter measurement using 
hydrophones. This functioned by placing microphones around the perimeter of a column and 
then listening through microphones for the impact of the grout jets. In operation , two or 
three 50 mm holes were drilled to the depth of the bottom of the column and position just 
inside and outside the design column radius. In reality, because of the deviation of both 
column and hydrophone holes this was somewhat of a lottery and in a number of cases, the 
hydrophones ended up either too close or two far away from a column. Never the less, B&B 
could interpret the waveform and make some estimation of the position of the hydrophone in 
relation to the column diameter. Generally sets of three columns were measured which gave 
more chance of using the hydrophones successfully. Figure 9 shows a test in progress and 
Figure 10 shows the layout of column and hydrophones. The design diameter in this case 
was 2.2 m based on a conventional double jet grout system. 



Quality control and execution for deep jet grout struts 685 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9: Diameter measurement by Hydrophone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10: Column layout for hydrophone tests. 
 
Stability problems of the construction site 
Because of the very soft nature of the upper materials, the stability of the working 
platform was an issue on some occasions. Although the diaphragm walling plant had been 
considerably larger and heavier, they had not penetrated the working platform with drill 
holes. Drilling for the jet grouting had the effect of causing the platform material to fall 
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surface 

 M1072 Column centre at 
depth 
T3 Hydrophone position at 
surface 
P3 Hydrophone position at 
depth 
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into the 250–300 mm diameter drillhole and create a crater around the column. Various 
solutions were developed. At Rokin phase 1, 600 mm diameter steel casings were 
inserted to a depth of 6 m in advance of the jet grouting by an attendant piling rig while 
for phase 2, a 250 mm thick concrete slab with light reinforcement was placed over the 
working area and this then supported the rigs without a problem. At Ceintuurbaan and 
Vijzelgracht, the contractor filled in the craters each day and this allowed production to 
carry on without too much disruption. 
 
Stiffness reduction of the first and second sand layer 
As part of the excavation of the station boxes, it was necessary to install a number of 
tower cranes. Driven piles, founded on the 2nd sand layer had been installed previously 
for support. During erection of the first crane it became clear that the pile capacity was 
reduced and the crane had to be removed. Additional CPT testing carried out revealed 
that the cone resistance within the 2nd sand layer was only about 50% of the value prior 
to station box construction. This was the case for all the station boxes. It would appear 
that the drilling of the jet grout holes through this layer and the resultant jet grouting has 
reduced the stiffness of the layer. A number of the piles were load tested and based on 
these results, a number of further piles were installed to maintain the required load 
carrying capacity. 
 This effect should be considered in the future by designers as it could reduce the 
passive resistance within an excavation leading to unacceptable settlements. Additional 
numerical analysis was carried out to check the effect of the reduced ground stiffness. 
The necessary computations still need to be made for Rokin; For Ceintuurbaan W+B 
concluded that the decrease of the horizontal stiffness of the second sand layer could be 
compensated by increasing the pre-stress force in the steel tubular struts. 
 
 

CONCLUSIONS 
 
The quality control of deep jet grouting requires careful consideration. The use of a 
database recording all approval elements and all relevant jet grout parameters is essential 
to control the quality assurance process. Equally, in the event of problems, it becomes 
very simple to isolate the problem columns. 
 The use of a precut phase to create the column diameter and a following jet grout 
phase to ensure the correct strength allows the designer to specify diameter and strength 
independently for any soil type and is a significant advance over previous experience 
where achieved strengths in clays were low. 
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