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ABSTRACT: The 1900’s lock Verbindingssluis in Bruges forms an important link in the current sole
connection of the sea port of Zeebrugge to the inland waterways. All four sets of wooden mitre gates and
pivoting points had to be replaced. The renovation imposed a particular challenge given the need to
reinforce the bottom slab with vertical ground anchors prior to the dewatering of the lock heads. As an
additional requirement the allowable total downtime of the lock was two weeks maximum, which proved to
be an important constraint for the design of the new gates.
1 INTRODUCTION
1.1. Importance within the waterway network
The lock Verbindingssluis - literally translated
connecting lock - is located at the medieval city of
Brugge (Belgium) and connects the sea port of
Zeebrugge with the hinterland. The lock has a
bidirectional head difference (0.5m to 1.5m),
requiring 4 gate pairs in total. Main lock dimensions
(115m x 12m x 4m) reach about those for a CEMT
class Va ship. Annual traffic figures through the lock
account for around 2,500 passages reaching
650,000 tons and 16.000 TEU. Recreational
shipping makes up about 10% of the passages.

Figure 2: Inland waterway network connection of
sea port Zeebrugge along Bruges and Ghent.
Meanwhile the frequency of unscheduled repairs
at the lock in Bruges increased with unpredictable
periods of blockage as a result. A durable
renovation of the lock was imposed to maintain a
reliable connection of the sea port with the inland
waterway network.
1.2. Scope of the works

Figure 1: General plan view of the Verbindingssluis
At present the canal to Bruges is the sole inland
connection over water for the sea port of
Zeebrugge. Inland waterways lead to the sea port of
Ostend and the waterways around Ghent, as a
gateway to the Seine basin in the north of France.
Studies on a possible improvement of the existing
connection or an additional connection are pending
for some time.
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The lock was constructed in the early 1900’s design drawings date from 1896 - using the
common techniques from that time. That means the
lock was constructed in an open excavation, and
consists of masonry gravity walls to create the
chamber. These walls were founded on a debriscement mixed slab, also forming the watertight lock
bottom. The fixed parts of the structure are in an
acceptable state, especially given the advanced age
of the lock.
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The current wooden lock gates, placed around
1970, show a different impression. A permanent
significant leakage around and between the leafs of
the mitre gates and even through the watertight
planking is observed. Where the bottom pivots show
significant wear, the collar of several of the upper
pivoting points had already repeatedly broken off.
The scope of the renovation works was made up
of replacing the entirety of the lock gates, the upper
and lower pivoting points and the operating
mechanism. To retain the bidirectional head
difference (0.5m to 1.5m) a total of four gate pairs is
present. It was determined that the part of the works
requiring interruption of ship traffic had to be carried
out in dry conditions and in one single period of
maximum two weeks.
2 DATA COLLECTION
2.1 Available geometry and material properties
As a first step, a thorough research of available
documentation in the archives of different
governmental authorities (ports, inland waterways,
road department) was performed. Aim of this
research was to gather as much information as
possible. However, given the fact that the actual
lock structure was built more than one century ago,
accurate and complete structural information proved
to be quite limited.

2.2 Quay wall and bottom slab core drillings
An extensive research programme was set up, to
define the needed design properties for the different
materials and to have an accurate idea of the
governing dimensions.
It was decided to perform multiple Ø100mm core
drilling tests across the two lock heads, which had
the advantage that both materials and dimensions
could be investigated on the basis of one type of
test. A total of 15 boreholes were situated in both
elements of the lock head. Borings in the masonry
walls had a length of approx. 10m and were
performed from ground level. For the bottom slab it
was required to perform underwater borings from a
barge (length approx. 2m).
The thickness of the bottom slab proved to show
a considerable variation across the length of the
lock, and was in general less than derived from the
original drawings. A visual inspection of the core
samples showed that the bottom slab consisted of
two materials: an approx. 1.5m thick concrete like
slab (cemented crushed debris) with a finishing
layer of approx. 0.2m granite tiling.
Thickness of the lock chamber bottom slab is
only 0.5m. The chamber will not be reinforced, since
it is situated outside the dewatering zone of the lock
heads (see paragraph 3).. Water level in the
chamber has to be maintained at every moment
2.3 Laboratory material testing

Figure 3: Cross section view of the lock chamber
(design drawing 1896)
Yet general structural shape of the lock heads
could be derived, as well as an indication of the
main dimensions of the walls and the bottom slab. It
was concluded that the available geometrical
information was not sufficient for design purposes.
On the other hand, it was not clear which
construction materials were exactly used and how
the strength of these materials had degraded during
the design life of the structure.
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The drilled cores were sent to the laboratory,
where the different materials were tested and the
characteristic value of the investigated parameter
was determined based on EN1990 (CEN, 2002).
The masonry was tested in compression and
shear. For the latter a special apparatus was
developed in the laboratory. Shear strength was
tested for the brick itself and both vertical and
horizontal joints. Results showed a compression
strength fck = 6.2MPa and a shear strength
fvk = 0.6MPa + 1.05 v.
The unknown material of the bottom slab
consisting of cemented crushed debris was
thoroughly tested. A typical compression test
demonstrated fck = 5.3MPa. The resulting shear
strength fvk = 0.8MPa proved to be quite high
compared to the low compression strength. This can
probably be explained by the coarse nature of the
crushed stone that was used increasing the
interlocking between the aggregates. Splitting tests
(Brazilian test) on the concrete-like material resulted
in a tensile strength fctk = 0.6MPa.
The granite making up the finishing layer on the
bottom slab was subjected to compression tests,
indicating a compression strength fck = 83MPa.
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was not possible to measure accurately. A visual
inspection above the waterline showed that the
existing supports on the back post caused quite
some wear to the granite contact area on the quay
wall. A 1cm groove in the granite was reported at
the cast iron supports of the back post.
To have an indication of the positon of the
horizontal sill in the lock chamber, a diving
campaign was set up and several divers performed
a survey. Accuracy of this survey was limited, but an
indicative position of the sill was derived. Moreover,
the visual inspection by the divers showed that the
sill was quite damaged in some locations but in an
overall acceptable state.
3 LOCK HEAD BOTTOM SLAB REINFORCEMENT
3.1 Bottom slab stability check

Figure 4: Cores of the lock head bottom slab with
granite finishing layer (left); core of cemented
crushed debris after (Brazilian) splitting test (right)
2.4 Geotechnical soil properties
To evaluate quay stability during dewatering, it
was necessary to have an idea of the soil strength
of the backfill behind the quay walls. A geotechnical
profile could be determined based on available CPT
tests and soil borings in the database. However, for
stabilization of the lock bottom with ground anchors
(see paragraph 3.3) it was also necessary to have
an idea of the geotechnical parameters of the deep
foundation strata below the lock.
As the available soil investigation was limited to
upper soil layers next to the lock, 4 additional CPT’s
were performed in the centre of the lock. A barge
was mobilized, and after drilling an opening in the
lock bottom, the CPT was performed from the barge
into the deeper soil layers. The necessary soil
design parameters were determined based on
established Flemish correlations between soil
properties and CPT testing.
To evaluate groundwater level behind the quay
walls, automated divers were installed. Readings
were performed for almost one year, indicating very
little fluctuation in groundwater level for both short
term and seasonal variation.
2.5 Additional data
Simultaneously, a thorough survey of the quay
walls and gate recesses was executed.
Unfortunately, this survey could only give accurate
results at quay level (topographic survey). Exact
geometry of the quay walls under the water line especially needed for the supports at the back post SMART RIVERS 2015 (www.pianc.org.ar/sr2015)

To enable a correct replacement of the bottom
pivoting point of the gates, as well as an accurate
installation of the new gates, it was requested that
the lock head would be pumped dry during the
works. The lock disposes of recesses for watertight
beams at the two sides of the lock heads, seemingly
necessary means for such an operation. The lock
chamber itself could not be pumped dry.
Historical documentation did not mention a
successful track record of previous dewatering
operations. Therefore, the effect of pumping the lock
dry was carefully investigated based on the
dimensions and engineering properties obtained
from the data collection campaign (see paragraph
2).
Quickly it became clear that tensile strength of
the (unreinforced) bottom slab was insufficient to
resist the stresses due to the efforts of the upward
water pressure, meaning that specific measures had
to be taken to allow dewatering of the lock heads. At
the same time, it became clear that the masonry
quay walls needed to be strutted during the
dewatering operation.
3.2 Considered execution methods
3.2.1

Use of steel caissons

The initial requirement of dry conditions to carry
out the works was approached critically. Without
any further measures to allow dewatering of the lock
heads, renovation of the gates had to be carried out
completely or partially under water.
It was considered to use temporary strutted steel
caissons, allowing part of the works to take place in
dry conditions. On the downside expected execution
quality and possibility to control the quality of the
works carried out under water is lower, while total
cost and blockage of ship traffic are still significant.
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Consequently the requirement to pump the lock
heads dry remained intact and other construction
methods were investigated.
3.2.2

Decreasing upward pressure

As second approach the possibility to reduce the
loads on the slab by eliminating the resulting
upward pressure was investigated.
One technique considered was using deep well
dewatering methods to reduce the upward water
pressure. The sensitivity of surrounding structures
for soil setllements on one hand, and the
impossibility to realise a watertight screen for return
pumping on the other hand, made this option not
feasible.
Another technique was applying a counterweight
ballast on top of the bottom slab to decrease the
resulting upward pressure. The order of magnitude
of the required ballast was around 50kN/m², equal
to the normal water column in the lock. To be able
to test operate the gates the turning circles had to
be clear of ballast, requiring even more ballast in the
zones adjacent to the gates.
Ships had to be able to pass over the ballast in
place to meet the requirement of a maximum
shipping blockage of two weeks, since repeatedly
applying the ballast would not be an economically
feasible option. This meant that only steel could
meet these requirements for the ballast material.
Examples of steel plates as temporary underwater
ballast in combination with uninterrupted shipping
are known in the ports of Antwerp and Zeebrugge.
The option of temporary steel ballast slabs was
not withheld because of a lack of readily available
ballast, rather high costs due to manipulation of an
important total weight, and the temporary nature of
the investment.
3.2.3

Increasing slab resistance

As a third approach an increase of the resistance
of the bottom slab itself was investigated. Main
advantage of this method is that it leads to a
permanent reinforcement of the lock.
A first technique considered was to artificially
increase the thickness, and consequently the
resistance, of the bottom slab. The idea was to
create a 3m thick slab under the existing bottom
slab. This additional slab consisted of a soil-grout
mix, and was created by means of the jet-grout
technique. This slab would be connected with the
existing bottom slab using vertical reinforcement
bars, hence creating a total composite slab with a
thickness of approx. 4.7m which lead to a significant
reduction of the tensile stresses in the original
bottom slab.
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A second idea was to use prestressed ground
anchors to reduce the span in the slab and transfer
the load to a deeper foundation stratum.
After assessing the two investigated methods,
the ground anchor reinforcement was selected.
Main benefit of this solution is that performance of
the ground anchors can be tested an inspected
before the actual dewatering of the lock, which
increased confidence in this solution.
3.3 Anchor reinforcement design
For the detailed design of the lock bottom
reinforcement, a finite element model of soil and
lock chamber was set up using the Plaxis 2D
software. The lock material properties were
modelled based on the laboratory test results. The
soil was modelled as a Mohr Coulomb material.
Stresses and anchor loads were evaluated using
this finite element calculation and were within the
acceptable limits.

Figure 5: Model of lock head and soil in Plaxis 2D
Tension stresses existing situation (yellow to red)
However, some Plaxis models with upper bound
load conditions and lower bound resistance
predicted cracked behaviour of the slab. Therefore it
was decided to space the anchors close enough to
allow direct load transfer towards the anchors
through arching between the neighbouring anchors
and the masonry walls. Resulting spacing was a
square grid with dimensions 2m by 2m. Service load
of the anchors in this case was 275kN.
The anchors consist of a steel rod GEWI
Ø40mm, using a high strength steel BE500S. The
anchorage in the ground was realized with using the
jet-grout technique. Length of the anchor grout body
was evaluated based on the CPT tests in the deep
soil strata below the lock, but an acceptance load
test on two working anchors was performed as well.
During this test, with an applied load of twice the
working load, performance of the anchors was
clearly demonstrated.
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Figure 7: Original wooden mitre gate. Back post with
cast iron supports (left); front post (right)
Figure 6: Anchor reinforcement bottom slab : cross
section of plate and trumpet (left); installation (right)
Local load introduction from the anchor into the
concrete
was
investigated
assuming
an
unreinforced concrete behaviour. Local contact
stresses and shear transfer to the bottom slab were
evaluated with Eurocode 2 (CEN, 2005) and the
Dutch method (CUR, 2001), resulting in a Ø500mm
steel anchor plate.
Only a limited clearance is available between the
anchor plate and the bottom girder of the lock gates.
This meant that a conventional layout with an
anchor nut on top of the anchor plate forms a
considerable risk of damage to the anchor heads
due to a dragging gate. Therefore an inverted
anchor head was designed with a trumpet welded
under the anchor plate and screwed onto the anchor
rod. With this solution, the loss of free distance
under the existing gates was minimized and
temporarily acceptable. Placing the lower girder of
the new lock gates a little higher again increases the
free distance between the gate and the anchor
plates on the bottom slab.

Around 1970 all original steel gates were
replaced by new wooden mitre gates while
maintaining the discrete cast iron supports at the
back post. The front posts made direct contact from
the top to the bottom also providing water tightness.
The original pivoting system at the bottom and top
of the back post were kept intact.
The original design of the upper pivoting point is
noteworthy. The collar around the upper pivot is
anchored in two horizontal directions in the quay
wall by means of a linear joint. These joints are
anchored downward into the masonry by a steel pen
and provide a certain margin of movement of the
upper pivots points. A clearance of the order of
magnitude of 10mm is present in the direction
parallel on the axis of the joint.

4 LOCK GATE RENOVATION
4.1 Original design concept
The original 1900 lock gates were steel mitre
gates with 6.5m horizontal girders and discrete
supports made of cast iron on the front and back
post. Remarkably the supports on the back post
made direct contact with the granite quay wall
surface since there were no mirror supports. Water
tightness was guaranteed by separate wooden leafs
at the low water side of the gate back post.

Figure 8: Original upper pivoting point anchoring in
the quay wall. Vertical anchor pen (left); linear hinge
with clearance (centre); upper pivot and gate (right)
SMART RIVERS 2015 (www.pianc.org.ar/sr2015)
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In a non-retaining position the gate tip hangs
down due to its self-weight. At the upper pivoting
point all margin away from the quay is used. Both
the upper and the lower pivoting point make a
horizontal contact between the pivot and the pivot
basin/collar.
In the retaining position the lower pivot basin is
pushed into the centre of the pivot. In the in the
linear joint at the upper pivoting point margin
towards the quay wall is used. Both front posts and
the supports on the back post form a pressure arch
transmitting forces to the quay wall. The upper and
lower pivoting points are relieved in this position.
4.2 New design concept
4.2.1

Design philosophy

In addition to the structural strength of the
existing structures, the main issue that was
anticipated during the design stage was a clear
strategy for the management of the geometrical
tolerances during construction. Since accuracy of
the performed surveys was rather limited, it was
necessary to develop a concept that could
guarantee water tightness and structural adequacy
(supports) taking these possible tolerances into
account.
At the same time it was also necessary to
develop solutions that limited the construction
period as much as possible, since the permitted
downtime of the lock was limited to only two weeks.
Taking the above into account, combined with
the experience gained from previous lock
renovations in the Flanders waterways network, it
was concluded that some aspects of the existing
basic design concept for the lock had to be adjusted
to develop a technically feasible, economical and
durable solution.
4.2.2

discrete supports, clearance in the upper pivoting
point was important to ensure correct contact at the
back post for load transfer and water tightness.
Based on the experience gained during the
service life of the existing gates, with a lot of repair
works on the upper pivoting point, it was requested
to have a collar which was more easily repairable
and replaceable. Therefore, the connection of the
collar with the anchoring system was designed to be
easily accessible.
4.2.3

New wooden gates

Wooden mitre gates are economically interesting
for locks with a small to intermediate width - in this
case 12m - both concerning the initial investment as
maintenance. The general layout of the gates was
maintained, since the lock head geometry was not
modified. However, it was decided to modify some
conceptual aspects of the gates, which are
discussed in this paragraph.
The crest level of the gates was increased to
cope with the higher installation level of the upper
pivoting point. The level of the bottom girder was
also increased to provide more clearance above the
anchor plates on the bottom slab (see paragraph
3.3). Consequently the sill level was also raised to
guarantee proper contact with the bottom girder.
Considerable grooves in the granite could be
observed at the level of the supports on the back
post. Locally 1cm wear was reported. Actual
geometry of the quay walls could not be surveyed
accurately under the waterline. Therefore it was
decided to replace the punctual supports by a
continuous wooden back post. As a consequence of
this modification, incorporating some clearance in
the design of the upper pivoting was important, as
indicated in paragraph 4.2.2.

Upper pivoting point

As a first step it was foreseen to construct the
anchor blocks for the new upper pivoting point of the
gates, while maintaining the functionality of the
original gates.
The existing upper pivoting point was located at
approximately 2m below quay level. Therefore, the
new collar was located at a higher level, requiring
only 1.5m demolition below quay level, meaning that
removal of masonry for the construction of the new
concrete anchor block did not interfere with the
existing collar and anchor pen, maintaining a safe
margin of 0.5m.
Since the decision had been made to provide a
continuous wooden support along the back post - a
logical layout for wooden mitre gates - instead of
SMART RIVERS 2015 (www.pianc.org.ar/sr2015)

Figure 9: Design of connection between horizontal
girder (left) and continuous back post (right)
The advantage of this type of support is that the
structural support requirement is combined with the
water tightness requirement. From constructional
point of view, this meant that that only one element
had to be shaped and reworked to match with the
actual observed geometry during the dewatering of
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the lock heads, reducing the risks concerning the
tight allowable lock downtime.
Another benefit of this modification is that it
makes the structural behaviour of the gates less
sensitive with respect to the geometrical tolerances
of the gate recess. Indeed, the effect of a local lack
of contact is less important with a continuous back
post. Using a continuous back post also has its
advantages for load transfer between quay wall and
gate. The necessary reaction loads in closed
configuration are introduced over a larger surface,
decreasing the contact stresses in the wooden back
post and the granite quay wall.
Where the continuous wooden support at the
back post is fixed, it was decided to create a
removable front post. Hence, repair of the front post
becomes easier and does not require complete
extraction of the gate. At the same time, removable
tailor made front posts offered the opportunity to use
the same general dimensions for all four gate pairs,
enabling a fast and standardized fabrication of the
gates.

other hand, the actual pivot is a separate part which
is connected to this anchor element, but can easily
be removed and replaced.

Figure 10: Front posts with removable ends.
Execution example (top); horizontal section (bottom)

Figure 11: Design considerations of an obstacle
blocking the gate. Positions of the obstacle (blue)
and of the jack (green). Front post is situated left

4.2.4

Lower pivoting point

The existing lower pivot consisted of one simple
convex element which was anchored directly in the
lock bottom. Replacement of the existing pivot was
almost impossible without demolishing the lock
bottom.
Therefore, the same strategy as for the upper
pivoting point was followed, and the trunnion was
split up in two parts. On one hand there is an anchor
element, which is fixated in the lock bottom. On the
SMART RIVERS 2015 (www.pianc.org.ar/sr2015)

4.3 Calculation of the new gates
The new gates were calculated for the common
load cases: drop in water level, jacking load during
opening and closing, wind pressure, wave load and
ice load.
However, experience during the service life of
this lock and other locks in Flanders had learned
that damage to the gates often occurred due to
blocking of the gates. An obstacle located at the sill
(immersed object is stuck between sill and gate
while gate closes) or at the water line (floating
object is blocked between gate and recess when
gate opens) can block the gate.
The main issue during such blocking event is that
the operating jack starts to work at maximum
capacity, causing damage to the gate or to the collar
of the upper pivoting point. Therefore, it was
decided to implement this event as an exceptional
load case in the design of the gates. It is noted that
this is in agreement with the guidelines in the Dutch
practice (Beem et al., 2000).

Load combinations were based on guidelines
from the Flemish government, and in general three
general loading conditions were examined. A first
situation is the dry phase during construction, where
the complete self-weight is supported by the two
pivoting points. A second load situation is the
normal working condition of the mitre gates in
closed position. And finally a third situation with an
opening/closing gate is considered, where
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distinction is made between normal load cases and
exceptional load cases.
The gates were designed as a timber structure,
according to the relevant Eurocode 5 (CEN, 2012).
Although blocking of the gate was considered as an
exceptional load case with reduced load factors, this
design situation was found to be the dimensioning
load case for the back post and the connections.
A particular issue was the design of the shear
strength of the connections, which normally consist
of a simple mortise and tenon joint. When
calculation rules for notched beams according to
Eurocode 5 (CEN, 2012) are used, shear capacity
of the connection is rather limited due to spitting
effects at the pit of the tenon. However, experience
from practice does not reveal a loss of strength or
actual damage for this type of connection in lock
gates, as reported in Van Otterloo, 2013.
Although alternative calculation techniques for
his type of connection can be found in literature, it
was decided to stay within the normative Eurocode
framework and reinforce the connection with 6
screws to resist the tensile forces perpendicular to
the fibre direction and hence avoiding the spitting.
4.4 Operating mechanism
The renovation also embodied the replacement
of the existing operating mechanism with push-pull
rods. In Flanders the conventional choice for a new
operating mechanism are hydraulic jacks.
The presence of an abutment of a moveable
bridge and other foundations made the use of an
operating mechanism with hydraulic jacks
impossible. Given the extremely tight space
available at the upstream lock head, it was decided
to install electro-spindles there. Several applications
of this system at lock emplacements are known,
though at present none in Flanders.
Enough space was available at the downstream
lock head, hence hydraulic jacks were installed. The
combination of both systems - hydraulically and
electromechanically driven - on one structure will
give an interesting base of comparison regarding
the performance of both systems.
A specific point of attention was the change of
the distance between the upper pivoting point and
the connection of the operating mechanism with the
gate. To meet the strict requirement of the
maximum downtime of the lock, the new operating
mechanism is built next to (and above) the existing
one. On the downside the lever distance of the
operating mechanism is decreased, influencing the
loading on the upper turning point in a negative way.

5 CONCLUSION
Being a renovation project, the project
demonstrated some considerable challenges, in
particular because of the long service life of the lock
which meant that almost no reliable construction
documents were available. During the development
of the engineering study, it became clear that an
extensive investigation programme is a prerequisite
for this type of works. A thorough survey of the
existing situation (topographic survey, diving
inspection, core borings) allowed to identify the
geometry of the lock. This was combined with
laboratory testing on the construction materials to
determine their nature as well as the material
properties required for the design.
One of the major challenges was to reinforce the
lock bottom to allow dewatering of the lock heads
during construction. Several options were
considered, and after a thorough assessment it was
decided to reinforce the lock bottom with prestressed ground anchors. One of the main
advantages was that this resulted in a permanent
reinforcement of the lock. Since all anchors were
installed before the actual dewatering of the lock,
construction of the anchors did not require a
substantial interruption of ship traffic.
Since downtime of the lock had to be reduced to
an absolute minimum, basic idea was to prepare the
majority of the works before the actual dewatering of
the lock. Besides reinforcing the lock bottom with
ground anchors, this also meant that the upper
pivoting point was designed at a higher level,
allowing construction of the anchor blocks and the
collar without interfering with the existing pivot point.
For the renovation of the gates itself, the 100
year old design philosophy was maintained as much
as possible. But using innovative design methods,
combined with the experience with other locks in the
Flanders waterways network, the gates were
designed in an economical way, matching and even
improving the initial concept. One of the key
elements governing the design was to manage the
unavoidable tolerances that come with a renovation
project of this kind. Main features were to implement
a continuous timber backpost rather than punctual
steel supports, and to renovate the sill.
Special attention was given to durability of the
structures, and for most solicited elements a
replaceable solution was designed. This resulted in
easily replaceable pivoting points, as well as a
removable front post.
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