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Summary 
Urban and architectural planning, structural conception, design, dynamic behaviour and construction method of the 
Pedestrian Bridge over the Carpinteira brook, in the city of Covilhã, are explained. 
 
Keywords: footbridge; planning; structural concept; structural design; construction method.  

1. Urban and architectural planning 
The Carpinteira Valley is located inside the city of Covilhã and is characterized by steep slopes where terraces created 
by stone retaining walls are covered by dense vegetation that hides scattered old industrial buildings that are partially 
abandoned but that recall the vigorous 19th Century industrial past of the city. To the West rises the imposing “Serra da 
Estrela” mountains and to the East lays the immense plateau of “Cova da Beira”. 
This bridge is part of the Carpinteira Valley Urbanization Plan developed by Architect Teotónio Pereira and promoted by 
the “Covilhã Polis Programme“. The bridge aims to provide a pedestrian passageway, at the maximum height of 52 
meters, connecting the northern residential quarters of Covilhã with the city centre. 
Conception and design of this footbridge was developed in collaboration with Architect Carrilho da Graça and is specially 
characterized by the deck stretching over the valley with a shape (see Figure 1) that reflects the meandering of footpaths 
in the mountains surrounding Covilhã. 
In elevation, the bridge exhibits a visual continuity that is simultaneously very strong and simple in its drawing set against 
the magnificent scenario of the “Serra da Estrela” mountains. 

 
Fig. 1 – Perspective of the bridge cardboard model 



 
 
2. Major design specifications 
The steep inclination of the valley slopes, the distance to be crossed and the height of the deck over the brook were the 
most important constraints for the design of this bridge. The option for small spans would result in higher construction 
costs due to the high of the columns and to the tricky access conditions for the construction of the column foundations. 
On the other hand, long spans are more difficult to build and are more flexible, requiring an accurate construction control 
and a rigorous evaluation of its structural behaviour under dynamic actions, specifically under dynamic pedestrian loads, 
which may imply a distinct structural concept or the addition of passive or active control elements. 
Diversity of geotechnical and topographic conditions at each local meant distinct solutions for foundations of abutments 
and columns were adopted. 

3. Structural concept and design 
The deck is totally horizontal and, in plan, defines an “S” shape along five continuous spans (see Figure 2) with three 
straight segments unified by small circular curves located in the second and fourth spans. Spans measuring 42.267 m, 
48.406 m, 49 m, 49.302 m and 31.769 m total 220.744 m for the bridge length along its longitudinal axis. The width in the 
deck is 3.50 m measured between the handrails provided by the structural longitudinal beams. Columns are all in 
reinforced concrete, the central ones totally enclosed in a steel box defining a mixed steel-concrete cross-section and 
the lateral ones partially enclosed with granite stones that try to disguise these columns in the background hills. 

 
 

 
Fig. 2 – Elevation and plan of the bridge 

The bridge deck is made up of two longitudinal steel beams and a transversal truss structure defining, together, a U-
shape cross-section. Each longitudinal beam is essentially an I cross-section with two diagonal cells next to the flanges 
that ensure those flanges are of class 3 as described in Eurocode 3 [1].  Stabilization of the compressed flanges is 
provided by the U-shape frames defined by ½ HEA450 vertical ribs and by HEB300 transversal beams. Horizontal 
actions in the bridge are taken by the horizontal St. Andreas truss set under the pavement of the bridge by hollow 
shaped profiles SHS100x100x6 and RHS150x100x10, together with those HEB300 beams and the lower flanges of the 
longitudinal beams. Parallel longitudinal HEA100 profiles that are 769 mm apart and carried by the same HEB300 
transversal beams provide the support to the timber pavement (see Figure 3).  

48.406 m 



 
 

 
Fig. 3 – Cross-section of the bridge 

The two central columns are mixed (steel plates encasing reinforced concrete) and approximately 40 m and 36 m high. 
Lateral columns are in reinforced concrete and approximately 20 m and 18 m high. Low quality of soils in the upper 
strata under abutments means indirect foundations are required, but option for micropiles results from the topographic 
and access conditions. On the contrary, columns stand on direct foundations. Notwithstanding, column high and difficulty 
in building footings of some size in steep slopes require permanent anchorages in their foundations to equilibrate 
horizontal forces. 

4. Structural behaviour of the bridge 
The structural longitudinal response of the bridge under vertical loads is essentially that of two parallel continuous beams 
with six supports provided by four columns and two abutments, and with hinges unable to transmit bending moments at 
the two curves of the deck. Vertical loads on the deck are transferred to the two outside parallel longitudinal beams by 
transversal beams which, together with the vertical ribs, provide also the stabilization of the flanges under compressions 
in the longitudinal beams and take the torsion moments. Horizontal loads generated by earthquakes, wind or pedestrians 
are transferred to columns and abutments by the horizontal truss where flanges are provided by the longitudinal beams, 
struts by the transversal beams and diagonals by the previously mentioned cross-bracing. 
Temperature, wind and seismic load-effects are most important, since they dictate the conditions of support of the bridge 
on abutments and columns. Columns are fixed to their footings but connections with the steel deck has to guarantee 
simultaneously bracing of columns in the direction of less inertia and minimization of actions resulting from deck 
longitudinal deformation due to temperature variation. For that, the two high central columns are continuous with the 
deck whilst the lateral columns have fixed bearings allowing longitudinal rotation of the deck only. 

4.1 Structural analysis 
A three-dimensional finite element mathematical model (see Figure 4) with bars positioned at centres of gravity of 
respective structural elements was developed for the design of the bridge. Geometric and mechanical characteristics of 
bars were calculated with high precision because response of the model has shown to be very sensitive to small 
variations of stiffness. This same model was used for the dynamic analysis of the structure, with seismic actions studied 
with spectral analysis. 
At both abutments, one longitudinal beam stands on a total sliding (that is, only vertical movement is not possible) 
bearing and the other longitudinal beam stands on a unidirectional (that is, fixed in one single direction) bearing. Plan 
geometry of the bridge was accounted for in the definition of the direction of free movement in the latter bearing, in view 
of ensuring that no restraint exists to longitudinal deformation of beams due to uniform variation of temperature. 
Modelling of connection between each circular column and deck was achieved with two very rigid, short and hinged bars 
to simulate the fixed bearings. 



 
 

 

Fig. 4 – Three-dimensional mathematical model 

Initially, all elements were designed as if the bridge was built instantaneously. Later, construction phasing was introduced 
to redesign elements considering three phases. Figure 5 represents phase 1, with three isostatic elements of the deck in 
position (the two extreme spans and the central span, all cantilevering 7 m into intermediate spans). Since the four 
cantilevers do not reach the curved segments, torsion moments are not generated yet. 

 
Fig. 5 – Computer model in phase 1 

Phase 2 corresponds to the assembly of the remaining two deck elements. This phase is very delicate because it 
includes the curved segments. Those two elements have to be suspended from cranes and connected with continuity to 
cantilevers in Figure 5 whilst welding takes place, if excessive deformation in curved segments is to be avoided. Phase 3 
represents the complete deck under variable loads. 
Cantilever spans in phase 1 do not reach cross-sections of null bending moment of the complete structure. Therefore, 
maximum positive bending moments are higher (around 12%) than those that would be generated if all loads were 
applied to the structure with its final configuration. 

4.2 Deck design criteria 

4.2.1 Torsion effect in longitudinal beams 
Since gravity and shear centres do not coincide, an “additional” torsion moment had to be applied to the model. 
Disregarding contribution of diagonal cells next to upper and lower flanges, eccentricity of shear centre with respect to 
gravity centre can be calculated with Eq. (1), which was derived from equilibrium equations of shear stresses in the 
cross-section. 
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bf and ef represent width and thickness of upper and lower flanges, respectively, h is distance between their centres of 
gravity, I is cross-section moment of inertia and AG is distance between cross-section centre of gravity and axis of 
vertical web. 
Therefore, a uniform distributed torsion moment equal to product of vertical loading psd by eccentricity e was applied to 



 
 
both longitudinal beams. Notwithstanding, since the cross-section is not a closed section, torsion stiffness is low and 
mechanism of resistance is provided by binary of shear stress-resultants in flanges. Hence, horizontal bending is 
generated together with warping longitudinal stresses. 
For simplicity, that torsion moment was modelled by a binary of horizontal loads Hsd of opposite sign applied to the two 
flanges. Increase in longitudinal stresses in flanges was calculated with a computational model where flanges are 
elastically supported by vertical ribs.  

4.2.2  Normal stresses in compressed flanges of longitudinal beams 
Besides the usual safety verification of normal stresses in cross-sections under linear elastic regime, bar buckling safety 
and lateral torsional buckling safety were verified by studying stresses in compressed flanges. Buckling length of upper 
flange is defined by Eq. (2): 
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I1 e I2 are, respectively, inertia moments of vertical ribs (½HEA450) and of transverse beams (HEB300), a is spacing 
between bracing (a = 3.50 m), h e b are, respectively, lengths of vertical ribs and of transverse beams, and Iz is inertia 
moment of compressed flange in the direction of the buckling mode. 

4.2.3 Stability of web with respect to shear buckling 
Safety with respect to shear buckling of all web panels between vertical ribs was checked according to Spanish norm 
MV103 [2]. In curved segments of the deck, those panels were strengthened with an intermediate longitudinal rib as 
shown in Figure 6. 
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Fig. 6 – Verification of web panels 

4.2.4 Vertical ribs 
Vertical ribs are designed to plane flexure under a compression axial force equal to the shear force in longitudinal 
beams, with bending fundamentally due to wind pressure on the side of the deck and due to torsion in longitudinal 
beams. In the middle span zones of longitudinal beams, ribs provide also bracing to the upper flange of the latter, for 
which ribs are considered to sustain a concentrated force equal to 1% of the axial force in that flange. Along deck curved 
segments, vertical ribs endure high flexure stress-resultants due to deck torsion and to horizontal bending of longitudinal 
beams. 
Buckling length Le of vertical ribs can be calculated with Eq. (3): 
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Vertical ribs satisfy also the minimum stiffness criteria set in the Spanish Norm RPM-95 [3]. 



 
 
4.2.5 Transversal beams 
Stiffness criteria governed design of transversal beams, since they have to provide efficient bracing of the upper flange 
of longitudinal beams and they control the buckling length of vertical ribs. 

4.2.6 Bracing 
Curved segments of the bridge deck imply equilibrium is not achieved solely with tension in the X bracing. These 
elements have to satisfy buckling safety at ultimate limit state. Buckling length of a bar intersected by a similar bar at its 
middle point varies between 0,7L e L, respectively whether the latter bar is under an axial force null or equal to the axial 
force of the former bar.  That value may be further reduced to 0.5L if the second bar is under a tension force that is 
higher than 2/3 of the compression force in the first bar. Figure 7 shows the variation of the buckling coefficient β with 
ratio of axial forces in intersecting bars (α = N2/N1 with N2 ≤ N1). 
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Fig. 7 – Bracing buckling length 

4.3 Design of columns 
There are two types of columns: reinforced concrete hollow circular columns (P1 and P4), 2.50 m in diameter and wall 
0.25 m thick, covered with granite stones, and mixed steel-reinforced concrete hollow rectangular columns (P2 and P3), 
external dimensions 4.40 m by 1.75 m and walls 0.20 m thick, with steel sleeve plates 8 mm thick and connected to 
concrete with 19 mm diameter connectors. In the upper 1.25 m length of these columns, the cross-section is massive 
and the steel sleeve plates are 12 mm thick. At their base, concrete wall thickness increases to 0.35 m in order to 
accommodate deviation of reinforcement from the base ribs of the structural steel sleeve plates. 
Transfer of forces from deck to columns is achieved by welding the pair of transverse beams and webs of longitudinal 
beams to steel plates of columns, as shown in Figure 8. Connectors ensure mixed behaviour in columns. 

[Home use only]  
Fig. 8 – Detail of top of columns P2 and P4 



 
 
4.4 Design of foundations 
Global stability of column footings under high horizontal actions, such as wind, required prestressed definitive 
anchorages were used. 36 mm diameter high strength steel bars were located around the footing perimeters.  
In abutments and retaining walls, micropiles (Ø200 mm) with tubes CHS 139,7x10 in N80 steel were adopted. Buckling 
ultimate limit state safety of micropiles was verified by considering each micropile as a beam inside a semi-indefinite 
elastic, homogeneous and isotropic soil. Micropile buckling length Le is given by Eq. (4): 
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Ee is the elasticity modulus of the micropile structural material, Ie is its moment of inertia, K is the reaction modulus of 
the soil and D is the diameter of the steel profile of the micropile. 

5. DYNAMIC BEHAVIOUR OF THE BRIDGE 
Oscillation and vibration of public structures have to be controlled in order to avoid discomfort to users. As a first step, 
natural vibration frequencies of these structures should be aimed to be outside the interval of frequencies of pedestrian 
dynamic actions (1.6 to 2.9 Hz for vertical actions and half those for horizontal actions). But bridges with slender 
structures and non-short spans have natural frequencies falling inside that interval. Often, resonance does not imply 
global unsafety of the structure, but discomfort and anxiety feelings may develop in users. 
Natural vibration frequencies of the structure are identified in Table 1 and the four first modes of vibration are 
represented in Figure 9. First mode is lateral and its frequency is approximately 1 Hz, with numerous vertical vibration 
modes occurring with vibration frequencies between 1.6 and 3 Hz, some of them of global character. 

Table 1- Fundamental frequencies of the structure 

Mode 1 2 3 4 5 6 7 8 9 10 11 12 

f (Hz) 1,14 1,39 1,46 1,65 1,80 1,96 2,17 2,35 2,51 2,69 2,96 3,55 

 

 
Fig. 9 – Configuration of first four vibration modes 

Modification of mass, geometry or topology of the bridge could not be contemplated. But control of vibration levels can 
be achieved by means of masses positioned conveniently inside the bridge structure and attached to the structure with 
springs and dampers tuned appropriately (“tuned mass dampers” - TMDs). Mathematical sophisticated models were 



 
 
developed and 9 TMDs (3 for horizontal vibrations and 6 for vertical vibrations) are previewed, but final number, exact 
values of masses and fine tuning of springs and dampers can only be decided with dynamic tests performed in the totally 
finished bridge. 

6. Construction 
This bridge is to be built over a deep valley. Topographic conditions are paramount in determining the best construction 
method, just as they were in the conceptual design of the bridge. 
Construction was initiated in May 2008 and, as explained before, it is planned to be done by mounting first the straight 
segments with small cantilevers into the second and fourth spans. As shown in Figure 10, the bridge may then be closed 
by elevating into position the remaining segments, where curves are located. Welding requires temporary structures to 
fix segments at adjoining cross-sections.   

 
Fig. 10 – Construction sequence 

In mixed columns, the external steel plates are to be the outside formwork of the reinforced concrete walls. Columns P2 
and P3 are quite high and need provisional bracing until deck is finished. Bracing may be achieved with cable stays from 
the top of each column to respective footing. 
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