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* Tube design - comparison of offshore standards and EC3

* First-order and buckling behaviour of thin-walled polygonal tubes
* Tests on ferritic stainless steel SHS/RHS beams
* Bolted RHS beam-column connections
* Long bolts joining beams to concrete-filled RHS columns in seismic areas
* Experimental/numerical analyses of RHS T-joints with axial forces

st & Sohn

* Dual CHS columns filled with UHSC
* CHS column diaphragm joints with replaceable links
* Re-evaluation of RHS overlap joint shear criterion
* Using bow imperfections to check flexural buckling

to EC3

* The new departure station in The Hague
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Gurved directly glazed steel structure
New departure station, E-[ine, The Hague
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ZJA Zwafts & Jansma Architects have designed a new light rail
departure station in The Hague, The Nethertands. The spatial roof
structure ofthe station is made of rolled steel rectangular hollow
sections arranged in two independent layers rigidly connected to
each other. A glass envelope covering the roof structure matches
the contours ofthe steel exactly. Since the diamond-shaped
glass panes could only be attached to the outer layer ofthe steel
grid, the panes (with edge lengths of approx. L30 m) are sup-
ported on two sides only. When optimizing the overall geometry,

the double-curvature area atthe nose ofthe roof structure be-
came a special focus. Knippers Helbig Advanced Engineering has
managed to minimize the deviation of each single glass pane from
the single-curvature geometry to a maximum out-of-plane defor-
mation of only 3 mm. Therefore, the project is a great example of
how geometry development can influence structural design and
enable new approaches.

1 Urban context and architecture of new E-Line departure
station (HSE)

The E-Line is part of RandstadRail, a network of light rail
systems connecting the cities of The Hague, Zoetermeer
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and Rotterdam and the region in between. After several
studies, new tracks were positioned: one at a height of ap-
prox. 15 m above grade over an existing tunnel, one at
grade in the street Anna van Buerenstraat and one at the
level of the bus platform (see Figs. I and 2).

Locating the track and the station at this level made it
highly visible and thus placed emphasis on the overall ap-
pearance of the combined viaduct and station. The client
(essentially the municipality of The Hague and ProRail)
asked ZJA to design a station with its own architectural
identity oriented towards "Den Haag Centraal Station"
and the newly established "Openbaar Vervoer Terminal"
(Public Transport Terminal) and related in idiom to the
light rail station at Beatrixlaan (designed and detailed by
ZlAin the period 1998-2008). At the same time, the de-
sign needed to blend in seamlessly with an extremely com-
plex urban context and, programmatically, become a part
of the "transition machine" of the Openbaar Vervoer Ter-
minal. The client asked for two light rail platforms and an
arrival platform for the bus station.

The overall architectural shape represents the smooth
transition from the "flat" viaduct to the spatial station and

Fig. 1. HSE Lightrailstation (ProRail, ZIA - Zwarts & lansma Architects)
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Fig.2. Longitudinal section (ZIA - Zutarts & lansma Architects)

Fig. 3. Vieut towards nose of structure (ProRøil, ZIA -
Zwarts & lansma Architects)

to the canopy that intersects the façade of the Openbaar
Vervoer Terminal. The form therefore expresses the sta-
tion's main function - to provide passengers with a clear,
protective and comfortable route towards the Openbaar
Vervoer Terminal and the bus platform, while also provid-
ing clear sightlines and visibility towards the HSE. Passen-
ger and transportation flow are uniquely captured by a
single sculptural gesture (see Fig. 5).

The actual roof has a total length of approx. 90 m
and a maximum width (on plan) of 17 m; the first 22 m of
the roof length are supported by the canopy, while the
remaining 68 m are located on the bridge deck. The max-
imum height between roof support and roof centre is
approx. 6 m. Roof supports are set 14.7 m above the
ground, on top of the bridge deck and canopy. The struc-
tural members and the glazing create a quadratic pattern.
The steel members, arranged in two separate layers, are
curved and twisted following the overall shape. Curved
glass strips follow the outer steel grid (see Fig. 4).

For the HSE, the aim was to avoid both triangular
glass panes (resulting in substantial material waste) and
complex welded nodes (expensive, aesthetically unfavour-
able). Therefore, during the HSE assignment, an experi-
ment began to create a quadratic grid geometry combined
with rolled steel members (strips) stacked in two layers.
This allowed the nodes to be very simple and - in combi-
nation with bent glass - resulted in a single design direc-
tion.

2 Geometry
2.1 General

The design selected is the outcome of an intense study at
an early project stage in which various options were inves-
tigated, including different grid sizes - resulting in different

Fig. 4. View þom the outside (ProRail, ZIA - Zwarts &
lansma Architects)

tonnages, numbers of nodes and glass build-ups. Different
node types were also studied, using various vertical/hori-
zonlal sections - in one plane, in two separate layers, with
hinged nodes/rigid nodes.

The geometry of the roof structure was developed
considering the architectural requirements, global struc-
tural design, glass analysis and fabrication constraints.

The roof geometry consists of a regular/generic part
with a constant cross-section and an irregular dou-
bly-curved geometry oriented towards the central station
(see Fig. 5).

3 Steel structure
3.1 Structural concept

The spatial roof structure is made of rolled steel rectangu-
lar hollow sections placed horizontally and arranged in
two independent layers rigidly connected to each other.

Type I (HS glass - single curuad)
- w¡th imposed deformatlon in

¡regular (double-curyed) part

curued)

¡mposêd in in€gular part

regular part

Fig. 5. Roof geometry consisting of irregulør (double-curua-
ture) and regular (generic) part, and locations o'Í different
gløss types (Knippers Helbig)
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Fig. 6: Roof supported by three different structures (Knippers
Helbis)

This diamond-shaped steel grid is supported by a continu-
ous edge beam, which creates a series of stiff triangles
along the base.

The roof cross-section is a compromise between the
minimum clearance necessary for trains and platforms and
the structural elements required to provide archlike be-
haviour. The central opening - located at a position where
all additional loads are most unfavourable for a shallow
arch - helps to reduce the high bending actions and allows
for a shallower arch shape. In order to achieve the required
amount of lateral stiffness, a stronger edge beam is used
along the front edge of the roof ("edge beam at entrance").
Furthermore, although the diagonal orientation of the
strips/beams is unfavourable from a structural point of
view, this is somewhat compensated for by the fact that the
structural depth is increased by the stacking of the two
layers.

At the closed end of the roof (towards the central sta-
tion) the shape provides two-dimensional curvature, which
helps to create a shell effect. Owing to this effect, the
higher load coming from the fully closed glazing can be
transferred to the ground.

The standard grid beams consist of 180 x 100 x
6.5 mm rolled rectangular hollow sections. In order to
achieve the required structural performance, some ele-
ments required a thicker wall - 8 or 10 mm. All sections
are steel grade 5555.

3.2 Bearing conditions

One of the most important aspects is the fact that the roof
is supported by three different main structures. Fig. L0

broadly outlines the relation between bridge deck, bridge-
end column and canopy:
bridge deck supported by a series of cantilevering columns
(grey),
bridge-end column with a very high transverse stiffness
(red), and
canopy with a relatively low stiffness in the form of a steel
framework providing access to the central train station
(light blue).

During the design process these three structural parts were
analysed by three different engineering companies. How-
ever, due to the close cooperation between parties involved
(coordinated by the architects), this interface was handled
with special care. Stiffness and support reaction forces
were exchanged back and forth and discussed regularly.

Differential settlement and stiffness of roof supports
were identified as the causes of internal forces and mo-
ments in the structural members of the roof. The stiffness
and performance behaviour of the different parts of the
structure were considered within the structural model by

RHS
180x1

Fig. 7. Section through bolted connection (Knippers Helbig)

means of springs with certain stiffnesses. Some vertical
supports located close to the bridge-end column \Mere re-
leased in the vertical direction to allow for the associated
differential vertical deformation. One pinned support on
each side of the roof transfers longitudinal forces to the
main structure, while all other supports slide in the longi-
tudinal direction, allowing for expansion due to differen-
tial temperatures. In the transverse direction, all roof sup-
ports transfer arc shear.

3.3 Typical leading details
3.3.1 Grid nodes

The hollow sections positioned horizontally and arranged
in two layers have to be connected at the grid nodes; the
required conditions have been achieved by using bolted
connections with threaded holes, with the bolts being ac-
cessed from the inside through a hole. This hole will be
used later for the installation of LED lighting elements,
audio speakers and for attaching the overhead lines (see

Fig. 7). This bolted connection is an important part of the
overall concept. The strips were produced and delivered to
site separately and could be connected without any site
welding.

On the other hand, the torsional stiffness of the bolted
joint connection, and therefore the in-plane rotation be-
tween outer and inner grid beam layers, has a major influ-
ence on the global deformation behaviour of the roof. To
accommodate tolerances, the holes in the steel sections are
oversized; however, shear forces due to torsional moments
must be transferred between both steel sections. To trans-
fer these shear forces, the remaining gaps around the holes
in the steel plate are filled with liquid material called "Ar-
aldite" after the bolts are tightened (see Fig. 8). A mock-up
test was carried out in order to evaluate the range of tor-
sional stiffness provided by this solution.

3.3,2 Edge beam

The roof structure always ends at an edge beam; the sec-

tions are connected here with a spigot and bolted connec-
tion (see Fig. 9). The edge beam with dimensions of 250 x

o

glass support
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RHS
250x150 mm

Fig. 9. Section through edge beam showing typical bearing
detail ( Knipp ers H elbig)

150 mm is able to move in the longitudinal direction by
means of a special horizontal sliding detail.

4 Fabrication
4.1 Form-finding and fabrication constra¡nts
4.1.1 Regular part

The shape of the regular part is the result of various ge-

ometrical constraints and parameters. From an architec-
tural standpoint, the clearances for trains, pedestrians, etc.
had to be kept free from structural elements. At the same
time, multiple constraints resulting from fabrication tech-
niques had to be considered. Notably, state-of-the-art steel
bending and glass bending machines can only produce sin-
gle-curvature elements in economic and automated pro-
CESSCS.

With regard to these major fabrication constraints, the
concourse cross-section had to be created out of circular
segments. The construction lines were defined by geodesics
on a cylinder consisting of helices (see Fig. 10). Several op-
tions were investigated with three to five circle segments;
finally, an option consisting of three circular arc segments

- two identical ones located on the outside with a larger
tangential one in the middle - was chosen. The tangent vec-
tor of the lower circle segments defines the radius of the
larger central one. The steel members of each arc segment

Fig. 8. Preparation for bolted connection prior to assembly
(ZlA Zutarts & lansma Architects))

Fig. 10. General principle behind glass and steel geometry
(Knippers Helbig)

could be fabricated as a single piece - each steel member
had to be joined to the adjacent one on site with hidden
head plates and bolts. In order to simplify these bolted field
joints and the typical node detail, the changeover between
circle segments ("blend-line") is located in the centre be-
tween two structural nodes (see Fig. 11).

Various constraints also applied to the rationalization
correction of the surface. For economic reasons it was de-
cided to generate the grid with 90' corners only in an un-
rolled condition (see Fig. 11). Further, the cross-section
was only filled with identical glass panes, thus avoiding
any odd or irregular pieces; this resulted in a specific num-
ber of glass panes, radii and distances between grid-lines.

4.1.2 lrregular part

Similarly to the regular part, the geometry of the irregular/
double-curvature part is the result of a form-finding strat-
egy based on a series of technical constraints and multiple
geometrical issues.

To achieve an economically reasonable solution, it
was necessary to find a double-curvature geometry that
could be described by single-curvature glass panes (cylin-
drical glass). The best results were achieved by a combina-
tion of a stretched translational surface and a grid relaxa-
tion, which applied a shear force to every group of panel
vertexes, constraining them to a corresponding normal
plane. This made it possible to generate cylindrical glass
panes on top of the resulting mesh.

o
¡.-
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Fig. 11. Generic cross-section with diamond pattern (Knip-
pers Helbig)

Furthermore, the aim of the grid optimization process

in the double-curvature part was to align all the lateral
structural members and equalize all angles between them
in order to help generate the steel geometry (circular arc
segments) below the glass layer (see Fig. 12).

After generating a "perfect" geometry for the glass pat-

tern, the steel grid still had to be generated following the
glass joints. This meant generating a series of arc segments
with constant curvature, constant twist and tangential
changeover between arc segments, minimizing the devia-
tion with respect to the glass grid.

In a last step, the steel and glass geometries were com-
pared using a custom grasshopper tool, resulting in max.
3 mm deviation. This value had to be considered besides
other effects in the glass analysis.

4.2 Steel

The target was always to realize an economic structural
solution using state-of-the-art steel bending techniques.
One major issue was that a constant force being applied to
a member during the bending process will lead to a con-
stant curvature or twist (see Fig. 13).

Iteration 80 Iteration 100

Fig. 12. Angle constraints (Knippers Helbig)

4.3 Glass

Designing with curved glass requires a series of technical
considerations in order to define which bending technique
is applicable for fabrication; these are predominantly shape,

size, strength and coating. For example, automated glass

bending can only be used to produce single-curvature glass

with a constant bending radius. Other geometries, such as

cones, spheres, paraboloids and hyperbolic paraboloids, can
all be formed by means of gravity bending (slumping pro-
cess), but require individual custom moulds to achieve dif-
ferent glass geometries. Heat treatments are typically una-
vailable with slumped glass, since adding heat after slump-
ing would only undo the original forming. If a design
requires slumping for geometrical or optical quality reasons,

the glass can only be annealed or chemically treated [1].
Since all glass panes located on the blend line consist

of two different radii, automated glass bending processes

could only be used for the fabrication of glass type 1, con-

sisting of two 10 mm heat-strengthened plies laminated
with an PVB interlayer (see Fig. 5). All other glass panes
(type 2) had to be fabricated by means of gravity bending,
and so the glass cannot be tempered and a glass build-up
consisting of two 10 mm float glass layers laminated with
a sentry glass interlayer (SGP) was chosen.

All the parameters for type 2 glazingwere similar, no
matter whether they were located within the regular or ir-

Fig. 13 Typical bending ptocess (Ieft) and double-curuature steel member by Kersten Europe (right)
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regular part of the roof structure. The only difference was
the additional imposed deformation due to the double-cur-
vature geometry within the irregular part, which is based
on the fact that these glass panes must follow the geometry
of the outer members at the nose of the steel structure
where the global geometry is double-curvature; they there-
fore deviate slightly from single curvature. The imposed
deformation was applied during installation by pressing
one corner of the glass pane into the position required.

A modification to the bending radii was determined dur-
ing fabrication. Similarly to pre-cambering of steel beams, the
idea behind this was to keep the stresses caused by constraint
forces below the allowable maximum. Therefore, all panes of
glass type 2 - where the allowable stress limits of permanent
action and snow load effects are exceeded - are therefore the
subject of a geometry modification [5].

Gredits

- Principal: Municipality of The Hague, The Netherlands
- Client during design stages: ProRail
- Client during execution stages (engineering and con-

struction): BAM Infraconsult BV
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dam, The Netherlands
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roof structure: I(nippers Helbig GmbH, Stuttgart, Ger-
many; ZIA Zwarts & fansma Architects, Amsterdam,
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- Structural design of roof structure and glass design:
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- Main contractor: BAM Infra Nederland, The Nether-
lands (part of the Royal BAM Group)

- Design, fabrication and erection of roof structure and
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