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1 Introduction

The concept of a tunnel is very general. A classification can be made by use, geo­
graphical conditions, type of construction and so on.
Tunnel engineering is not only very extensive, it is also ancient: a tunnel with a length
of 1 km is thought to have been built under the Euphrates more than 4,000 years ago
to link the royal palace with a tempie. The course of the river was temporarily
diverted during the construction. In our modern world the idea of building a tunnel
for a purpose like that in ancient Babylon is no longer conceivable, but the technique
of temporarily diverting a waterway in whole or in part is still used. Examples are
provided in the Netherlands by the Velsen tunnel [lit. 2] the aqueduct under the
Haarlemmermeer Ringvaart and the Gouwe tunnel.
This paper is concerned primarily with a different type of tunnel which may be
defined as follows on the basis of the classification criteria mentioned above.
U se: road traffic with the emphasis on motorway tunnels.
Geographical conditions : sub-aqueous crossings.
Method of construction : immersed tube method with subsequent cut and cover
oonstruction on the banks.

The first sub-aqueous crossing in the shape of a tunnel in the Netherlands was the
Maas tunnel at Rotterdam, opened to traffic in 1942 [lit. 1]. Although construction
by the immersed tube method was not new (the first application of this method dates
back to 1893), the type of construction differed from that developed in the United
States: the cross-section was not circular but rectangular, and steel, which was the
principal structural material in American tunnels, played only a secondary role as a
water seal. The actual structure was in reinforced concrete.
Subsequently, reinforced concrete immersed tube tunnels were further developed in
the Netherlands. Table Ilists the road tunnels built in this way. The same method has
also been used for the subway tunnel in Rotterdam [lit. 8] and for two pipeline tunnels,
one of which is about 1,700 m long [lit. 9].
The general geometry of motorway tunnels in the Netherlands is decribed in chapter
2; in section 2.1.3 special attention is given to the relationship between the required
traffic clearances and the resulting cross-section of an immersed tube tunnel.
Some aspects of the design and construction of immersed tube tunnels and the
adjoining sections on the waterway banks are discussed in chapter 3. A new develop­
ment is described in section 3.2, i.e. the omission of the watertight lining resulting for
the first time in a genuine 100 %reinforced concrete structure.
Sections 3.3 and 3.4 contain contributions by the Delft Hydraulics Laboratory and

5



the Soil Mechftnics Laboratory, Delft, respectively; these establishments normaIly
advise the agency which designs motorway tunnels, the Locks and Weirs Department
of the Rijkswaterstaat. The other chapters were contributed by the latter organiza­
tion and for the traffic aspects discussed in sections 2. I.1 and 2.2.1 use was made of
directives, data, etc. supplied by the Traffic Engineering Department of the Rijks­
waterstaat.

Table 1 Summary of Netherlands raad tunnels (existing and under construction)
~--- _ .. _----- --

- ----.- -

Name Date of Number of Length of Overall Method of Client Refe-
opening traffic closed length 2 construction rence
or plan- lanesl section (m) inned com- (m) Lite-
pletion rature

-----

Maas • 1942 2x2 4 1070 1373 Immersed tube Rotterdam 1Velsen 1957 2x2 768 1644 Cut & cover Rijkswaterstaat 2Coen 1966 2x2 587 1283 Immersed tube Rijkswaterstaat 3Schiphol 1966 2x3+2x2 5 530 660 Cut & cover RijkswaterstaatBenelux 1967 2x2 795 1300 Immersed tube Benelux tunnel 4
N.V.8

Heinenoord 1969 2 x (2+ 1) 6 614 1064 Immersed tube Rijkswaterstaat 5IJ' 1969 2x2 1037 1685 Immersed tube Amsterdam 6Vlake 1975 2x3 327 773 Immersed tube Rijkswaterstaat 7Drecht 1977 4x2 555 825 Immersed tube Rijkswaterstaat 24Kil 1977 2x(2+1)6 406 901 Immersed tube Stichting 25
Tunnel Dordtse
Kil 8

Prinses
Margriet 1977 2x2 7 77 938 Immersed tube Rijkswaterstaat 26

1 The first figure indicates the number of traffic tubes and the second the number of lanes per tube.
2 Length of closed section + open access sections.
• Urban motorway tunnels (N.B. the others are rural motorway tunnels)
4 Plus one tube for pedestrians and one for cyclists.

5 Each of the 2 x 3 tubes also includes an emergency stopping lane; the tubes with 2 lanes are in-
tended for local traflic.

6 2+1 = 2 lanes forming part of the motorway + lIane for slow traffic.
7 Each tube also includes an emergency stopping lane.
8 Designed by the Locks and Weirs Department of the Rijkswaterstaat.

6



2 Dimensions of road tunnels

2.1 Cross-section

2.1.1 Traffic and maintenance requirements

A tunnel generally forms a short section of a highway. This means that the principal
criteria applicable to the route as a whole should also be followed in the design of
the tunnel. Basic factors such as the number of lanes, their width and the vertical
clearance in the tunnel should be the same as on the rest of the road. More specifi­
cally, for motorway tunnels, this means a lane width of 3.50 mand a vertical clearance
of 4.50 m. The lanes are separated from each other by broken paint lines with a width
of 0.10 m, while the outer edges of the lanes are marked by continuous lines with

a width of 0.15 m.
Outside the traffic lanes, however, the design of the tunnel crosssection differs con-

siderably.
To begin with, the emergency stopping lanes which are normally treated as part of
the cross-section of a motorway, will often be omitted in tunnels. In the Netherlands,
the shallow Schiphol tunnel and the short Margriet tunnel are exceptions in this
respect. In France too some tunnels have emergency stopping lanes, but once again
these are exceptions from the normal type of tunnel.
The reason for omitting the emergency lane is a financial one. Although the cost of a
tunnel does not rise in linear proportion to increasing width, the cost increase is not
inconsiderable: if two 'narrow' emergency stopping lanes with a width of 2.50 m
each are provided in a deep tunnel, the cost increase will be in the order of 10,000
guildersjm'. This is the cost of building an entire motorway including the necessary
civil engineering works outside the tunnel. In some parts of the Netherlands a motor­
way can even be built for less than this.
The outright omission of emergency stopping lanes is not, however, possible on a
motorway. Supplementary measures are necessary with a view to safety. Since the
Coen tunnel, opened in 1966, it has become standard practice to provide tunnels
which do not have emergency stopping lanes with traffic signals for each lane consis­
ting of illuminated green arrows and red crosses suspended centrally above the lanes,
both in the tunnel proper and on the approaches. Normally, the installation is out
of service but as soon as a vehicle stops at any point, the lane concerned is 'closed'
with the red crosses (this means that drivers must leave the lane as quickly as possible)
and the green arrows indicate which lane (or lanes) are still open to traffic, albeit
subject to a speed limit. The panels indicating this speed limit (generally 70 kph) are
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set up befure the entrance to the tunnel proper. Further up the raad orange f/ashing
lights are also switched on as a warning to approaching drivers.
This intervention is only possible if two requirements are met: detection of stationary
or slow-moving vehicles and subsequent actuation of the signais. The problem is
simplified by the fact that in most tunnels constant supervision is necessary to ensure
that the ventilation, lighting and pump facilities are operationaI. The staff entrusted
with this task are also made responsible for the traflic signais. As only one person is
continuously present in the control room, the traflic is observed with the aid of
television cameras mounted in the tunnel tubes and on the approaches. The infor­
mation can be processed in two ways: the traf/ic may be observed continuouslyon
several permanent monitor screens (Heinenoord tunnel) or else detector systems
(radar, induction loops) can be used to switch onto two monitor screens the images
from the two cameras scanning the section of the tunnel in which a deviant traffic
situation has arisen (eoen and Benelux tunnels). The signals could conceivably be
switched on directly by a computer but in practice this is not (yet) possible: detection
of a speed which is too low gives an early warning. Whether the vehicle in fact comes
to a standstiII or leaves the tunnel slowly remains to be determined by television
observation. The man in the control room must watch the situation carefully before
he switches on the signaIling system.
It is worth noting in passing that the telephones instalIed at intervals of 90 to 100 m in
the right-hand waIl to enable stranded drivers to caIl the control room are seldom
if ever used. The control system in fact works more quickly.
The combination of these observation and signaIling arrangements justifies the
omission of emergency stopping lanes in motorway tunnels: even though a vehicle
which is in difficulties cannot move away to the hard shoulder of the raad, the risk
of other vehicles running into it is limited by the fact that the IaDe concerned is
immediately'cIosed'.
Lateral clearances, i.e. the space between the traffic lane and tunnel waII are another
point in which the tunnel differs from an open highway. The lateral cIearances have
two functions:
- to ensure the safety and smooth flow of traffic (level of service and capacity),
the influence of the waIl or other raised obstacles ('waII effect') must be limited as far
as possible;
- safety of pedestrians must be guaranteed. The term 'pedestrians' includes both
maintenance personnel and the occupants of vehicles who have to leave them in an
emergency.

An ideal solution would be to arrange the facilities necessary for both functions
next to each other: a level strip adjacent to the traffic lane and an elevated footway
with an efficient safety barrier against the wall. This solution is, however, very
expensive. In most tunnels therefore a compromise is struck between the two func­
tions: a low footway (appraximately 0.15 m) with a width of about 0.75 m.
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Figure 1. Cross-section of the Benelux tunnel.
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The height is generally based on the following passage in the Highway Capacity
Manual 1965 (page 89):
'It is believed that mountable curbs or vertical curbs 6 inches or less in height have
insignificant influence on traffic operations'.
It should be noted here that the H.C.M. is concerned only with capacities and levels
of service and does not consider traftic safety, although theoretically this factor should
be discounted in the levels of the service.
This solution has been adopted in
existing motorway tunnels in the
Netherlands. An example is the
Benelux tunnel (figures land 2);
this has a footway with a width
of 1.20 mand a height of 0.30 m
on the left and a 0.80 X 0.14 m
footway on the right. On the out­
side edge, the higher footway has
a special profile (TRIEF profile)
intended to guide vehicles which
collide with the footway. This ele-
vated footway was specially intended for maintenance staff who can reach it through
doors at intervals of 90 m from the central service gallery.

Figure 2. Cross-section of one of the traffic tubes of the Benelux tunnel.

Experience in the Netherlands has shown that footways only ensure relative protec­
tion to pedestrians.
Over a period of four years, three commercial vehicles and five cars have penetrated
onto the 'elevated' footway on the left in the Benelux tunnel, while five commercial
vehicles and one private car have done so during five years in the Coen tunnel. The
fact that the low footways on the right-hand side offer only limited protection is
shown by the many scrapes and scratches on the walls.
Prototype tests in the Netherlands have also shown that a low footway does not act
as a barrier to traffic and therefore provides no real protection.
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Because of these considerations, in eXIstmg Netherlands motorway tunnels, the
traftic lane next to the footway is closed by the red crosses as soon as pedestrians are
walking on the footway. The arrowand cross signals initially designed to avoid
accidents caused by stationary vehicles have thus acquired a second function.
Because of this use of the signais, elevated footways have lost their role in providing
(incomplete) protection to pedestrians. Experiments in the Netherlands have also
shown that raised curbs or other obstacles (uniess they are lower than 5 to 7 cm)
next to the traftic lane present some danger to vehicles which have swerved off
course (the vehicle may overturn or be deftected back in an unfavourable manner).
The elevated footways with a TRIEF profile also gave poar results in this study:
1f the angle of impact is greater than 2° the vehicle may overturn or be deflected back
damaged; this will depend on the speed and height of the centre of gravity of the
vehicle etc. Practical experience has shown similar results: over a period of four
years, four incidents of this kind have been noted in the Benelux tunnel; in two
cases the vehicle overturned and in the two others it was deflected back with damaged
steering equipment.

--- ....

~/~ ,-------------------,-
~_...J

--: I

~ 0
~9.4..0 N

~ ~ '<t'
350 O. 3.50

8~- l
0.<17

0.23f lijill5GENERAL MOTORS BARRLER

Figure 3. Cross-section of a 2-lane traffic tube of a new Dutch tunnel.

In the light of these observations and experience a different type of lateral clearances
has been adopted for Netherlands motorway tunnels now under construction or
projected; the arrangement is shown in figure 3 (see also lit. 10). Next to the traftic
lane there is a level strip with a width of 0.55 mand against the wall a concrete curb
with a width of 0.45 m. The curb has been developed by a leading American motor
manufacturer and is known as the G.M. barrier after the company which designed
it. Tests carried out in the United States have shown that private cars are not seriously
damaged if the angle of impact is less than 10°; the corresponding figure far commer-
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cial vehicles is SO. In a collision of this kind, the vehicles are deflected back satisfac­
torily without the occupant being exposed to harmful deceleration and without
other traffic being seriously endangered.

The following brief observations may be made on this type of lateral clearance:
- the width of the traffic lane tube does not show a significant increase in comparison
with the traditional solution using footways, and the tunnel construction costs are
therefore practically the same;
- the traffic safety is increased because there are no elevated obstacles with a height
of more than 5 to 7 cm immediately next to the traffic lane;
- vehicles which swerve off course have astrong likelihood of being deflected back
in a satisfactory manner;
- the distance between the traffic lane and the wall is 1.15 m (including the painted
lane markings on the road surface with a width of 0.15 m). In this connection, it
should be noted that a distance of 1.00 m is considered a minimum for the purpose
of traffic flow. It may be necessary to increase the width of 1.15 m in the case of
tunnels with substantial horizontal curvature in order to guarantee the stopping-sight
distances. This is the case with the Drecht tunnel where the radius of horizontal
curvature is SOO m. Here the distance between the wall and the traffic lane has been
increased to 2.10 m. This widening is of course only possible on one side, i.e. the side
of the lane situated towards the centre of the circle;
- the level strip may be used for pedestrians (maintenance and emergency situations),
provided that the adjacent traffic lane is closed by means of the signaIs. In all proba­
bility, the safety is then greater than in the case ofthe solution widely adopted abroad,
i.e. a low footway without signaIs.
Clearly continuous supervision (remote or otherwise) of the tunnel is essential in
this case.
In the draft directives of the Rijkswaterstaat [lit. 10] illustrated in figure 3, the
headroom above the traffic lanes is 4.50 mand above the level strips 4.20 m. The
value of 4.50 m is maintained not only in tunnels but also under civil engineering
works above motorways. The maximum permitted height of vehicles using these
motorways is 4.00 m. The lower height above the level strips is permissible because
vehicles are only stationed there exceptionally.
In the older tunnels a headroom of 4.20 m was adopted corresponding to the then
maximum permitted height of vehicles of 3.S0 m. No limitations are placed on the
height of vehicles using these tunnels at present. This means that commercial vehicles
with a height of 4 m can also use such tunnels. As the margin has become very small
(0.20 m), horizontal wires have been fitted at the approaches to the Velser, Coen and
Benelux tunnels at a height of 4.13 m above the carriageway. When these wires are
touched, the red traffic lights in front of the tunnel are switched on. This happens
three or four times a week at each ofthe tunnels, corresponding roughly to I in 100,000
vehicles.
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Despite these measures, the ceilings and equipment fitted above the carriageway
are regularly damaged; the damage is often due to flapping tarpaulins on lorries.
It must also be remembered that a moving commercial vehicle acquires a vertical
oscillation due to irregularities in the road surface. In Germany it has been observed
that this movement may result in deviations of 0.20 m above the level ofthe stationary
vehicle.
In the Heinenoord tunnel where the vertical clearance is 4.50 m, damage is extremely
uncommon, although the underside of the booster fans mounted at this height above
the carriageways shows some scratches, probably caused by flapping tarpaulins.

The above observations show that a clearance of 0.50 m above the maximum per­
mitted vehicle height is certainly not a luxury.
Over and above this a space of 0.35 m is often allowed; this is sufficient to install
the lighting fittings and cross-arrow signaIs. The acoustic ceiling (with a thickness
of 0.07 m) is interrupted at the location of these installations so that the full 0.35 m
is available for them.
We thus arrive at the following principal dimensions for the traffic tubes:
For a two-lane carriageway, the width between the walls is 9.40 mand for a three­
lane carriageway, 13.00 m. In both cases, the minimum height from the top of the
road surface to the base of the tunnel roof is 4.85 m. Above the level strips this may
be reduced to about 4.30 m (4.20 m clearance and approx. 0.1 m acoustic ceiling)
based on the assumption that no fittings are mounted above the level strips.
The carriageways are often given a minimum camber of 1 : 60 to drain off water.
This value is to some extent arbitrary as on the one hand there is no precipitation
and on the other the longitudinal gradient greatly predominates in most cases. In
the eoen tunnel where no camber at all has been provided, this has not led to un­
satisfactory results (puddie formation). Despite the absence of precipitation, water
is still present in tunnels: the walls are regularly washed and vehicles themselves
introduce humidity, while - although the aim is watertightness - some leakage
water is practically unavoidable.
A service gallery (fig. 1) is often provided between the traffic tubes each of which
contains one carriageway of the motorway; this corridor is linked to the carriageway
tubes by doors at intervals of 90 to 100 m. At the two ends of the enclosed tunnel
section this gallery is accessible by stairways.
The central gallery has a number of functions:
- it is used to house the electrical cables for the tunnel equipment (lighting, signaIs,
pumps etc.), the fire mains and the piping for the pump situated at the lowest point
of the tunnel;
- maintenance staff can reach any required point in the tunnel by means of this
gallery without having to remain for too long in the noisy traftic tubes which often
also have a high fume level.
It should be noted, however, that maintenance personne1 are increasingly using

12



service vehicles which provide extra protection during working activities if they are
equipped with flashing lights and parked above the point at which work is necessary.
- in the event of a disaster (fire etc.) the gallery can be used as an escape route;
- in some cases (Benelux and Coen tunnels) the gallery forms part of the ventilation

system (see 2.1.2).

To ensure accessibility, the gallery should have a width of at least 1.25 m. The height
is derived from the height ofthe traffic tubes and the necessary floor and roofthickness.
A greater width is only necessary for very long tunnels (housing cables and mains)
or if the gallery is also used for ventilation purposes.
In some short tunnels (Heinenoord and Dordtsche Kil) the central gallery has been
omitted and cables and mains are installed in the traffic tubes.

2.1.2 Ventilation requirements

Internal combustion engines generate gases, some of which are unpleasant or harmful
to human beings. In a tunnel the ventilation system must keep the concentraion of
these gases below acceptable values by 'flushing out' with fresh air. A distinction
may be made between the following systems:

A NATURAL VENTILATION in the case of which a longitudinal air current is generated
in the traffic tube through the impulse effect of moving vehicles (Vlake tunnel).

B ARTIFICIAL VENTILATION :

1 Longitudinal ventilation by injection. At the beginning of the traffic tube, air is
blown into the tube through a slit in the roof at high speed in the direction of traffic
movement, thus increasing the naturallongitudinal flow (Coen and Benelux tunnels).
2 Longitudinal ventilation with booster fans. Booster fans are suspended in the
traffic tubes above the headroom or against the walls above the footways; these
fans intensify the longitudinal air current created by the vehicles (Schiphol, Heinen­
oord and Drecht tunnels).
3 Transverse ventilation. Separate ducts are provided in the cross-section to supply
fresh air and extract contaminated air. The ducts are connected to the traffic tubes
by openings. The fresh air is often introduced into the traffic tube from below and
extracted from above (Maas, Velsen, Y tunnels).
4 Semi-transverse ventilation. A duct is provided in the crosssection for the supply
of fresh air. Through openings, the air emerges into the tratlic tube, thus creating
over-pressure so that the contaminated air flows off towards the ends of the traffic
tube. The direction in which this occurs depends on the position in the tunnel, the
speed and density of traffic and the wind pressures at the tunnel portals.
This system is used for auxiliary ventilation in the Coen and Benelux tunnels. For
normal conditions, longitudinal ventilation is provided here. Longitudinal ventilation
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is, however, less suitable if traffic moves in two directions in a single tube; this may
be the case in the event of extensive maintenance work or a serious accident in the
other tube. For this purpose, in the case of these two tunnels the central gallery is
dimensioned in such a way that it can be used to supply fresh air for semi-transverse
ventilation of one of the traffic tubes. Adjustable valves in the openings make it
possible to supply the left or righthand tube.

It is not possibIe to indicate the infiuence of each of these systems on the geometry
of the cross-section. Too many factors are involved here sueh as the composition,
speed and density of traffic, the length of the tunnel tube, longitudinal gradients,
number of traffic lanes etc. Aresponsibie choice of the ventilation system and the
corresponding dimensions can only be made or determined in a concrete situation
on the basis of an economie study taking into account civil engineering and electrical
and mechanical engineering investments and operating costs. A few considerations
are set out below concerning the choice of system and infiuence on the cross-section.

A Natural ventilation has no infiuence on the cross-section but can only be used in
relatively short tunnels. The maximum length is between 300 and 350 m if the traffic
tubes are used exclusively in one direction.
Rl Longitudinal ventilation with injection. This system has no influence on the
cross-section. Here again, however, there is a limitation on length. The longer the
tunnel the greater the resistance in the tunnel tube (fil1ed with vehicles) so that more
air wil1 escape towards the upstream tunnel portal located close to the injection
opening. This air is lost for ventilation purposes. In the Coen tunnel with a length
of 587 m normal injection ventilation could be used but in the case of the Benelux
tunnel with a length of 795 m, the injection had to be reinforeed by booster fans
suspended in the traffic tubes. Both tunnels have two traffic lanes per tube.
R2 Longitudinal ventilation with booster fans. This system will general1y infiuence
the cross-sectional geometry unless the fans can be accommodated above the footways;
this is only possible when the number of fans is limited (short tunnels).
As stated in section 2.1.1 an extra height of 0.35 m is available above the headroom.
In the Netherlands fans are general1y used with a diameter of 0.65 m; with the fan
casing and mountings a height of 0.85 m will be necessary. This corresponds to an
increase in the tunnel height of 0.50 m. In the case oflonger tunnels it may be desirabie
to use fans with a wider diameter to obtain a more economical solution.
One of the limitations on use is the longitudinal air speed which is considered to be
acceptable to traffic without creating an obstacle. If a value of 10 to 12 m/sec is taken
for this speed, tunnels with a length of 2 to 2.5 km can be provided with booster fan
ventilation. All the tunnels now under construction or projected in the Netherlands
are equipped with this economically attractive ventilation system, including the 1980 m
long tunnel under the Westerschelde.
R3 Transverse ventilation. In the previous systems the traffic tubes themselves are
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used to convey air. In this case, however, extra ducts must be provided for the supply
and extraction of air. This means a considerable widening of the tunnel cross-section
although higher air speeds are acceptable in the ducts than in the traftic tube. The
application is not limited by the length of the tunnel. Because of the relatively high
costs this system is at present considered less attractive for the fairly short tunnels
built in the Netherlands.
BA Semi-transverse ventilation. Compared with transverse ventilation, half the
area of air ducts win be sufticient as the traffic tube is used for extraction purposes.
This means that there is a limit on application as a function of length, as in the case
of longitudinal ventilation with booster fans. In the Netherlands, this system has
only been used for auxiliary ventilation of the Benelux and Coen tunnels.
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Figure 4. Volume of CO emitted by an average passenger car expressed in
litres per minute.

Without dealing exhaustively with the subject of ventilation, it seems interesting
to look briefly at a new development in the area of vehicIe exhaust gases relating
in particular to the generation of carbon monoxide (CO). Up to now, CO emission
has been the decisive factor in the design of ventilation. The quantity of CO generated
in a tunnel is equal to the product of the number of vehicIes present in the tunnel

15



and the emission from an average vehicle. Both these factors depend on speed. Figure
4 gives a number of graphs for the relationship between CO generation by an average
private car and average speed. Especially at fairly low speeds, the average speed is
obtained from acycIe consisting of stationary periods, acceleration, braking etc.
The curve followed by the Locks and Weirs Department and based on Swiss and
German data is marked RWS (old). The P.I.A.R.C. curve was published by the P.I.A.R.C.

Road Tunnels Committee in its report to the World Road Congress in 1971. The
values based on French measurements in 1969 are relatively high. This is one of the
reasons why the Tunnel Engineering Section of the Netherlands Royal Institute of
Engineers has set up a study group on road tunnel ventilation.
The TNO Institute for Road Transport, represented in the study group, has plotted,
on the basis of measurements and studies, curves for 1975 and 1985 representative
of the average private car driven on Netherlands roads in those years. The lower
emission values result in part from the stricter regulations which have been and will
be introduced in respect of the exhaust gases of new cars.
This reduction in CO emission makes it necessary to give greater attention to the
generation of fumes by diesel engines in the design of tunnel ventilation systems.
Experience has shown that if ventilation is based on the 'old' CO generation and
on a permissible CO concentration of approximately 150 ppm, the deterioration in
visibility resulting from the generation of fumes by diesel engines remains within
acceptable limits.
With the new CO emission values, it is not inconceivable that visibility may become
the criterion for the necessary quantity of fresh air, especially in tunnels where diesel
trucks represent a large percentage ofthe overall traffic. The Road Tunnels Committee
referred to above published a recommendation in 1975 on a method of calculating
the deterioration in visibility, including limit values to be observed [Iit. 23].

2.1.3 Constructional requirements

The previous section dealt with the 'hollow spaces' which must be created in the
tunnel. Closer attention will now be given to the dimensions of the surrounding
solid sections, i.e. the reinforced concrete structure. These observations are confined
to immersed tube tunnels made of concrete.
In the process of construction, two stages are important: f10ating transport and the
final phase.

The tunnel elements which generally have a length of about 100 mare manufactured
in a building dock which can subsequently be f100ded with water. The elements are
then floated to the point at which they must be immersed. At this stage, the element
is provided with a temporary watertight bulkhead at each end and the necessary
immersion equipment (directional towers etc.). The clearance above the water is
generally 5 to 10 cm which, with the normal (external) tunnel height of about 8.0 m,
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means that the gross content multiplied by the specific weight of water exceeds the

weight by about I %'
The element is then sunk by means of temporary ballast (often water); at a later
stage, the temporary ballast is replaced by definitive ballast in the shape of non­
reinforced concrete in the traffic tubes below the carriageway to be built later. The
immersion equipment and end bulkheads have been removed in the meantime. The
element must now have a sufficiently greater weight than its floating capacity for it
to remain in place. In this connection, the pressure head of the ground water below
the tunnel base may lag behind the water level in the (tida\) river. At low tide, this
may result in an additional upward force. To compensate effects of this kind, the
design criterion is often adopted that at this stage the weight of the tunnel must
exceed the water displacement by about 600 kgf per m 2 tunnel base corresponding
to an additional allowance of 7.5 %for an external tunnel height of 8 m. The safety
margin is later increased because the dredged trench in which the tunnel is immersed
is filled in again. This results in the first place in friction on the walls but also in a
load on the roof. Depending on the longitudinal section of the tunnel and the cross­
section of the waterway, the latter factor may be very slight in places or even dis­
appear altogether due to erosion of the river bed.
Assuming that, in cross-sectionaI terms, the surface area of the hollow space is V m2,

that of the structuraI concrete C m2 and that of the ballast concrete (including the
carriageway) 8 m2, the following two equations can be written (see also fig. 1):

In the transport stage:
Weight = 0.99 water displacement, or

2.49 X C+ 3.0=0.99 (V +B + C)

In the final phase:
Weight = \.075 water displacement, or

2.46 x C + 2.25 X 8 = 1.075 (V + B + C)

(I)

(2)

The following points should be noted in connection with these equations:
- A value of 2.49 has been taken as the specific weight of reinforced concrete in
equation (1) and a value of 2.46 in equation (2). Experience in the Netherlands has
shown that safe working limits will be obtained if it is assumed that the specific weight
of concrete (without reinforcement) varies between 2.36 and 2.39 tf/m3• This dispersal
range not only allows for variations in the specific weight of concrete (which generally
fluctuates around a mean value of approx. 2.375 tf/m3) but aIso for dimensional
deviations in the concrete structure (e.g. thicknesses of structural components) in
relation to the theoretical dimensions shown on the drawings. The high specific weight
has been taken in the floating state and the lower weight in the final situation. The
ca1culation also allows for 140 kg structural and reinforcing steel per m3 concrete.
- The surface area of the ballast concrete has been multiplied by aspecific weight
of 2.25 representing the weighted mean of 0.50 m concrete with aspecific weight of
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2.3 (the compression of ballast concrete is generally Iess good than that cf structural
concrete) and 0.07 m asphalt road surface with a specific weight of 2.0.
- A weight of 3.0 tf/m' has been introduced in equation (1) for the immersion
equipment and end bulkheads.
- In the equations it has been assumed that the specific weight of water is l.O. This
must be checked in each individual case. In a tidal river it is quite likely that a value
of 1.0 must be taken for equation (1) and a higher value for situation (2) resulting
from the salt strip penetrating in along the river bed.
- A number of mean values have been used in the equations. This means that in
specific cases more accurate data must be used, e.g. for the quantity of reinforcing
and structural steel, the dimensions of recesses, the shape of the element and sections,
the immersion equipment and end bulkheads etc.

Solution of the equations gives the following results (in m2):

C=0.711 v-u

B =0.077 V + 1.3

(3)

(4)

Solution (3) is particularly important because it shows the relationship between the
available surface area for constructional purposes and the hollow space which must
be taken as the starting point for the design. The surface area V is the sum of the
required traffic clearance profile and the surfaces needed for maintenance, equipment
and ventilation as described in sections 2.1.1 and 2.1.2.
The structure must be strong enough to withstand in the final phase the loads due
to water and ground pressure and its own weight, taking into account the stresses
caused by temperature changes.
In the case of tunnels built up to now in the Netherlands, it has been found that
with the surface area calculated from (3), a reinforced concrete structure of sufficient
strength can be built. The deepest elements of the 2 X 2 lane Benelux tunnel were an
exception to this rule; here allowance had to be made for a water pressure of almost
21.0 m on the roof. In this case the floors and roof sections were partly prestressed
in the transverse direction.
If a greater surface area is required than suggested by equation (3) due to a great
depth or width of the traffic tubes, a choice must be made between the following
solutions:

a Total or partial transverse pre-stressing ofthe tunnel; in this way a lower structural
height will be sufficient than with reinforced concrete.
b Use of lightweight concrete for the entire cross-section or parts thereof (e.g. roof
and floor sections).
c Increase in the hollow space V. This may be favourable for ventilation purposes.
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The final choice must of course be made on the basis of an economie study taking
into account both capital investment and operating costs (ventilation).

In conclusion, a few general remarks appear desirabie.
In the case of roof and fioar sections, the decisive factor will generally be shear
forces and not the bending moments. Therefore, the structural elements do not
generally have a constant thickness but are reinforced towards the walls.
In the case of most immersed tube tunnels (fig. I) a bevelled section with a height
and width of 1.50 m will be found in the two top corners of the cross-section. At
the base this bevel has a circular shape. This shape has been chosen to prevent
dragging anchors gaining too easy a grip on the tunnel and - in particular - dama­
ging the watertight lining. It should be remembered in this connection that most
tunnels only have a shallow covering of earth wich may disappear altogether close
to the edge of the channel (transition between bed and embankment). Tunnels are
intentionally laid at a shallow depth for greater economy.

2.2 Longitudinal profile

2.2.1 Traffic and maintenance requirements

Since the construction of the Benelux tunnel, the following norms have been observed
for motorway tunnels:

- Maximum gradient: 4!%
- Minimum radius of base curvature (concave): 2,500 m
- Minimum radius of upper curvature (convex): 10,000 m.

Where the width and water depth of the channel to be crossed are often a fixed initial
parameter for the tunnel design, the choice of gradients and radii determine in large
measure the length of the tunnel. Shallow gradients and wide radii make for an ex­
pensive tunnel. On the other hand these parameters must be fixed in such a way that
the levels of service in the tunnel coincide as far as possible with those for the road
as a whoie.
A study carried out in 1962 by the Locks and Weirs Department showed that for
gradients in the order of 3 to 5% it is desirabie to provide crawier lanes for uphill
traffic (trucks) if the height difference to be overcome exceeds about 10 m. The
initial assumption here is that the speed of a truck with an engine capacity of 6 HP
per ton of weight should not drop below 40 kph if the gradient is appoached at a
speed of 60 kph. Since then tunnels have been provided with a crawier lane on the
upgrade in the open access sections in the waterway banks.
The provision of this extra lane in the immersed section would result in very high
costs. In the Netherlands the maximum gradient from the deepest point to the start
of the section to be constructed on the bank is fortunately often less than 10 m.
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Experience of these tunnels with their gradients which are unusually steep for Nether­
lands conditions is favourable. As an example, in the Coen tunnel an hourly traffic
density of same 4,300 vehicles per two lane traffic tube is recorded several times
each week. The difference in height between the lowest point under the channel
and the raad outside the tunnel is here a good 23 mand the maximum gradient
is 3.5%.
It seems that in practice lorries make little use of the crawler lanes which are not
compulsory. This may be due to the drivers' fear that it will be difficult for them
to rejoin the traffic on the normal carriageway at the end of the lane.
The Traffic Engineering Department is at present examining the extent to which use
is made of crawler lanes and, more generally, the influence of tunnel gradients and
crawler lanes on traffic flow.
At the time of writing the results of this study, carried out at the Heinenoord tunnel
with maximum gradients of 4.5 %, are not yet known.
Table 2 shows that the influence of gradients on tunnel casts is not inconsiderable.

Table 2 Infiuence ofgradient on tunnel casts (in millions ofguilders)

2 3 4 5

Gradient
%

Depth Extra cost as against Extra cost if Total
4~% tunnel due to crawler lane provided columns 3 & 4
greater length

--------------------------

2 Shallow
Deep

13.6
21.7

13.6
21.7

----- ------ - -- --

3.5 Shallow 2.1 1.6 3.7
Deep 4.95 2.15 7.1

------- -------- -- --

4.5 Shallow 1.3 1.3
Deep 1.45 1.45

The table relates to 2 X 2 lane tunnels. A deep tunnel is defined here as one in which
the difference in height between the raad surface at the deepest point and the road
surface on the adjoining raad is 25 m. For a shallow tunnel, a value of 18 m was
taken. The casts relating exclusively to the civil engineering works and not to the
adjoining raad are naturally very approximate. According to normal practice it
was assumed that crawler lanes are necessary for gradients steeper than 2%but not
below this value.

Reference has been made above exclusive1y to the maximum gradients which are
determined by traffic requirements on the one hand and casts on the other. In the
case of tunnels which cross a braad waterway (e.g. the proposed Westsche1de tunnel
with a length of 1,980 m for the tunnel proper), the deepest section may be laid
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horizontally for simplicity. However, there is the important operational requirement
that any leakage and washing water must be drained to the lowest point where there
is a pumping station. For this purpose, the longitudinal section has a minimum gra­
dient of about 0.4 %'
Like the maximum gradients, the radii of curvature also determine to a great extent
the cost of a tunnel. They should therefore be smaller than is normally the case for
motorways in open country. But they are chosen in such a way (base 2,500 m, top
10,000 m) that the stopping sight distance and traffic comfort are ensured.

2.2.2 Transition from closed to open construction

A distinction can be made between the following tunnel sections:

a The closed section, sub-divided into:
I the immersed tube tunnel;
2 the abutments which are built in the banks immediately in front ofthe immersed
tube tunnel section and above which - if necessary - the ventilation shafts and
buildings can be constructed. If no shafts are needed, a length in the order of 15 to
20 m will be sufficient.

b The open approaches which, together with a 2, are constructed in cuttings on
the banks.

The location of the transition from a to b is determined by economic considerations
in which the following points come into play:
- The desirability of making the closed section as short as possible for ventilation
reasons. Emission and the quantity of air which is therefore needed increase on a
linear basis with length; the same applies to air speed (in the case of longitudinal
ventilation) so that the necessary fan capacity increases approximately by a power
of2.
- Vnder normal conditions, the point at which the cost of the civil engineering
works for a closed structure built locally is equal to the cost ofan open through structure
will be reached when the road is 12 to 14 m below the ground surface. At shallower
depths an open structure will generally be less expensive.

Figure 5. Longitudinal section.
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These considerations often lead to the type of design shown in fig. 5: the head of
the cutting in which the sections on land are built consists of an embankment directly
behind the existing dyke. The closed abutment on land (20 m or as long as is necessary
for the ventilation building) is constructed at the deepest point of the cutting with
the open approach on its landward side. In this way, expensive structures at the end
of the cutting (cofferdams etc.) are avoided and a short closed tunnel obtained.
Special circumstances may make it necessary to depart from the method described
above, e.g. intersections with raad and rail routes and ground water level require­
ments (avoidance of drainage pump systems during construction in the event of
poor soil characteristic and vulnerable structures).
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3 Some aspects of design and construction

3.1 Genera) description of tunnel constructio:l

Thc construction of immersed tube tunnels ha already been described in detail on
several occasions [Iit. 3 10 7]: only the main features wil! thcrcfore be outlined here.
For the immersed section, elements wilh a length of 90 (0 125 m arc built in a COI1­

struction dock (photos 1 to 3). The two ends of each element are provided with
temporary watertight bulkheads (end bulkhcads) so that hollow containers are
obtained which can be fioated (photo 4). Once the \\ork in the dock has been com­
pleted. it is nooded with water and the dyke between the doek and waterway is dredged
open. Thc clcmcnts are then towed to the immersion treoch dredged meanwhile in
the walcrway bClwccn lhe lWO land sections and sunk by applying ballast (usually

PhOIO 1. Vlake tunnel: lhe IwO tunnel elements in (he building doek arc almost completed: in
the background: one or the open approaches under construction.
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Photo 2. Vlakc tunnel; conslructing the t\\O tunnel clements in the building doek.

J

r..

Photo J. Vlakc tunnel; the IWO elements arc almosl comp/eled and providcd with (concrete)
end bulkbcads.
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tcmporary water ballast). The connection bet ween lhe first element and the land
section. and also bet ween the individual elements, is errected as follow5 (sec figure 6).
The clement whieh is brought into position during the Îmmersion operation and held
by six horizontal warping cables and four vcnical cables (from the pontoons localed
above the element), is plaeed on the bed on three temporary supports with its end
surfaec at a distanee of about 0.10 m from the previous element. The position and
elevalion are determined during the manoeuvre through the two tcmporary directing
towers which have shafts 50 thaI the inside of the element is aceessible from thc

water surfacc.

PhOlO 4. Vlake tunnel a Iloating tunnel clement wilh ponloons and dircclionai towers.

One temporary support consists of a 'Iocating' atlachment on the previous element
and thc t,\O others of concrete slabs placed on the river bed close 10 the free end.
Th!:: element rests on these slabs through vcrtieal jacks allowing height correction.
The element is thcn drawn up against the previous element and the soft tip of thc
rubber Gina section is comprcssed. This section is fitted on the entirc periphery
of the clement end. In th is way a water-filled chamber is obtaincd between the two
end bulkh<ads and inside the Gina. When a valve in anc or the end bulkheads is
opened. water flows out of the chamber so that the water pressure ceases 10 cxist
here but remains present at the frce outer end. The hydrostatic pressure is so great
that the element is pressed further againsl the prcvious element and the Gina COI11-
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Figure 6. Lowering a tunnel
element into the trench.
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pressed to such an extent that a good water seal is obtained. If necessary, horizontal
correction of the free outer end can be effected with horizontal jacks. In the case
of the Drecht tunnel these jacks are located in the space between the two elements
as far as possibie excentrically in the horizontal plane. By pumping up the jacks, the
pressure on the Gina section is relieved at one side and the element can be slewed
horizontal1y.
It is only when the connection is established between the last two elements that
water pressure cannot be used. This sealing joint with a width of approx. I m, allowing
the final element to be positioned between the two adjacent elements, is sealed on
the outside by watertight bulkheads which are fitted by divers. The water is pumped
out of the joint and the final structure completed on the inside under dry conditions.
Before fitting the watertight bulkheads, wedges are placed in the sealing joint to
prevent the two elements moving towards each other on either side while pumping
dry (the Gina sections in the normal immersion joints are still under tension while
the reaction on the bulkheads at the sealing joint ceases).
The tunnel rests in the first instance on the jacks. A layer of sand is now jetted between
the base of the tunnel and the bed of the dredged trench. In the case of earlier tunnels,
this was done with the aid of a gantry travelling on the tunnel roof with the jetting
and intake tubes secured to it. A different method is to be applied on a large scale for
the first time at the Vlake tunnel where the sand and water mixture will be washed
under the tunnel from the tunnel tube through openings in the base which can be
closed [lito 7 and 12]. This new patented method of applying the sand has the ad­
vantage that the obstacle to shipping (created by the gantry) is eliminated. After
applying this layer of sand with a thickness of 0.5 to 1.0 m, the jacks are lowered
and the tunnel has a uniform support. The rest of the trench is filled by dumping
earth from the water surface. In same cases it may be necessary to support the
tunnel on piles; descriptions of these operations will be found in literature 6 and 8.
It now remains to remove the end bulkheads, apply the layer of ballast concrete
within the tunnel section (see 2.1.3.) and remove the temporary ballast (tanks). At
the immersion joints, a second seal is fitted within the Gina barrier consisting of a
canvas-reinforced rubber section which is bolted onto the concrete structure. At
the location ofthe immersionjoints, a dowel structure is also fitted by means ofwhich
uneven movement perpendicular to the tunnel axis can be prevented when the ele­
ments are connected together.
To prevent continuous cracks forming in the concrete structure (waterseal), the
immersion joints are not only designed flexibly but the elements are also subdivided
into sections with a length of approx. 20 m each, connected together by expansion
joints. To ensure a water seal, rubber-metal strips are inserted in the joints while on
the outside surface, in the case of lined tunnels, the watertight lining is continued
and in the case of unlined tunnels, a polyurethane water seal is applied (fig. 7).
The construction of the tunnel in longitudinal sections with a length of approx. 20 m
prevents excessive tensile stresses due to temperature changes, shrinkage and uneven
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CRO~S- SteliON EXPANsrON JOINT IN THE TUNNEL WAlL

DETAIL A (WATER SEAL>

Cross-section of expansion joint in the
tunnel wal!.

Figure 7.

settling of the sub-soil. The lat­
ter is particularly likely to occur
close to the joint with the secqons
built on land which often have
pile foundations. The expansion
joints are therefore designed in
such a way that they prevent un­
even movement of the sections in
relation to each other, perpendi­
cular to the longitudinal axis
(thus there will be no factures
in the road surface etc.), while
allowing a reduction or increase
in thelengthofthe sections(shrin­
kage, temperature changes) and
rotation ofthe sections in relation
to each other. Thus the tunnel
can follow uneven settling of the
subsoil like a chain without the
occurrence of excessive stresses.
During transport and immersion,
a temporary longitudinal post­
tension system ensures that the
sections which together form an
element, act as a single unit. The

post-tension is removed once the sand foundation has been applied.
Simultaneously with the construction activities in the dock, the land sections are
built in open excavations on the two banks (photos 5 and 6), i.e. the closed section
which forms the abutment for the immersed part (provided if necessary with the ven­
tilation shaft and buildings) is at the lowest point, adjoining the reinforced concrete
trough profile which forms the open access route. This structure is continued until
the road surface reaches a level approximately 1 m higher than the highest ground
water level. During the building work, the excavations are kept dry by means of
weil points.
Like the immersed elements, the end of the land section is provided with a temporary
watertight bulkhead. Behind the existing dyke (fig. 5 and photo 1) a second dyke is
provided; it is connected to or laid over the land section of the tunnel. The existing
water barrier is then dredged through, the immersion trench dug and the e1ements
sunk into position adjoining the land section.

The general method of tunnel construction has been outlined above. Local condi­
tions may make a different solution necessary or more desirabIe economically.
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Piloto 5. Vlakc tunnel: cutting ror one of the approaches. The tcnsion pilcs arc being driven. In
(he forcground: the steel sheet piling which will subsequently form thecofTerdams, join.
ing !he ncw dykc 10 the tunnel.

Plloto 6. Vlake tunnel: a paniall) complctcd approach. The decpcsl section at (he front is a
c10scd constructÎon at the intersection with the d)ke. Later the immcr~ed tube tunnel
will bc joincd up to this scction.
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The Margriet and Drecht tunnels now under construction are exampies of this.
In the case of the Margriet tunnel, the designers faced the following problem. The
tunnel element (77 X 28.3 X 8 m) was both too deep and too wide to be transported
on the canal (canal depth 4.0 m). Here instead of being built in a construction dock,
the element is manufactured in one of the open approaches which is 10caUy widened
somewhat for this purpose. On completion of the open approaches (the land sections
consist exclusive1y of reinforced concrete trough structures) the dykes between the
construction site and the canal are dredged open and the immersion trench dug. The
ends of the approach sections are not provided with temporary bulkheads; this
means that during this phase the approaches are also filled with water. The element
is now floated out of the approach section and immersed into position. The watertight
joint at the two approach sections is not obtained with the Gina section but by means
of a rubber tyre inflated between the concrete of the element and the concrete of
the approach section. Once the water has been pumped out of the approach, a definiti­
ve seal is installed behind this temporary seal.
The Drecht tunnel with its 4 X 2 traffic lanes and an external width of 49.04 m is a
giant among immersed tube tunnels. As the tunnel is built in the urban areas of
Zwijndrecht and Dordrecht and the subsoil is of poor quality, weil points are not
permitted in order to prevent damage to buildings. This presents no problem for
the construction of the three immersed tube elements with a length of approximately
115 m: the construction dock is located at a distance of 12 km from the tunnel site.
However, a different construction method had to be adopted for the land sections
which are normally built in open cuttings.
Fm the open approaches an impermeable layer of clay was fortunately found at
sufficient depth in the subsoil. A start was made by driving walls of steel sheet piling
reaching down to the clay layer around the approach. Within this invisible water­
proof enclosure (sheet piling plus clay layer) an excavation was now made with the
necessary depth to build the road (fig. 8). The enclosure has a permanent function
as in this case there is no need to build the normal concrete through structure.

STEEL SHEET ~!!-J.!'!&-

~~~~~i~~7~77/T/:/75L;':/r7~7r:'/*+/',/7r/~~r/~"
~~J;;A~L_~ CLAY_STRATUM

Figure 8. Open approach of the Drecht tunnel.
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The c10sed land sections built in the banks each have a length of about IlO m. This
unusual length is needed because of intersections with road and rail routes in this
urban area and the phasing of road diversions during the building work: traffic
must not be interrupted while the tunnel is being built. The design was determined
by two requirements: no weil points and availability of the surface again as soon as
possible (roads etc.). These two factors led to the use of the so called wall-roof
method (fig. 9). From the surface, diaphragm walls are sunk down to the imper­
meable c1ay layer and piles are driven at the position of the partition walls.
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Figure 9. Cross-section of cut and cover part of the Drecht tunnel.

A reinforced concrete roof slab is subsequently built on the surface which is then
available again for road and rail traftic while construction work on the tunnel con­
tinues below the slab. The soil is removed down to a given depth after which horizontal
struts are fitted between the diaphragm walls in order to limit the bending moments
in them. The soil is then excavated down to the level of the base of the future road
and a concrete fioor is laid here. It remains to build the actual tunnel tubes with a
road surface and partition walls consisting of panels which must hide the piles at
the tunnel walls and the diaphragm walls; a ceiling also has to be built. The space
above the traftic tubes and below the roof slab is used locally as a service area.
Each of the 'wall-roof' sections is built in two units with a length of approx. 55 m
so that even during construction one section is available for intersecting road and
rail trafiic etc. The diaphragm walls and the impermeable c1ay layer endure that the
ground water level in the vicinity is not lowered.
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3.2 Waterproof concrete instead of waterproof lining

3.2.1 Introduction

In the Netherlands, practically all tunnels run under waterways, while all tunnels
and the majority of underpasses and roads in cuttings are exposed to ground water
pressure. Leaking fioors, walls and roofs make a slovenly impression; the attachment
of the carriageway to the support base may be broken by water pressure ; the walls
become dirty thus reducing brightness (Iighting !); puddies on the carriageway are dan­
gerous especially in winter (sudden icing); reinforcing elements may be damaged etc.
To remedy these problems all tunnels were given a waterproof Iining until recently.

What is in fact the real Iikelihood of leakage? Concrete with a thickness of several
decimetres is in itself waterproof, provided that it is properly prepared and worked.
There are many capillaries in concrete but they are not all linked up. This can be
investigated by means of water penetration tests in which concrete prisms are exposed
several times to water pressures up to seven atmospheres. By splitting open the
prisms, it is possible to see how far the water has penetrated in by examining the
colouring. For good quality concrete the maximum penetration is 5 cm.
The risk of leakage increases if there are cracks extending over the entire thickness
of the concrete. In many tunnel walls, cracks running over 3 to 6 m wiJl be found.
They extend from a few centimetres above the fioor up to the ceiling and may have
a width of 0.4 mmo
The waterproof lining must therefore be able to bridge these cracks and at the same
time resist the water pressure.
The waterproof lining may consist of steel plates or one or more fiexible layers
(rubber, bituminized fabric or plastic materiaIs).
Application of the lining is a difficult and time-consuming operation and it is often
only possible to work under particular weather conditions. Frequently the lining
itself must be provided with a protection against mechanical damage or against
stripping through friction with the soil etc. In short a waterproof lining is expensive.

3.2.2 The causes of cracking

As mentioned above, cracks occur primarily in the walls. They form when the
tensile stresses are so high that the tensile strength of the concrete is exceeded.
If there are no external stresses, stresses may occur simply as a result of physical
phenomena, the most important being: temperature characteristics, shrinkage and
creep.

TEMPERATURE CHARACTERISTICS

Heat is produced when concrete sets. In the case of thin structural e1ements this
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heat flows off directly through the shuttering to the ambient air, but if the structural
elements are thick more heat is produced than can be conducted away so that the
temperature of the concrete rises.
In 1962, a large number of concrete blocks with a side length of 1 m were manu­
factured in cooperation between a number of services and establishments and the
temperature generation was measured [lit. 13]. The aim was to investigate which
cement and concrete compositions ensured the lowest increase in temperature.
The results showed that even in the most favourable case (blast furnace cement A),
the temperature increase was 20GC.

Setting is followed by a gradual fall in temperature as a result of which concrete,
which is able to deform freely, will contract in proportion to the fall in temperature.
If deformation of the concrete is completely prevented, tensile stresses occur. For a
temperature drop of 20GC, these stresses will, if no cracks develop, theoretically
amount to about 500 Njcm2 , i.e. greater than the tensi1e strength of concrete which
is approximately 300 Njcm2 for concrete B 225.
The stresses which occur when deformation is prevented also depend on the modulus
of elasticity and creep characteristic. The modulus of elasticity (see 3.2.6 and fig.
14) of unhardened concrete (1 to 2 days old) is very low.

SHRINKAGE

Concrete shrinks when water which is not yet bound evaporates through the pores
and capillaries. The extent of the shrinkage depends of the composition of the
concrete, subsequent processing and the dimensions of the structural element. In the
case of massive structures, provided they are properly executed, shrinkage will be
less than in thin structures because the capillaries do not form a continuous network;
evaporation of water within the concrete is therefore inhibited. For the same reason,
massive concrete is waterproof.
In the case of thin structural elements, the shortening due to shrinkage may be of
the same order of magnitude as that due to a temperature drop of 20G C. If deforma­
tion is prevented, the same consideration applies to tensile stress as in the case of a
temperature drop.

CREEP

This term generally denotes deformation of concrete increasing with time, which
occurs only as long as the concrete is under stress. Creep is very considerable in the
case of concrete which is a few days old (see 3.2.6). The same phenomenon also
means, however, that stresses in concrete whose deformation is prevented will
decline with the passage of time. Suffice it to say for the time being on this point
that if massive concrete reaches the ambient temperature after setting without
cracks, the likelihood of an increase in tensile stresses is reduced.

It is apparent from the above that the principal factors influencing the formation
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of cracks in massive structures are the maximum temperature mcreases reached
during setting and the possibility of deformation.
When tunnels are built the floor is generally poured fi.rst. Deformations due to the
temperature drop after the setting process can only be inhibited by shearing stresses
between the concrete and subsoil or by horizontal pile reactions.
The dimensions of the floors are, however, generally so smal1 that no great piIe
reactions can be generated uniess very heavy forces are needed to displace the pile
heads. For these reasons, continuous cracking rarely occurs in floors. The only risk
in the case of massive floors lies in excessively rapid cooling of the surface while the
temperature in the core of the concrete is still increasing. As a result, the concrete
which is becoming warmer will expand causing tensi1e stresses on the outer surface
while, on cooling, shrinkage of the innermost concrete is prevented by the outer
layers so that tensile stresses are generated in the core of the concrete.
Once the floor has hardened, the walls and roof are poured. The heat generated close
to the construction joint is conducted away to the floor. This is one of the reasons
why no cracks occur immediately above the construction joint.
However a few decimetres above the joint, the temperature may rise considerably.
Schleeh, Kawamoto, Carlson and Reading [lit. 14, 15, 16] have calculated or deter­
mined experimentally the stress pattern occurring in a wall on which deformation
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of the lower edge has been prevented as a consequence of a temperature drop identical
for the entire wal!. lt is apparent (see fig. 10 and 11) that the stress patterns are
dependent on the height to length ratio of the wall. Close to the floor there is an
area of stresses which are approximately equal to the stresses occurring if shrinkage
is completely inhibited. The height of this area diminishes as the length becomes
shorter.
In general, it can be stated that - unless special measures are taken - the concrete
of floors will not crack but that in the walls will. The mechanism of crack formation
may be summarized as foJlows with some simplification.
While the temperature in the walls increases (hydratation) deformation is partly
prevented by the floor. The modulus of elasticity of the concrete is, however, still so
low that only slight compressive stresses can be built up. While the temperature is
falling (until it reaches that of the ambient air) the modulus of elasticity is higher
and tensile stresses are formed (due to the partial prevention of deformation); these
stresses exceed the tensile strength of the concrete, less the compressive stresses
built up earlier and cracks occur.

3.2.3 Prevention of crack formation

It follows from the above that cracks can be prevented by pouring the walls in narrow
sections (with a width of about 5 m); this has been confirmed by practical experience.
However, this also means that a large number of vertical joints are formed which
must each in turn be made watertight. This is expensive and it is also an expensive
proposition to pour the walls in so many different sections.
It also follows from the previous observations that cracks can be prevented by
pouring the floor, walls and roof in a single operation so that there are no sections
with uneven deformation. For reasons of shuttering techniques, this method can
only be applied economically in the case of tunnels with a relatively small cross­
section, e.g. the subway tunnel in Rotterdam [lito 8] or the pipeline tunnels under
the Hollandsch Diep and Oude Maas or the Jutphaas conduit [lito 9].
Longitudinal reinforcement does not prevent crack formation. As long as the concrete
has not yet cracked, the stresses in the reinforcing elements are very low. It is only
when crack formation begins that high stresses are generated at the location of the
cracks. With low reinforcing percentages, the shrinkage forces are so high that the
reinforcement yields. The forces thus exerted by the reinforcement are very low and
do not influence the crack pattern. With high reinforcing percentages, the reinforce­
ment exerts forces in the cracks on the shrinking concrete so that the cracks occur at
shorter distances from each other and the crack width is limited. To limit the crack
width, reinforcing percentages of approx. 0.4 % per lateral surface are needed. This
is expensive for massive structures.
The Amsterdam Public Works Department developed a method in connection with
subway construction to prevent crack formation in caisson walls [Iit. 18]. According
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to this method, the heat generated during the setting period by the concrete in the
walls is conducted away with cooling water. This water is pumped through a tube
fitted in a zigzag pattern on the lowest few metres of the walls and placed in position
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at the same time as the reinforcing elements before pouring. Figure 12 shows the
principle.
Favourable experience with this method led the Vlake tunnel contractor to propose
as an alternative solution cooling of the tunnel walls and omission of the waterproof
lining.
Cooling and stress calculations combined with laboratory tests showed that this
method should also be successful for the Vlake tunnel. In addition, the composition
of the concrete was adapted in such a way that the heat generation, water penetration
and shrinkage would be limited as far as possible.
Now that the concrete work on the tunnel has been completed, the cooling method
has been found to have prevented crack formation here too. Figure 12 shows the
results of temperature measurements on a cooled wall.
The method of calculation is discussed in further detail in 3.2.4 and 3.2.5. Attention

2
at/R =0002 0.005 0.010 0..Q2Q 004;:) ~ ~

r!2/~~~ ~
r- at/ R~0.176

t:::::== ~

t- B1 / l-----
-----
~-7//Ijl['iV V

v-- 0.408

./' --~
(1/V~t'iv V I--'

/
0~8

-~
Ij/;WV V--t--

/ 0.968-
(~~v:~v--

1.340

WIJV/v L----I---
./

1.760

WfIj/ L----~
1/ 2.340

fI;V l-----~J..-..--- 3.120

Vi /' --- 2 I,
~
~

at! R = 4.44

V ----~f//
01

0.3

04

T- Tk
Tb- Tk 0.6

02

08

09

10

07

0.5

0.6o 0.1
r:
-I =0.01

R

02 0.3 0.4 0.5.l:. _

R

0.7 0.8 0.9 1.0

Figure 13. Temperatures in a concrete cylinder around the cooling pipe.

38



should, however, be drawn already at this stage to one important result of the cal­
culations.
In the case of uncooled walls, the temperature falls very slowly so that the dangerous
tensile stresses occur only after a few days.
On the other hand, with cooled walls (according to the calculation) tensile stresses
occur already after about two days, especially if the cooling process is continued
for too long. These stresses are admittedly much lower than in uncooled walls but
they occur at a time when the tensile strength of the concrete is stilllow. For these
reasons a study has been undertaken of the development of the tensile strength of
fresh concrete.

3.2.4 Calculation of coaling

Mandry [lito 17] describes how the temperature of a concrete cylinder diminishes
as a function of place and time. The basic assumptions in this approach to the
problem are as follows:
I At t = 0 the cylinder has a temperature of Tb at all points.
2 No heat is produced and no heat flows away to the environment through the

outside walls.
3 The cooling water always has the same temperature T k.
Figure 13 shows that there is astrong gradient close to the cooling pipe but the
temperature characteristic quickly f1attens out. As aresult the mean temperature is
somewhat lower than the maximum temperature. The following expression is obtained
for the mean temperature:

T=Tk+(Tb- Tk).e-th
in which

r
a (0.7+4-)2

/3= R
R2

a = coefficient of thermal conductivity of concrete,
r = radius of cooling pipe,
R = radius of concrete cylinder.

The formula is also a solution to the differential equation

dT
-=-/3 (T-Tk )
dt

(5)

(6)

In other words, the reduction in temperature is proportional to the difference in
temperature between the concrete and cooling water.
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In a long cylinder allowance must be made for heating of the cooling water from
the point of entry. The mean concrete temperature then becomes a function of the
distance (x) from the point of entry and the time (t).
In addition to equation (6) which must now be written with curve d's, we also require
a balance equation for the temperature of the cooling water.
This is as follows:

(7)

Cb, Cw = specific heat of concrete and cooling water,
Yb, Yw = specific weight of concrete and cooling water,
Fb, F w = surface area of cooled zone and cooling pipe,
U = flow velocity of the cooling water.

According to Mandry, the approximate solutions to (6) and (7) are as follows:

(8)

(9)

in which

CwYwFw U
K=-----

Cb Yb F b X

KfJ
If we write for --= B, (9) becomes

K+fJ

(10)

in which
B is a function of x.

It is thus apparent that the temperatures drop at all points according to a power of e,
but that the characteristic becomes less marked the greater the distance from the
point of entry.
If heat is produced, equation (6) changes to:
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in which
T a is the temperature which occurs if there is no cooling, in other words

if tI=O.

The solution then becomes:

t
-Bt f'dT -B(t-T)

T=Tk + (Tb-Tk)e +/~ae dT
o 0 . dT

o

Expressed numerically, the integral is:

(11)

(11 a)

In other words, any contribution to the increase in temperature of uncooled concrete
is reduced by the same power of e.

Formula (11) can therefore be used to determine for any given point the temperature
characteristic for different cooling water flow rates and cooling water temperatures,
provided that the temperature characteristic in uncooled concrete is known.
In determining the cooling pipe dimensions, the wan is treated as the theoretical
concrete cylinder whose surface area is determined by the distances between the
cooling pipes and the wan thickness.

3.2.5 Stress calculations

The temperatures have now been ca1culated as a function of height and time. How
are the associated stresses to be ca1culated? Four basic assumptions are used here.

1. The stress-elasticity-temperature-time relationship:

da de dT
-=E (--a-)
dt dt dt

The stress a is positive during tension.
e is positive during contraction,
a is the coefficient of expansion (lO_5;oC),
E is the modulus of elasticity which is a function of time

(12)
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t. However, E is constant in the case of the floor,
T is the temperature.

2. The deformation characteristics are a linear function of the height y (plane­
sections remain plane):

(13)

eo is the contraction of the lowest fibre and eb that of the highest;
h is the total height.

This assumption does not apply close to the ends.
This assumption also supposes that the tunnel segment as a whole can adopt a
curvature and change its length.
3. In each cross-section the resultant horizontal force is zero. No allowance is
made for the influence of shearing forces or pile reactions along the lower surface
of the tunnel fioor.
4. In each cross-section the resultant moment is zero. It is thus assumed that the
curvatures are sufficiently small for no important changes to be brought about in
the bearing reactions. This clearly only applies to sections of limited length (the
tunnel, i.e. both the approaches and the immersed section, is generally cast in section
lengths of approx. 20 m, expansion joints being fitted between the sections).

The structure of the caIculation is such that the stress changes are determined and
added up at successive points in time. During a given time, the modulus of elasticity
is considered to be constant so that the stress change in that period is:

LID' = E (Lle-aLlT)
LlT is positive if the temperature increases.

(12a)

The expression for the change in length under tensile stress as a function of height,
i.e.

(13a)

can be substituted here giving the following relationship:

(l2b)

The third basic assumption (in which b is the width) is:
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fLlab dy=O

which, with the expression for Lla according to (12b), becomes:

LlEb-LlEo
fE (Ll Eo + h y-aLlT) bdy = 0

The fourth basic assumption is:

fLlabydy = 0

which in the same way becomes:

LlEb-Llso
fE (LlEo + h y-aLlT) bydy = 0

(14)

(14a)

(15)

(15a)

With (14a) and (15a) we have two equations for LlEo and LlEb' which can be solved;
the stress changes for each height y are then determined with (12b).
When this method is used, a weighted centre of gravity is determined at a distance
z from the 10west fibre according to:

fEybdy
z

fE bdy

(16)

The origin of the y axis is chosen at this centre of gravity. The equation for changes
in length under tensile stress as a function of height becomes:

and the equation for stress changes:

LlEb-LlEo
Lla = E (LlE z + y-aLlT)

h

If y is chosen in relation to the weighted centre of gravity then:

fEybdy=O

By definition the weighted surface area A' is determined by:

and the weighted moment of inertia I' by:

(l3b)

(12c)

(17a)

(17b)
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Eo!' = fEby2dy (l7c)

Here Eo is the modulus of elasticity of the hardened fioor.
By substituting (12c) in (14) and (15) the following equations are obtained with
the aid of 17a, b, c:

With the aid of (13b) it follows that:

N' M' (h-z)
LlEb = E A' + --E-1-c,-

o 0

(18a)

(18b)

(19a)

(19b)

N' and M' are the normal force and the moment which would occur, due to an
increase in temperature LlT, if no deformation of the tunnel section were possible.

Substitution of (18a) and (18b) in (12c) finally gives:

E ~N' M' ~Lla=- -+- y-EoaLiT
Eo A' l' ,

in which y is measured from the weighted centre of gravity.

(20)

Summarized briefiy, the procedure for the stress calculations is as follows:
1 Use equation (11) given in section 3.2.4 to determine the temperatures at diffe­
rent heights and times.

2 Determine the temperature differences LlT for successive periods of time (positive
if the temperature rises).
3 Determine, for each period of time, the weighted centre of gravity, allowing for
the fact that E is smaller than Eo in fresh concrete.
4 Use (17b) and (17c) to determine the weighted surface area and moment of inertia.
5 Use (18a) and (18b) to determine N' and M' after which Lla is determined for
each point in time with (20).
6 The resultant stress is obtained by adding together the Lla values for the previous
points in time.
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3.2.6 Concrete tests

The TNO-IBBe conducted a large number of tests at the request of the Rijkswater­
staat to determine variations in the coefficient of expansion, modulus of elasticity,
tensile strength and pressure strength. The tests were conducted in two series, one
under cold and the other under warm conditions.
In the cold series the concrete was held at a constant temperature of 11 oe from the
time of pouring, thus giving an idea of the development of the characteristics of
cooled concrete (see fig. 14).
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In the warm series, the temperature of the concrete was first raised and then lowered
according to the temperature pattern measured on cubes of hardening concrete (with
a side length of 1 m). This gave an idea of the trend in the characteristics of massive
uncooled concrete (see fig. 14).
A concrete prism was also exposed to the above temperature pattern, deformations
being prevented (fig. 15). From the forces necessary to prevent deformation it was
possible to verify whether the basic assumptions for the stress calculation were
correct. The influence of creep was found to be considerable and the theory and
measurements could only be reconciled by reducing the measured modulus of
elasticity as indicated in fig. 15 by 0.5E and 0.85E. The dotted line represents the
results of stress calculations using the reductions, the solid line represents the evo­
lution of the measured stresses.

3.2.7 Composition of concrete

For the composition of the concrete a minimum cement content of 275 kg per m3 is
assumed in order to limit the development of heat as far as possible. A lower content
is not acceptable, for one reason because of the need to protect the reinforcing ele­
ments against corrosion. To ensure adequate strength and waterproof concrete, the
content of fine particles (particles smaller than 0.3 mm) consisting of cement, sand and
air bubbles must be approx. 160 I per m3, and the air percentage must not exceed
4 %' To keep the water cement factor as low as possible, a plasticizer is added.

3.2.8 Conclusion

The cooling method developed for the subway caissons in Amsterdam has now also
given good results in a motorway tunnel. The cost of this construction method is
lower than the traditional system with a waterproof lining. It seems that the method
will be used frequently in the future.
It will, however, be necessary to keep the tunnels built in this way under observation
before more general application can be possible. Reliable data has still to be obtained
on the behaviour as a function of time (tensile stresses caused by changes in the
temperature of the ambient air in the operational stage must be superimposed on
the tensile stresses caused by the hydratation process; on the other hand the tensile
strength in the operational state is higher than in the initial phase). At the time of
writing, the Vlake tunnel has been completed but no experience is available over an
extended period.

Finally, the need to implement the method with appropriate care must be stressed.
The cooling calculations and control of the cooling system (duration and water
temperature) etc. are particulady important. Here it should be noted that cooling
must continue for about 10 hours after the topmost cooled concrete has reached its
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maximum temperature and that the cooling water must be introduced at the bottom
of the wal! (figure 12) to leave the structure at the top of the wal!. In this way the
temperature increases from the bottom upwards and the cooling effect at the top is
reduced so that a gradual increase in the concrete temperature is obtained from the
bottom upwards (fig. 12), i.e. from the concrete floor which has already hardened
through the cooled, setting concrete in the wal!s to the uncooled setting concrete in
the roof. If these criteria are not complied with, local temperature surges may cause
cracking.

3.3 Hydrodynamic study

3.3.1 Introduction

If a tunnel under a river is built by the immersed tube method, the tunnel elements
wil! be exposed to flow forces during the immersion operation. These forces are due
to the fact that the tunnel element prevents the undisturbed flow of part of the water.
The water which original!y flowed through the area blocked by the tunnel element is
now deflected at higher flow velocities through an area around the tunnel element.
These local increases in current speed around the tunnel element are due to the fact
that a pressure drop is established over the tunnel element which also implies the
generation of a flow force on the element. If the extent of the area in which the flow
rate is accelerated around the tunnel element is limited by the presence of a fixed
obstac1e such as a river bed or bank, the flow speeds in the area of acceleration must
increase additional!y to discharge the blocked part of the river flow through the
reduced cross-section. This will be effected at the cost of an additional drop over and
flow pressure on the tunnel element. Clearly the greater the rate of blockage of the
flow profile of the river, the greater the drag force on the tunnel element wil! beo
The forces acting on an object in flowing water have a dynamic character and may
be divided into a mean force and a force fluctuation. During the immersion operation,
the tunnel element is c1amped into a cabIe system with careful!y ca1culated cable
rigidities. The dynamic flow forces thus act on a mass-spring system and generally
lead to erratic but not extreme oscillating movements. In some particular cases (if
the damping is low enough) heavy oscillating movements of the tunnel element and
considerable fluctuations in the cable forces may be caused by phenomena of reso­
nance if the frequency of the fluctuations in the flow force approaches a resonance
frequency of the mass-spring system.

In order to determine the dimensions of the cable system used to immerse the tunnel
elements and to define the conditions under which immersion can stil! take place
satisfactorily, it is necessary to predict fairly accurately the drag forces acting on
the tunnel elements and the movement of those elements as a result of different
flow conditions. One highly satisfactory method of doing this is to carry out a model
test in a hydraulics laboratory.
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3.3.2 Models with identical hydraulic and dynamic characteri~tics

In a hydraulic model the geometry of the prototype is reproduced on a smaller scale
so that it is possible relatively easily and quickly to study a prototype situation or a
number of alternative situations.
The conditions to be met by a hydraulic model are that all the terms in the equation
of motion relevant to the study are uniformly reduced in size. These conditions lead
to a number of scale mIes or modellaws, Froude's and Reynolds' scale mIes being
the best known.

If a complete picture is required of the forces acting on a tunnel element and the
movement of that element, the study must be carried out in a model which is dyna­
mically equivalent to the prototype. All the forces acting on the tunnel element must
be reproduced true to scale, in particular:
- flow forces on the tunnel element (pressure and friction);
- mass - inertia forces;
- cable forces;
- damping forces in the event of oscillations.

By giving the model the same geometrical shape as the prototype and basing it on
Froude's scale rule (velocity scale = root of height scale) the flow forces and mass
inertia forces will be reproduced accurately in the model if the flow is sufficiently
turbulent (Reynolds' number). The reaction forces in the vertical cables between the
tunnel element and the pontoons from which the element is suspended during immer­
sion (see also fig. 6) are proportional to the draught increase ofthe pontoons. Because
of the geometrical similarity, the force-movement relationships for the vertical
cables are also accurately reproduced in the model.
During the immersion manoeuvre, the tunnel element is anchored to six horizontal
cables : 2 in the axis of the element (one in front and one behind, made fast to the
outer ends of the element) and 4 approximately perpendioulairly to its axis, secured
to the outer corners. The attachment points required for this purpose are provided
on top of the element.
The reaction forces in these cables are generated by tensile stress on the cables when
the tunnel element is moved. Based on an accurate reproduction (tme to scale) of
the horizontal force - movement relationships, substitute elastic rigidities can be
determined in the models for the cables so that the clamped tunnel element is correctly
reproduced in the model as a mass-spring system.

The hydraulic damping forces due to the mass inertia of water are reproduced weil
in a model based on Froude's scale mIe. The dynamic character of the force pattern
in the horizontal cables in the model may, however, deviate from the true situation.
The reason for this is that it is partically impossible to ensure that the model cables
comply both with the elasticity requirement and with the geometrical condition. As
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aresuIt, the damping effect of the own weight of the cables on the force pattern in the
cables (weakening impacts) is not correctly reproduced in the model. This departure
from the rea1situation may under some circumstances influence the reliability of the
dynamic part of the study (fluctuations).

3.3.3 Model study for the Drecht tunnel

As an example of a hydraulic model study, the study of the Drecht tunnel is discussed
in more detail in this section.
This tunnel is being built under the Oude Maas between Zwijndrecht and Dordrecht
and is to replace the existing bridge on national highway 16 which is too narrow
(fig. 16).

ZWUNDRECHT

motorway undlZr construction

DORDRECHT

TE: tunnlZl IZllZmlZnt

Figure 16. Site plan Drecht tunnel.
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The construction of the land section of the tunnel with 8 traffic lanes and a total
length of 825 m is described in section 3.1.
The section of the tunnel to be immersed consists of 3 tunnel elements, each with
a length of approx. 115 mand a width of 49,04 m. All the elements are bent in the
horizontal plane (R = 800 m). Viewed in the vertical plane, the central element is
bent at a constant radius (R = 2,500 m) over its entire length and the two e1ements
on either side are partially bent and partially straight. The height of the central
element varies between 8.08 and 8.57 mand the value is constant for the two others
(8.08 m).
The tunnel e1ements are to be built in an existing dock near Barendrecht. On com­
pletion they will be towed floating on the Oude Maas to Dordrecht over a distance
of about 12 km. Because of the great depth of the floating tunnel elements, the navi­
gation channel of the Oude Maas will have to be locally deepened to allow transport
between the construction dock and the immersion trench at Dordrecht. Because the
transport of such a large object, which is also curved in two directions, through a
relatively narrow river is a unique operation, no sufficiently accurate estimate could
be given of the likely drag forces on the basis of existing knowIedge. The Rijkswater­
staat therefore entrusted the Delft Hydraulics Laboratory with the task of studying
the extent of the drag force on the tunnel elements and their dynamic behaviour
during transport. This study is described in more detail in section 3.3.4.

After the tunnel elements have been towed into position by tugs, they will be c1amped
into a cable system at the site of the immersion trench and thus brought to the exact
location and immersed; the elements 2, 1 and 3 will be dealt with in succession (see
fig. 16). To determine the dimensions of the cable system and the conditions under
which immersion can still be effected satisfactorily, it is desirabIe to have the most
accurate possible knowledge of the forces acting on the tunnel elements and their
movements in the different immersion phases. For this reason, a study was also
carried out by the Delft Hydraulics Laboratory for the immersion phases. It is
described in section 3.3.5.

3.3.4 Transport from the eonstruetion doek to the immersion treneh

The study was carried out in a model based on Froude's scale rule with a length scale
of 1 : 50. As data only had to be acquired for the most unfavourable situation, a
simplified model was sufficient. A river section with a length of 1 km was reproduced
in the form of a linear prismatic channel with a schematized cross-section. This
cross-section was based on the decisive cross-section of the Oude Maas with a groin
on both sides. The study is simplified by not towing the tunnel element but adjusting
the relative speed of the tunnel element and the water solely through the flow velocity
of the water. The tunnel element is held in place by a cable system during the mea­
surements.
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The tunnel element is reproduced geometrically true to scale in the model and was
also ballasted in such a way that the mass inertia moments were properly reproduced.

The study was carried out at an early stage in conjunction with the design and
construction of the tunnel elements for the Drecht tunnel. The mean depth of the
floating tunnel element was taken as 7.50 m (this later became 7.65 m for elements
1 and 2 and 8.08 m for element 3) and the bed of the navigation channel in the
Oude Maas was fixed at a minimum of N.A.P. (Normal Amsterdam Level) - 9.00 m
(which later became N.A.P. - 9.70 m on the basis of more recent soundings).

To determine the transport plans for the three tunnel elements, it is necessary to
know the required tow forces for different tow speeds in relation to the flowing water.
With a known tow capacity, the feasible relative tow speed can thus be fixed. This
speed and the known current velocity in the Oude Maas then determines the absolute
speed of the tug and towed tunnel element. The tow force is determined by a number
of factors the most important being:
a - the relative towing speed;
b - the blocking factor: area exposed to flow/area of river cross-section (A/F);
c - ratio of draught of tunnel element to water depth (d/D);
d - shape of tunnel element and
e - position of tunnel element in relation to river axis (current velocity profile).

The shape of the tunnel elements was a fixed parameter; the flow velocities were
varied from v = 0 mis to v = 1.50 mis in stages of 0.30 mis and the water depth in
stages of 0.50 m from D = 8.50 m to D = lOm. It must be noted that the Oude Maas
is a tida1 river in which both the water levels and current speeds vary.
Because of the changes in water depth, the parameters d/D and A/F are in fact also
changed. The influence of the parameter A/F was investigated at constant values for
d/D by placing the tunnel element at an angle of + 15° and - 15° to the river axis.
This oblique positioning was effected towards both sides in view ofthe bent shape of
the tunnel element. The tunnel element was then investigated in five different positions :
situated between 25 m right and 25 m left of the river axis in stages of 12.5 m.
All these tests were designed to determine the forces on the tunnel element. They
were carried out on a tunnel element held in place by wires with three force meters.

The drag forces vary as a square function of speed so that they can be expressed by:

K=CdeAv2

in which
K = drag force (N),
Cd = drag coefficient (-),
(! = density of water (kg/m3),

(21)

51



A = tunnel surface projected onto a plane perpendicular to the direction of
flow (m2

),

v = flow velocity in the unblocked river cross-section relative to the tunnel
element (mis).

Using this equation the drag force can be determined in a given situation with
known current velocity if the drag coefficient which depends primarily on the geo­
metry is known. The following table shows the drag coefficients known from the
measured forces in the flow direction on the tunnel element in the axis of the river
without oblique displacement in relation to the river axis (a = 0°).

Tab1e 3

-------- - -- - - - _. _.- - -

D AlF (lID Cd LlCd
m

8.50 0.360 0.883 2.9 ±0.5
9.00 0.335 0.834 2.45 ±0.25
9.50 0.314 0.790 2.2 ±0.13

10.00 0.395 0.750 1.9 ±O.IO

It must be noted that there was a clear tendency for the drag coefficient to increase to
some extent with rising current velocity. This increase was all the more marked the

lower the water depth and the higher the values for d/D and AlF. For the flow
velocity range investigated, the deviations are shown in the last column of table 3.

This phenomenon can be explained because the parameter d/D is not in reality
constant but increases through immersion of the tunnel element as the current
speed rises (fig. 17).
The partial sinking of the tunnel element is mainly caused by the return current
effect which results from the practically identical sinking of both ends of the tunnel
elements (fig. 17).

As regards the forces in the direction of flow, there does not appear to be any (sig­
nificant) difference depending on whether the tunnel element is in the axis of the
river or not. This applies at least to deviations of up to 25 m from the axis. There is
also no (significant) difference if the tunnel element can move freely in the transverse
direction. On the other hand oblique positioning of the tunnel element in the river
(photo 7) has, as might be expected, a considerable influence on the force in the flow
direction as a consequence of the increase in AlF. As aresuIt the drag coefficient
and the secondary influence due to a drop in the water level (further sinking through
stronger return current) increase substantially (see fig. 18). This increase is greatest
when the concave side of the tunnel element is upstream. This is due to stronger
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conlraclion fthe"cttrre!rt~nàs10 oe directed lOwards the bank). In the casc of oblique
positioning there also proves lO be a considerable force on the tunnel element pcr­

pendicular 10 the flow direction (rope ferry effect). This force represelHS approxi­
mately 35 1045°0 of the force in the direction of flow at all anglc 0.= 15.

Photo 7. Drecht tunnel; model test for noating transport of (he lUnnel cJcmcnls.

Thc dynamic behaviour of the lUnnel e1emcnL was investigated by securing the
element only 10 the upstream head wire, (hus allowing movement at fighL angles

10 the flow direclion. These tests showed that Lhe tunnel element tended 10 oscillate
around a situation of equilibrium and, allcast in the linear prismalic river section in

the model, tended to seek the centre of the river. In general, the maximum amplitude
of oscillation occurred at the downstream end of the clement and did nOl amount

to more than 10 m. Only onee was a deviation of 20 Ol observed for a situation \\ ith
D = 8.50 mand v~ 1.50 mis; there is a tendcncy for the amplitude lo reduce as the

drag coeffieienL deminishes. The fact that the clement remains in stabie oscillation
during the situation eonsidered here can he explained by the fael that if the tunnel
element devialcs in rclation 10 the point ofsuspension, the movcment ofthe upstream

side is inhibited by the facl that the draw cable moves at an angle to {he flow direct ion.
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The tunnel element then slews round, creating a force perpendicular to the direction
of flow; this is higher the more the downstream side deviates from the situation of
equilibrium. This force thus has astrong damping effect on the oscil1ations and pulls
the tunnel element back to the state of equilibrium.

Figure 18. Drag coefficient Cd for transport of e1ements.
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Finally a number of tests were carried out to determine the added mass of the tunnel
element. This is the mass of water in the immediate vicinity of the tunnel element
which, when the element is accelerated or retarded, is also accelerated or retarded.
To help in determining the manoeuvrability of the convoy it is desirabIe to know
this extra mass or the total mass to be accelerated or retarded (virtual mass). This is
ascertained by accelerating the tunnel element with a known force and measuring
both the force and the velocity characteristics. With the aid of the known force and
the calculated acceleration at time t = 0, the virtual and added mass can be deter­
mined by Newton's law (K = m.a.). The test result showed that an added mass cor­
responding to approx. 10 %of the mass of the tunnel element must be expected.

3.3.5 Immersing the tunnel elements

The principal data for the immersion phases in which the elements are clamped in
the cable system were determined in a hydraulic model with identical dynamic
characteristics on a scale of 1/50 (see section 3.3.2). In this model, based on Froude's
scale rule, a river section with a length of about 2.1 km was reproduced under accurate
geometrical conditions with the immersion trench for the tunnel located in the centre
(fig. 19).

The investigated tunnel elements 1 (to be immersed second) and 3 (to be immersed
last) were also built to scale according to the specification drawings as were the
pontoons from which the elements were suspended during immersion. The changes
in flow as a result of the local tidal influence were sufficiently slow to make the inertia
effect on the current distribution negligible in relation to the forces on the tunnel
elements. It is therefore unnecessary to simulate the tidal movement in the model
and the problem can be investigated under permanent flow conditions.

Before carrying out the actual investigation, the current-velocity distribution In

the model was calibrated. For this purpose, the flow was arranged in the model
with the river bed situation without the navigation channel and the immersion trench
for the tunnel elements, in such a way that the flow-velocity distribution in the model
coincided weIl with a distribution measured in the field.

Following the phase of calibrating the model, the immersion phases IV-VII of tunnel
elements 1 and 3 (fig. 20) were examined for different flow conditions. Phases VI and
VII are the actual immersion phases in which:
- Vla = whole tunnel element just under water,
- VIb = top of tunnel element 2.75 to 3 m (centre) under water,
- VIc = top of tunnel element approximately 4.5 m (centre) under water,
- VII = top of tunnel element 1 approx. 4.5 m (centre) under water and tunnel

element 3 approx. 8 m (centre) under water.
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Figure 20. Final phases of positioning elements 1 and 3.

The remaining phases were carried out with a floating tunnel element with a clearance
above water of approx. 0.25 m in the centre, i.e. a draught of 7.84 (element 1) and
8.32 (element 3). Both elements were studied for 3 water levels, i.e. -0.50 m, +0.25 m
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and + 1.00 m respectively in relation to N.A.P. At each water level the flow rate of
the Oude Maas was varied, i.e. 500 m3/s, 1,000 m3/s, 1,500 m3/s and 2,000 m 3/s
respectively in the ebb direction (decisive). The highest flow coincides with a discharge

of 6,000 m3/s from the upper Rhine.

During the study, the tunnel e1ements were clamped in a cable system with corres­
ponding anchor points coinciding with the design plans of the consortium of con­
tractors building the tunnel. The cable system in the model was adapted in such a way
that the horizontal flow forces could be measured in three of the six horizontal
cables, while the substitute cable rigidities in the model were such that the force­
displacement ratio was reproduced true to scale. This is an essential condition if
possible force fiuctuations on the prototype are to be measured in the model.

K : force in horizontal cable
Kv: force in vertical cable
V : vertical displacement

Figure 21. Measuring locations.

trench:

The mean values of the measured
horizontal cable forces Kl' K 2 and
K 3 (fig. 21) varied in all the situations
in a square relationship to the river
flow so that in the immersion phase
equation (21) from section 3.3.4 can
also be used for the description of
the total mean horizontal drag force.
As an example, fig. 22 shows the
forces measured in one of the cables
(K 1) observed in phase IV [or the
tunnel element 3. For all the situa­
tions studied, equation (21) is used
to calculate [or the total mean drag
forces, the Cd values, the current
velocity being defined as the mean
current velocity in a calibrated sec­
tion of the river without a deepened
navigation channel (transport of ele­
ments) and without the immersion

v=Qo.M/(l870+275 h)
in which
QO.M. = flow through Oude Maas (m3/s),
1870 = surface below N.A.P. for calibrated section (m2

),

275 = width of river at N.A.P. for calibrated section (m),
h = water level in relation to N.A.P. (m)..

(22)
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This definition of v discounts the influence of profile changes in the river (due to the
immersion trench and the 10caIly deepened navigation channel for the tunnel elements)
on the values found for the drag coefficient. So these values apply only to the situa­
tions studied and to the defined, decisive current velocity.
The drag coefficients determined from the model results are shown in fig. 23, the
characteristic being outlined as a function of the immersion phase. Clearly, the
decisive situation for the cable system is determined by phase IV-V for tunnel element
3. In this phase the tunnel element is still slewed in the river perpendicular to the
current above the relatively shaIlow bed of the navigation channel giving a blocking
factor AlF = 0.45 to 0.55 for the water level at N.A.P.-0.50 m. In conjunction with
a flow concentration through the opening between elements 1and 2 which have already
been immersed, this results in the high flow force observed. This force diminishes du­
ring this phase through the higher water level (reduction in AlF and d/D). The flow
force also faIls off substantiaIly because of the considerable widening of the profile
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Figure 22. An example of the model resu1ts: mean horizontal cable forces.
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at the location of the immersion trench (sharp reduction in AlF and d/D), while
the immersion of the element in the trench leads to a further fall in the drag force
as soon as the element drops into the trench and leaves the main current of the river
(phases VIc and VII in comparison with phase Vlb).

In regard to the dynamic characteristics, namely force fluctuations, the model was
found not to be reliable because of interfering factors on the inflowing water (boundary
eifects in a model). The small interfering waves (height 0.5 to 1 mm) caused by the
inflowing water had a frequency which corresponded approximately to the resonance
frequency of the clamped tunnel element thus creating resonance phenomena. Based
on a simple calculation and experience in the fields, no serious fluctuations in the
horizontal force are expected.
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If a fluctuation of 10 %of the cable forces encountered is assumed, the amplitudes
of the movement fluctuations in the longitudinal and transverse directions of the
element in phase VII would amount to a maximum of 1 cm with a flow of 2,000 m3/s.
As immersion wiII take place at a lower discharge rate, the horizontal movement
fluctuations in the final phase of immersion wiII probably be negligibly smal\.

During immersion (phases VI- VII) the tunnel elements are suspended by cables
from four pontoons. In these phases the vertical reaction forces must be absorbed
by th~ pontoons (adequate floating capacity) and by the vertical cables (adequate
strength). The vertical farces resulting from the current pressure (all four measured
in the model) do not in principle comply with equation (21) given in section 3.3.4
because they are directly influenced by the current and indirectly by rotation of
the tunnel element.
This rotation changes the flow pressure at the top and bottom while displacement
also occurs of the centre of gravity of the water in the ballast tanks inside the element
(see fig. 6). There is a direct relationship between the force in a vertical cable and
the vertical displacement of the fixing point on the element (pontoon immersion
depth). This relationship is:

KVR:i-V
in which
Kv = current force in vertical cable (tf),
V = vertical displacement of cable fixing point (cm).

(23)

On the basis of this relationship, it is apparent that the immersion phase Vla-Vlb
wiII be decisive for the forces in the vertical cables and that these forces may increase
substantially when the flow rates are high (see fig. 24).

As aresult ofthe water flow, a reduction in water level wil! occur at the tunnel element
and a moment with a horizontal axis and a vertical force will act on the element.
This moment and force are compensated by reaction forces primarily due to changes
in the upward force resulting from vertical displacement and rotation of the tunnel
element. Vertical movements of the model are determined by measuring these dis­
placements of three suspension points and ca1culating from this the displacement of
the fourth suspension point. Vertical displacements are highest at tunnel element 3;
figure 24 shows the decisive vertical displacement values. This figure clearly shows
that the tunnel element loses stability when it is immersed by letting in water ballast
and suspending it from the pontoons. From the time at which the element is entirely
under water, the vertical reaction forces must be supplied by the pontoons with a
much smaller base surface than the element so that greater vertical displacements are
needed to obtain the same reaction forces.
Maximum vertical displacements will occur in the immersion phase Vla-Vlb.
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In this phase there is, however, a suflkient water depth below the element to allow
these displacements to occur without risk. A critical moment occurs for tunnel
element 3 in phase V-VI when it is drawn past the elements 1 and 2 which have
already been immersed. Ouring this phase, the ends of element 3 must pass the ends
of elements 1 and 2; at high tide the clearance is barely 1 m. The vertical displacements
for element 3 in this critical phase must be between those for phase IV and phase
V. The settling values measured for phase IV are probably too high because in this
phase the forces on the element are high (see fig. 23) while the settling in phase V wil1
be minimal as a result of the upward current pressure due to the presence of the
immersion trench embankment below the element. Measurements show that the
downstream side sinks more in phase V than the upstream side. It may be assumed
that even under unfavourable conditions (QO.M. = 2,000 m3/s and h = N.A.P. -0.50
m) settling in the critical phase will be no more than 0.25 to 0.5 m. These considera­
tions mean that even this difficult manoeuvre can be carried out with a satisfactory
margin.

3.3.6 Conclusions

Based on the results of the model studies in which a wide range of flow conditions
were considered, an accurate choice can be made of the equipment to be used (tow
power, strength of cables and anchorages for sinking) and the permissible flow
conditions.
Based on the choice of equipment and model resuits for the transport of the elements,
a reliable navigation plan can also be drawn up. Programmes can be compiled for
immersing the elements in which no risks will be taken in the critical phases (hori­
zontal force in phase IV- V; vertical force in phase IVa-IVb; vertical displacement
of tunnel element 3 in phase V - VI).
The cost of the hydraulic study was about 0.5 % of the cost of building the Orecht
tunnel.

3.4 Tension piles below open approaches

3.4.1 Introduction

As indicated in section 3.1, open tunnel approaches are generally built as reinforced
concrete through structures consisting of a base slab on which the carriageway is
provided and two side walls which must act as a barrier to the horizontal soil and
ground water pressures. The base slab and walls on either side form a monolithic
structure.
Ouring construction, the base slab wil1 only exert downward forces (dead weight)
on the subsoil. After completion of the concrete structure, the excavation is filled
up on the outside of the civil engineering structure and drainage is stopped. The

Photo 8. The 'Utrechtse Baan' at The Hague under construction. ~
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ground water which now rises will exen all upward force on the concrete struclUre
which is gener.lly consider.bly greater than the dead weiglll ofthe structure. Although
gravity structures have been built (eDen lUnnel) it is generally less expensive to
deflect the resulting upward forces into the subsoil by means of tension piles which
are anchored on the base slabs and introduced into the soil before construction of
the base slab begins. For economic reasons preference is generally given 10 post­
tensioned piles made in si tue (e.g. of the VIDRO type) rat her than precast, prestressed

concrete piles.
As the pile foundations are an important cost item in the tunnel approaches (and in
the case ofother similar struclUres), at the request ofthe Locks and 'vVeirs Department
of the Rijkswaterstaat. the Delft Soil Mechallics Laboratory carried out a number
of prototype tests with a vie\\ to limiling the number of piles and their length as far as

possible.
Sections 3.4.2 .nd 3.4.3 describe pulling tests on individu.1 Vibro piles for the
Heinenoord tunnel and an underpass \I ith open approaches at Zeis!. Section 3.4.4
sumlnarizes tests on groups of piles for the Utrechtse Baan at the Hague (not a tunnel
but a 1,700 111 long lowered urban motorway in a trough struclUrc, locally crossed
by viaduets at streel level: sec photo 8). In vicw of lhe requiremenl that a horizontal
clay laycr present in the soil (separaling layer bel ween two water-carrying strata
with different pressure heads) must remaÎn ·waterproof' even after sinking the pilcs

Photo 9. Installation for load test on a pilc row at the Utrechtse Baan.
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which pass through the clay layer at many points, preference was given in this case to
precast prestressed concrete piles rather than piles made in situe.

3.4.2 Pulling tests at the Heinenoord tunnel

Pulling tests were carried out on 8 VIBRO piles towards the end of 1967 at the Heinen­
oord tunnel.

For these 20 m long test piles, 3 different pile base shapes were used, i.e. flat, truncated
and pointed (fig. 25). The pile base diameter was 517 mm; the external diameter of
the pile-driving tube was 457 mm [lito 19].

PURPOSE OF THE STUDY

Based on the results of studies with the
adhesion jacket cone, data were derived
from puIling tests relevant to the method
of calculation for this type of pile.
We then determined the influence of
the pile base shape on the level of the
pulling force.

SOIL STUDY

On the test site a large number of soun­
dings were made both before and after
pile construction, with the 'mechanical
adhesion jacket cone' and the 'electrical
cone friction recorder'.
Figure 26 shows the ground structure
which consists of:
- 8 to 9 m of clay and peat 10caIly
mixed with a little sand;
- approx. 7 m of sand and sand con­
taining silt in which the sharp reduc­
tion in cone resistance is caused by smaIl
layers of clay or peat;
- 9 to 10 m of sand which in places
contains a little gravel.

;f------ 40 :~n +

51,5 cm

-(-

t
1 17. 5 cm

b) partly truncated end

~+~"","
c) flat pile base

Figure 25. Pile base shapes Heinenoord.

TEST LOAD RESULTS (fig. 27)

Apart from the differences in the pile base shape referred to above, in two of the
eight piles the initial tension was 180 tf instead of 60 tf.
Five piles were tested under a loading pattern in which four hours of constant load
were immediately followed by five rapid load changes to zero.
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The other three test piles were loaded according to a pattern in which the different
loads were held constant for eight homs. These periods were not followed by rapid
laad changes.
Finally the two piles with an initial tension of 180 tf were subjected to a fatigue test
in which a large number of rapid laad changes were also exerted on the piles.
Tab1e 4 shows the resu1t of the different tests.
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Table 4

------ ---" --------- ---------

Pile Pile Pile Pi1e Pile Pile Pile Pi1e
Ol 02 03 04 05 06 07 08

--~.~----~--- ----~-

Shape of base trun- pointed flat flat pointed pointed flat trun-
cated cated

---~.~--

Prestressing force (tf) 60 60 60 180 180 60 60 60

Tested with load changes yes no yes yes yes yes no no

Permissible pulling force 150 130 165 180 ISO 170 185 160
(tf)

Rise of pile head (rnrn) at 4.1 3.3 4.4 8.8 6.5 4.3 5.0 7.8
permissible pul1ing force

Ultimate pul1ing force 140 130 147 174 150 195 158 173
(tf) based on data from
soundings

--~----_.._-- --------- ---

The permissible pulling forces indicated in the table were determined by the criterion
normally used for this purpose at the Delft Soil Mechanics Laboratory :
i.e. the load which, in the five rapid load changes, causes an additional rise in the
pile head of 0.2 mmo
It was possible to use this criterion for all the piles exposed to alternating load.
Where no alternating loads were applied, the permissible load-bearing capacity
was determined as one half of the estimated maximum load bearing capacity.
For an accurate comparison of the pulling test results with the ultimate pulling
forces ca1culated from the sounding data, these force values had to be corrected.
This was done with reference to:
- the higher specific weight of the concrete used;
- the reduction in the hydrostatic water pressure of 5.5 to 6 m as a result of the use
of drainage pumps;
- the additional height of the concrete in the piles during pile driving.

After correction, the results were found to be approximately 1.6 times higher than
was to be expected on the basis of the calculation.
This means in fact that a correction factor of 1.6 should be introduced for long VIBRO

piles in the method of ca1culation described in Lit. 20 and 21.
However, as the tests at Zeist showed, great caution is necessary.
It will asla be clear that the results ofthe tests are only valid in the case ofpiles which
do not interact on each other and which are built to the highest standards. The
results suggest that the pulling force is not influenced by the shape of the base.
The rise of the piIe head is, however, influenced by the magnitude of the prestressing
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force and the method by which the tests are carried out, i.e. with or without rapid
load changes.
So far no reference has been made to the results of the fatigue tests.
Table 5 gives a summary of these test results.

Table 5

Permissible pulling force (tf)

Duration of load

Rise in pile head (mm) during constant load

Pile 04

180

66 hrs 180 tf

0.60

Pile 05

150

57 hrs 180 tf

0.68

Rise in pile head (mm) during last 10 hours of constant load zero 0.1

Number of rapid load changes

Rise in pile head (rnrn) during load changes

Rise in pile head (rnrn) during last 10 load changes

29(0-180 tf)

0.70

approx.0.2

30(0 -145 tf)

0.46

approx.O.l

During a statie fatigue test at the permissible pulling force, the rise in the pile head
does in fact approach a limit. The piles come to rest.
As a consequence of the load changes, the piles do not come to rest. As is known in
the case of piles exposed to a practically constant pulling force, a safety coefficient
of 2 is used. Clearly with extremely high load changes, a higher safety coefficient
would be desirabie.

3.4.3 Pulling tests at the Zeist underpass

On a test site at Zeist, 6 short VIBRO piles (7, 8 and 9 m) were subjected to pulling
tests. The piles were driven with a 457 mm 0 pile driving tube and a flat pile base,
o 517 mm [lit. 22].

PURPOSE OF THE STUDY

Is the correlation with li>ounding data found at Heinenoord also applicable to short
VIBRO piles?
Is there any relaxation of tension?
What is the influence of a lowered ground water level on the size of the permissible
pulling force?
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SOIL STUDY

To determine the soil eharacteristics at the location of the test piles, seven soundings
were taken with the mechanical adhesion jacket cone and twelve soundings with a
constricted electrical cone friction meter (construction length 435 mm).
These tests showed that down to about 12 m below the surface the subsoil consisted
primarily of a moderately firm sand structure with cone resistances between 40 and
120 kg/em3 and local firmer layers. In one of the tests the cone resistances at a depth
of 3.5-8 m below the surface were found to be only about 20 kgf/cm 2• Figure 28
shows the soil characteristics.

TEST LüAD RESULTS (fig. 29)

In all the pulling tests, the load pattern used consisted of 4 hours constant load
followed by 4 rapid load repetitions.
Two of the piles were tested again after about one year. The ground water level was
still lowered in the tests.
On two other piles, the pulling test was repeated after about It years. The ground
water level was then at its original level.
The pulling test results and a comparison of the pulling forces calculated from the
sounding data are shown in tabIe 6.
It is striking that the infiuence of the pile length on the pulling capacity of the piles
is only slight.
This must be related to the characteristics of the soil or to changes in the latter due
to the construction of the piles.
Subsequent soundings 013 to 018 (see fig. 30) show that the cone resistance down
to a depth of about 7 m below the surface is considerably higher than in the sand
stratum situated underneath.
The same tendency was also observed for local friction. A substantial part of the
pulling force is in fact derived from friction over the lowest section of the pile while
friction in the central part of the piIe is considerably reduced. In the type of soil
described here, this means that a pile with a length exceeding 7 m cannot derive
much more strength from the soi!.
This is refiected in the calculated maximum pulling forces shown in line 8 of
tabIe 6.
Figure 29 shows the load rise diagrams for all the tension tests.
It is apparent that the behaviour of the piles in the 2nd and 3rd series of tests up to
the originally determined permissible load capacity is much the same as that of the
similar pile in the first series of tests. Above this load the deformation characteristic
is noticeably different. Much greater displacements occur and the pulling force limit
is reached earlier.
To calculate the maximum pulling capacity, three groups of soundings are available,
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Table 6

---_._-

pile number 02 011 04 05 03 08

2 pile length (m) 9 9 8 8 7 7

3 max pulling force (tf) 160 to 180 165 180 165 135

(first series of pulling tests) 165

4 load (tf) at 0.2 mm extra rise 75 80 80 92.5 82.5 62.5

(first series of pulling tests)

5 maximum pulling force (tf) 105 105 105 90

(2nd and 3rd series of pulling tests)

6 load (tf) at 0.2 mm extra rise 75 72.5 80 65

(2nd and 3rd series of pulling tests)

7 Max. pulling force (tf) according 95 106 83 99 68 69

to preliminary sounding

8 Max. pulling force (tf) according to 122 120 114 122 121 87

soundings after lst series of pulling
tests

9 Max. pulling force (tf) according to 110 90 104 74

soundings after 2nd & 3rd series of
pulling tests

10 Relationship of test load results in 1.68 to 1.70 1.99 1.82 2.42 1.94

1st series to first forecast 1.74

11 Relationship of test load results in 1.31 to 1.50 1.45 1.48 1.36 1.54

1st series to calculated results for 2nd 1.35
group of soundings (013-018)

12 Relationship of test load results in 0.95 1.17 1.01 1.21

2nd & 3rd series to calculated results
for 3rd group of soundings (019-022)

13 Re1ationship of test load results in 1.10 0.99 1.26 1.32

2nd & 3rd series to calculated results
of initial soundings

i.e. prior to piIe construction, after pile construction (and the fint test) and after
the third series of tests (fig. 30). The calculation result obtained by introducing a
corre1ation factor of 1 in the current method of calculation is shown in lines
7, 8 and 9 of table 6 for the different soundings.
The results show that substantially higher maximum pulling forces can be expected
as a consequence of pile construction (see lines 7 and 8).
The average increase is 25 %. After about 1t years, the increase only seems to be
some 10 %. Clearly, re1axation has occurred.
The test load results in fact show the same tendency. To begin with the result was
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on average some 85 %better than expected (TabIe 6, line 10). However, if the first
series of test load results is compared with the 2nd group of soundings (line 11),
the pulling test results are found to be only about 45 %better. On comparison of the
2nd and 3rd series of test loads with the last group of soundings an average impro­
vement of about 10 %still remains.
If the results are also compared with the ca1culation results from the lst group of
soundings, a mean improvement of about 15 %' is found.
In the worst instance represented by the last two comparisons, there is no improve­
ment at all.

As a result of the evident relaxation, the correlation coefficient probably does not
exceed the minimum calculated value of 1.

Because of the observed relaxation, a correlation coefficient of 1 would no doubt
be more appropriate for long piles than the value ascertained in the pulling tests at
Heinenoord. It is unfortunately impossible to draw any clear conclusion on the
influence of a lowering of the ground water level on the maximum load capacity
of short VIBRO piles. There seems to be some influence but because the ground water
level differences in these tests were very low, it cannot be quantified.
The influence on the maximum pulling force may be quantifiabIe if the ground water
level differences are substantial.
The reader will of course be aware that the correlation factor referred to can only
hold good when there is no mutual interaction between the piles.

76



If such interaction exists, the calculated pulling force must be reduced. The pulling
tests at the Hague discussed below considered this aspect in more detail.

3.4.4 Pulling tests at the Utrechtse Baan in the Hague

In mid-1972, a study was made at the through structure of the Utrechtsebaan
of the pulling load capacity of precast, prestressed concrete piles. These piles, 380 mm
square, had a flat or pointed pile base. The base level of the piles was fixed at 17.50 m
- N.A.P. while the level of the construction cutting base was 6.00 m - N.A.P.

PURPOSE OF THE STUDY

To determine and compare the pulling capacity of piles with a flat base and piles
with a pointed base. Determination of the 'group effect'.

TEST STRUCTURE AND SOIL STUDY

One pile with a flat base and one pile with a pointed base were driven on the test
site. In addition, a series of five piles with a pointed base and five piles with a flat
base were also driven.
The distance between the piles in the series was 1.10 m. All the piles were subjected
to a test load following the usual pattern, constant loading being fol1owed by load
changes to zero.
For the tests of the individual piles, stress control was used; for the two series of
piles, strain control was used because of the fact that piles below a rigid tunnel base
should all deform in the same way while the forces on each pile may differ.
The site investigation included four soundings from the original ground level (approx.
0.60 m + N.A.P.), four soundings from the bottom of the excavation before piIe
driving and six soundings after pile driving.
Figure 31 shows the soil characteristics at the pile location both before and after
excavation.
From the original ground level down to approx. 1.00 m - N.A.P. soi1 is found with a
very heterogeneous composition and extremely 10w cone resistances. Below this
1ayer down to about4.00 m - N.A.P. there is a 1ayer of clay and peat with 10w cone
resistances.
From 4.00 m down to approx. 9.00 m - N.A.P. the principal material encountered is
sand with wide1y varying cone resistances.
This layer was interspersed with clay and peat impurities which caused sharp reduc­
tions in cone resistance. In the 1ayer from 9.00 m to 13.00 m - N.A.P. the soil consists of
a fairly homogeneous sand stratum with cone resistances of about 100 kgf/cm2•

Below this layer there is a clay stratum with a thickness of about 4 m (cone resistances
= 10 kgf/cm2

), fol1owed at 17.00 m - N.A.P. by a sand layer in which the cone resis­
tances rapidly rise to 150 kgf/cm2 or even higher va1ues.
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Comparison of the sounding results indicated a low reduction in the measured cone
resistances as a result of excavation. After driving the piles, a sounding pattern
corresponding approx. to the original values was found again. Clearly, the low
reduction in cone resistance caused by the excavation was completely compensated
by the compression due to piIe driving. The maximum pulling forces for the piles
were calculated on the basis of the sounding data.

TEST LOAD RESULTS

During the tests of the pile with the pointed base, the maximum pulling force was
found to be somewhat higher than the capacity which the tension installation could
handle. The maximum pulling force was therefore estimated at between 110 and 115 tf
on the basis of the pattern of deformation. In the light of the measured rise in the
pile head under constant loading and the additional rise in the pile head which
occurred during rapid load changes to zero, the permissible pulling force was fixed
in the first instance as approx. 75 tf.
This value is, however, too high for safety. The permissible pulling force is therefore
taken as equal to half the maximum pulling force, i.e. 55 tf.
On exposure to this load, the pile head rose by about 1.8 mmo The pulling test on the
individual pile with the flat base gave a maximum pulling force of 100 to 105 tf. This
gives a permissible pulling force of just over 50 tf (safety coefficient 2). On exposure
to this load, the piIe head rose by approx. 1.6 mmo In this case too, a higher permis­
sible pulling force may be fixed, i.e. approx. 72 tf, because of the deformation cha­
racteristic of the piIe under constant loading and load changes.
The tests on the series of piles were conducted with a maximum capacity of 60 tf
per pile.
Since the piles developed an unexpectedly high pulling force, the maximum pulling
force is not reached for any piIe in the series.

Consequently this maximum load had to be estimated from the deformation charac­
teristic and comparison with the deformation characteristic of the individual piles.
Table 7 shows all the maximum pulling forces.

The maximum pulling forces were calculated from the sounding data by the method
already described for this purpose. A correlation factor of 1 was again taken as the
basis for this calculation. Comparison of the pulling test results with the calculated
maximum pulling forces indicates the correlation factor which should be used in
practice. These values are shown in Table 8 and also indicated in Figure 32.

These results show that:
The correlation factors (pile factors) of the two individual piles differ only slightly
and correspond to a value of about 1.
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Table 7

Individual pile
Edge pile 1
Central pile 2
Central pile 3
Central pile 4
Edge pile 5
Average
Edge piles average
Central piles average

Table 8

Individual piles
Edge pile 1
Centre pile 2
Centre pile 3
Centre pile 4
Edge pile 5
Average
Edge piles average
Centre piles average

Max. pulling force (tf)
Piles with pointed base

110 to 115
approx.90

85
77
76
91
84
90
79

Pile factors
Piles with pointed base

approx. 1.12
0.89
0.84
0.76
0.74
0.90
0.83
0.89
0.78

Max. pulling force (tf)
Piles with fiat base

100 to 105
approx.81

65
52
71
81
71
81
63

Pile factors
Piles with fiat base

approx. 1.02
0.80
0.64
0.51
0.70
0.80
0.70
0.80
0.62

The correlation factors for the pointed base piIe are in each case slightly higher
(approx. 10 %) than for the flat base pile.
The correlation factors for the individual piles are noticeably higher than for any
pile in the series.
The correlation factors for the edge piles are substantially higher than for the centre
piles.
Clearly, the piles in two series influence each other. The piles are situated within
the area of mutual interaction.

The deformation characteristic shows that with a laad corresponding to 50 % of
the maximum pulling force (n = 2) the piIe head rises in all cases by about 1.5 to 2 mmo
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3.4.5 Conclusion

It should be noted in conclusion that the pulling tests discussed above have consi­
derably increased our knowledge of the behaviour of tension piles. Nevertheless,
in each individual case, the input data for the method of calculation to be used must
be assessed very critically. Apparently slight differences in the soil characteristic
regularly cause substantial differences in the load-bearing capacity of piles. It is there­
fore vital to increase our knowiedge, among other things by carrying out load tests.
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