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Summary Integral and semi-integral bridges require less maintenance than standard bridges equipped with expansion joints and mechanical bearings. Consequently, an increasing number of integral or semi-integral bridges have been built over the past decades. The movements of the bridge ends caused by creep, shrinkage and temperature effects are approximately proportional to the length of the bridge and may become large in the case of longer bridges. They are directly transmitted, together with the earth pressure of the embankment, to the abutment and to the transition slab. The transition slab transfers the displacements of the bridge to the road infrastructure. The results of the research “AGB 2005/018 Ponts à culée intégrée” [DREIER 2010] have shown that, for integral bridges, the deformations of the pavement in the vicinity of the abutment can remain acceptable for bridge lengths larger than the current limit of 100 - 150 m [OFROU 2011]. The aim of the current research project was to experimentally investigate the behaviour of a semi-integral bridge abutment to verify the results of research AGB 2005/018. Three tests were performed on a large scale model to investigate the effect of the geometry of the transition slab and the movement sequence on the behaviour of the pavement surface. Displacements were imposed at the bridge end of the transition slab by pushing or pulling it with hydraulic jacks. The displacements of the pavement over the transition slab and further away was monitored. The experimental results show that several factors, such the buried depth at the end of the transition slab, the roughness of its top and bottom surfaces and the interaction between the soil and the back wall play significant roles in the behaviour. It was also shown that the material properties of the asphalt in the vicinity of the bridge end are critical to avoid premature cracking of the pavement.
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Résumé Les ponts intégrés et semi-intégrés demandent moins de maintenance que les ponts classiques avec joints de dilatation et appuis mécaniques. C’est pourquoi leur proportion est en augmentation croissante ces dernières décennies. Les mouvements aux extrémités des ponts, causés par le fluage, le retrait et les effets thermiques sont sensiblement proportionnels à la longueur du pont et peuvent devenir importants dans le cas d’un pont d’une certaine longueur. Ensemble avec la pression du remblai, ils sont directement transmis à la culée et à la dalle de transition. La dalle de transition transmet les déplacements du pont à l’infrastructure routière. Les résultats de la recherche “AGB 2005/018 Ponts à culée intégrée” [DREIER 2010] ont montré que, pour les ponts intégrés, les déformations du revêtement au voisinage de la culée peuvent rester acceptables pour des ponts d’une longueur supérieure à la limite actuelle de 100 à 150 m [OFROU 2011]. Le but de la présente recherche était d’étudier expérimentalement le comportement d’une culée de pont semi-intégré afin de vérifier les résultats de la recherche AGB 2005/018. Trois essais ont été effectués sur un modèle à grande échelle pour étudier l’effet de la géométrie de la dalle de transition et de la séquence de déplacements sur le comportement du revêtement. Les déplacements ont été imposes à l’extrémité côté pont de la dalle de transition en la poussant ou la tirant avec des vérins hydrauliques. Les déplacements du revêtement au-dessus de la dalle de transition et à une plus grande distance étaient suivis. Les résultats expérimentaux montrent que plusieurs facteurs, comme l’enfouissement à l’extrémité de la dalle de transition, la rugosité de ses surfaces supérieure et inférieure et l’interaction entre le sol et le mur de culée jouent un rôle important dans le comportement. Il a également été observé que les propriétés de l’asphalte au voisinage de l’extrémité du pont sont très importantes pour éviter une fissuration prématurée du revêtement.
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Zusammenfassung Integrale und semi-integrale Brücken weisen gegenüber Brücken mit mechanischen Auflagern und Fahrbahnübergängen eine Erleichterung im Unterhalt auf. Daher wurde diese Bauweise in den vergangenen Jahrzehnten immer häufiger eingesetzt. Die Verschiebungen der Brückenenden infolge Kriechen, Schwinden und Temperatureinwirkungen sind etwa proportional zur Brückenlänge und können bei langen Brücken grosse Werte erreichen. Derartige Verformungen werden, zusammen mit dem Erddruck der Hinterfüllung, bei semi-integralen und integralen Brücken direkt ins Widerlager und die Schleppplatte eingeleitet. Die Schleppplatte leitet die aufgezwungenen Verschiebungen an den Strassenoberbau weiter. Die Ergebnisse des Forschungsprojektes „AGB 2005/018 Ponts à culée intégrée“ zeigen deutlich, dass die Verformungen des Fahrbahnbelages in der Nähe des Widerlagers integraler Brücken in einer akzeptablen Grössenordnung liegen. Dies gilt selbst für Brücken länger als 100 - 150 m, welche als aktuelle Maximallänge integraler Brücken angesehen werden [OFROU 2011]. In der vorliegenden Forschungsarbeit wurde das Verhalten von Widerlagern semi-integraler Brücken experimentell untersucht, mit dem Zweck, die Resultate des Forschungsprojekts AGB 2005/018 zu validieren. Der Einfluss der Schleppplattengeometrie und der Belastungsgeschichte auf das Verhalten des Fahrbahnbelags wurde an drei grossmassstäblichen Versuchskörpern untersucht. Mittels hydraulischer Pressen wurden der Schleppplatte auf der Seite der Brücke zyklische Verschiebung auf Zug und Druck aufgezwungen. Dabei wurden die Verformungen des Fahrbahnbelages oberhalb der Schleppplatte und in einiger Distanz aufgenommen. Die Versuchsresultate zeigen, dass mehrere Faktoren wie z.B. die Schleppplattentiefe, die Oberflächenrauhigkeit der Plattenober- und unterseite oder die Boden-Bauwerk-Interaktion der Auflagerwand das Verhalten massgeblich beeinflussen. Zusätzlich konnte festgestellt werden, dass die Asphalteigenschaften des an das Auflager angrenzenden Fahrbahnbelages entscheidend sind, um eine vorzeitige Rissbildung im Belag zu verhindern.
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1



Introduction Over their service life, bridge decks contract and expand as a result of timedependent and temperature effects. This results in longitudinal movements of the bridge superstructure at its moving end abutments. In standard bridges, the abutment is a separate construction which does not move. Mechanical devices are thus necessary to make these two parts compatible. This is usually achieved by introducing movable bearings to support the bridge and expansion joints at the level of the pavement (Figure 1(a)). These elements are known to be weak points of the bridge and to often require costly maintenance. This is why, for bridges with a moderate length, alternate solutions have been introduced in the form of semiintegral bridges that do not have expansion joints but have mechanical bearings and of integral bridges that have neither expansion joints nor bearings (figure 1(b)). In practical applications, the maximum possible length of an integral bridge depends on the longitudinal strains acting on the bridge superstructure due to temperature and time-dependent effects. According to [OFROU 2011, Fig. 4.11], this length can reach 100 m for roads with a high traffic flow and 150 m for other roads (uimp,adm = 20 mm, resp. 30 mm). This length is significantly shorter for new concrete bridges, because of the effects of creep and shrinkage. The use of innovative details can increase the maximum admissible displacement that can be transferred from the bridge superstructure to the ground without negative effects both on the structure and its use, and thus increase the maximum possible length for an integral bridge. The transition slab plays an important role in this context. In standard bridges, the function of the transition slab is to provide a smooth transition between the embankment and the bridge, even if some settlement occurs in the vicinity of the abutment due to lack of compaction (Figure 1 (a)). In integral bridges, it still fulfils this function but, because it is fixed to the movable end of the bridge, it also transfers longitudinal displacements into the ground (Figure 1 (b)).



Figure 1:
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Potential problems caused by the longitudinal displacement of the bridge deck: (a) standard bridge; (b) integral bridge [DREIER 2010a]
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In a previous FEDRO-supported research project, Dreier [DREIER 2010] highlighted three main problems that must be considered for the design of transition slabs of integral bridges as shown in Figure 1(b):  When the bridge contracts, the abutment wall and the transition slab move together with the bridge superstructure and cause an active failure in the backfill behind the wall. This causes settlements at the surface over the length Lg. The length of the transition slab and its reinforcement must be designed so that the transition slab can effectively bridge over this zone.  This movement also induces a rotation of the transition slab, which can propagate to the surface of the pavement and cause a gap to open. This can be solved by replacing the standard hinge of the solution shown in Figure 2 (a) [OFROU 2011] by a concrete hinge as shown experimentally in [DREIER 2009] (Figure 2(b)).  Finally, the displacement imposed by the bridge deck causes a settlement of the pavement at the end of the transition slab. [DREIER 2010a, b] shows that increasing the depth at the end of the transition slab markedly reduces this effect. This can be achieved by increasing the inclination or the length of the transition slab. (a)



(b)



Figure 2:



1.1



(a) Detail proposed by [OFROU 2011] and (b) improved connection detail between abutment and transition slab (for standard and integral abutments [DREIER 2011])



Previous research The subject of soil-structures interaction in the vicinity of bridge ends of integral bridges has been the subject of several publications in the past decade. [White 2010] presents the results of a survey of the current practice on integral bridges in Europe. [Kaufmann 2005] and [Kaufmann 2009] present a state of the art review on integral bridges in Switzerland. [Kaufmann 2011] presents the current version of the Swiss directives on integral bridges. [Kim 2010] and [Zhan 2013] discuss the effect of temperature changes on integral bridges.§ On site measurement results are presented in [Kerokoski 2006], [Pugasp 2009], [Petursson 2013] and in [Phares 2013]. [Zordan 2010] presents an analytical approach applicable to integral bridges. IBETON conducted a previous research project on the subject of soil-structure interaction for integral bridges [DREIER 2010a]. The behaviour of the contact zone between the bridge end, the abutment, the transition slab, the soil and the pavement was investigated on the basis of numerical analyses to evaluate the settlement of the pavement caused by the longitudinal displacement of the bridge deck uimp. The embankment was modelled using a Hujeux soil model while the concrete
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structure was modelled as linear-elastic, with a reduced Young modulus for the transition slab to take into account its cracking. The behaviour of the asphalt layer was modelled as linear-elastic, with a very low modulus of elasticity instead of its actual viscous behaviour. The main parameters of the embankment assumed in the model correspond to a well graded gravel backfill with a limited proportion of fines, as it typically used for highways. The geometry of the transition slab, shown in Figure 3 (a), corresponds to the Swiss recommendations for transition slabs of integral bridges [OFROU 2011], with a length LTS = 6 m, an in inclination αTS = 10%, a thickness hTS = 0.3 m and an initial embedment depth eTS,0 = 0.1 m. The numerical results indicate that the largest vertical displacements occur for imposed displacement in the active direction, when the bridge contracts. This action pulls the bridge end to the left, as shown in Figure 3 (a).



Figure 3:



Numerical study (a) geometry of a semi-integral bridge abutment ; (b) geometric definition of the local curvature [DREIER 2011]



According to the VSS code [SN 640 520a], the serviceability limit state of the pavement at the end of the transition slab is governed the by the local curvature of the pavement surface. This parameter characterises the discomfort experimented by road users passing over a zone of settlement. The VSS code [SN 640 521c] defines the maximum value of the pavement curvature as χadm = 20‰ for highways over the service life of the pavement. This curvature was determined as shown in Figure 3(b), as a variation of slope over a length of one meter. The curvature of the pavement χ, which depends on the imposed displacement uimp, was determined on the basis of the surface deformations obtained from the numerical analysis. The maximum admissible horizontal displacement uimp,adm corresponds to the maximum curvature χadm. On the basis of uimp,adm , the maximum distance between the fixed point and the abutment Lfp,adm, can be estimated using equation (1). Lfp,adm = |uimp,adm / εimp|



(1)



where εimp = εφ + εsh + ε∆Τ,min
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The imposed strain εimp is the sum of the strain components due to concrete creep εφ and shrinkage εsh as well as the maximal negative temperature variations ε∆Τ,min of the bridge deck. In [DREIER 2010], the following set of values was used: εimp ≈ - 0.8 mm/m with εφ ≈ -0.3 mm/m, εsh ≈ -0.3 mm/m and ε∆Τ,min ≈ -0.2 mm/m. For a standard geometry of the transition slab (LTS = 6 m, TS = 10 %), the numerical results give an admissible displacement uimp,adm. = 43 mm. According to equation (1), the maximal distance between the abutment and the fixed point of the bridge is Lfp,adm = 54 m. For an integral concrete bridge with a fixed point at its midpoint, the largest possible length is then 108 m. An interesting possibility is to transform an existing standard bridge into a bridge with integral or semi-integral abutments at the time of a major retrofitting (Figure 4). For concrete bridges, a large part of the time-dependent effects will have already happened, so that most of the remaining deformations to take into account are those related to thermal effects. Consequently, the maximum possible distance between the new integral abutments and the fixed point of the bridge can be significantly larger. The same calculation as above with εimp ≈ -0.4 mm/m (εφ ≈ -0.1 mm/m, εsh ≈ -0.1 mm/m and ε∆Τ,min ≈ -0.2 mm/m) indicates that Lfp,adm = 108 m. A similar calculation can be made for a steel bridge, which has no time-dependent effects but more severe temperature variations: with εimp ≈ 0.30 mm/m, Lfp,adm = 143 m.



Figure 4:



Transformation of an abutment with joints into a semi-integral abutment: (a) initial situation; (b) excavation of the embankment and removal of part of the existing bridge end; (c) reconstruction of the transition slab [DREIER 2010]



An imposed displacement in the passive direction, i.e. when the bridge expands, is less problematic. Taking only thermal effects into account, εimp ≈ 0.2 mm/m = ε∆Τ,max for a concrete bridge, the numerical results indicate that uimp,adm = -52 mm is acceptable for highways, which corresponds to a maximal length to the fixed point Lfp,adm = 260 m. A parametric study was performed to investigate the effect of a variation of the length of the transition slab LTS and of its inclination αTS. The thickness of the transition slab was kept constant hTS = 0.3 m. Figure 5 shows clearly the strong influence of the buried depth at the end of the transition slab eTS,extr (Equation (2)). Starting at approximately 0.6 m, a strong increase of the admissible displacement is predicted for a moderate increase of the buried depth. eTS,extr = eTS,0 + LTS αTS
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Figure 5:



Parametric study: Influence of the buried depth at the end of the transition slab eTS,extr on the admissible imposed displacement uimp,adm [DREIER 2011] As can be observed, the values of the maximum admissible imposed displacement uimp,adm of [DREIER 2011] exceed the current limit set by the Swiss Federal Roads Office (FEDRO) [OFROU 2011] (uimp < 20 mm for normal cases or < 30 mm for exceptional cases). The values presented in Figure 5 were derived from numerical simulations and need to be confirmed by experimental results. Potentially important effects such as cyclic effects in the soil and re-compaction of the soil by passing traffic were not included in the model. In particular, the possibility of pavement cracking caused by imposed deformations was not considered (pavement modelled as linear-elastic).



1.2



Objective of the research The objective of the present research project was to investigate the validity of the theoretical results of the research presented in section 1.1. In the framework of this project, three tests were performed on a model of a semi-integral bridge abutment with a transition slab. The model included the back wall of the abutment and the inclined transition slab as well as the embankment, below and above the transition slab, and the pavement. Hydraulic jacks were used to induce the horizontal displacements imposed by the bridge deck, both in pulling and in pushing. To simulate the effect of the passage of vehicles and the resulting compaction of the embankment, a pneumatic roller was used to compact the soil at the end of each movement phase. The variables of the test series were:  the inclination of the transition slab : 10 % as the most common value and 20 % to have a deeper buried depth at the end of the transition slab;  the sequence of application of the displacements : tension first, compression first, cyclic loading;  the surface condition of the transition slab: smooth surface at the top (as usual) or at the bottom. The applied forces, the movements of the head of the transition slab, the ambient temperature and the temperature at the bottom of the asphalt layer were continuously monitored. The longitudinal and vertical displacements at the surface of the pavement were measured at the end of each movement phase. The test setup was completed in September 2011. The first test took place from November 15 to 24, 2011 (4 effective testing days). The second test took place on December 6 and 7 and the third on February 22, 2012.
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1.3



Organisation of the report Chapter 2 describes the test setup, the testing procedure and the instrumentation. Chapter 3 shows the results of the three tests and their interpretation. Chapter 4 proposes practical considerations for the construction of transition slabs of integral bridges. Chapter 5 contains proposals for the continuation of investigations on this topic. Appendices A through F give details of the test setup and additional test results.
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2



Test setup



2.1



Model of a semi-integral bridge abutment To investigate the behaviour of the pavement in the vicinity of the transition slab, a large scale model of a semi-integral bridge abutment was constructed in a custombuilt test environment on the campus of EPFL. Figure 6 shows the construction phases of the test setup that included the prefabricated lateral walls, the soil underneath and above the transition slab, the lean concrete and the transition slab, the back wall of the abutment and the pavement. To reduce the friction between the lateral walls and the embankment soil, layers of polystyrene (Sagex) covered by plastic sheets were placed along the side walls. (a)



(b)



(c)



(d)



(e)



(f)



Figure 6:



Construction of the test setup and positioning of the transition slab



(a) Placing of the prefabricated side walls; (b) test setup with lean concrete ready to receive the transition slab, notice the polystyrene plates and the plastic sheets on the side walls; (c) transition slab in place; (d) placement of the embankment above the transition slab; (e) transition slab with layer of bituminous paper ready to re-
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ceive the asphalt layer in the vicinity of the slab head, notice the fibre cement plate on the side to limit lateral friction; (f) finished asphalt layer. A prefabricated concrete beam served as a reaction element at the far end of the test setup, allowing its longitudinal post-tensioning by two Dywidag bars Ø 32 mm.



2.1.1



Transition slab The transition slab has a symmetric geometry inspired from usual geometries for transition slabs (4.12 x 2.20 x 0.25 m, fig.8). It was prefabricated using C30/37 concrete with two different surfaces: a smooth and a rough face (Figure 7). Before each test, it was precisely positioned on a layer of lean concrete placed on the compacted backfill with the specified height and inclination.



Figure 7:



Transition slab with its rough surface at the top



The transition slab was reinforced with 22 Ø 16/100 longitudinal steel bars and 30 Ø 14/150 transverse bars at the top and bottom faces. The slab head was reinforced with 22 Ø14/100 and 22 Ø 10/100 hairpin reinforcements. Appendix A shows the plan and details of the reinforcement of the slab. No cracking was observed at the surface of the transition slab after the first two tests.



2.1.2



Backfill and pavement structure The backfill used for the foundation of the pavement was 1.50 m gravel ΙΙ (new) 0/45. A layer of lean concrete was placed underneath the transition slab as would be in a real application. The pavement layering consisted of:  0.35 m gravel I (unbound granular materials) 0/45  0.14 m bituminous asphalt: 0.09 m ACT22 S base layer and 0.05 m AC11 S final layer. The pavement surface was approximately 9 m x 2.2 m. The quality, thickness and level of compaction of the backfill and pavement layers were chosen to be similar to those used for Swiss highways. The pavement used was not adapted to take into account possible large deformations induced by the bridge’s movements, in particular due to temperature changes. This was done purposely, as the idea is that integral bridges should be “invisible” for the users and the maintenance crews alike. It could be advisable, however, to adopt a specifically formulated pavement solution with a high ratio of polymer modified bitumen, which can undergo larger elongations. Their suitability for the application to highways should be further checked (resistance to rutting in particular). Table 1 shows the characteristics of the structural pavement layer Type AC T 22 S (according to SN 640 431-21a-NA).
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Table 1:



Characteristics of the asphalt mix AC T 22 S used in the tests



Sieve size [mm]



Passing through (nominal) [%]



0.063



6.0



0.125



8.0



0.25



11.0



0.5



15.0



1.0



20.0



2.0



28.0



4.0



38.0



5.6



44.0



8.0



54.4



11.2



66.0



16.0



79.0



22.4



95.0



31.5



100.0



Binder contents (50/70 S)



4.3



Apparent volumic mass: 2.380 [t/m3]



2.1.3



Protecting tent and heating system During the experiments, which took place in the winter time, the structure was covered by a tent. A fuel heating system by forced air was installed to maintain constant testing conditions.



2.2



Test Configurations Three different tests were performed using the same transition slab in different configurations:  Test TST1 was performed with the transition slab at a 20 % inclination with its rough surface on top. It was loaded monotonically, first in pulling, then in pushing.  Test TST2 was performed with the transition slab at a 10 % inclination with its rough surface on top. It was loaded monotonically, first in pulling, then in pushing, and then was finally pulled back to its original position.  Test TST3 was performed with the transition slab at a 20 % inclination with its smooth surface on top. It was loaded cyclically, first in compression, then in tension, for a total of three movement phases. Table 2 summarizes the main parameters of the test series.
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Table 2:



Main parameters of the test series Positioning of the slab



αTS (%)



Displacement sequence



Measurements



(+ : pulling - : pushing)



Surfaces



Pavement



top / bottom



2.2.1



Slab Head



Walls



Temp.



upav upav,edg wpav uimp wTS ∆αTS ubw urw Tair Tpav,be



TST1



20



rough / smooth



Monotonic +/-



×



×



×



×



×



×



×



×



×



TST2



10



rough / smooth



Monotonic +/-/+



×



×



×



×



×



×



×



×



×



TST3



20



smooth / rough



Cyclic -/+



×



×



×



×



×



×



×



×



Position of the transition slab Figures 8 to 10 show the detailed plans of the test setup for all tests. To prevent the vertical movement of the transition slab, the head was held vertically by two steel pinned columns (HEA160). For TST2 and TST3, to release the soil’s movement behind the back wall and simulate soil settlement, an inclined surface 1:3 (1 m length) was left without backfill under the transition slab close to the back wall. Moreover, to prevent movements at the far end of the pavement, the last two meters of the side walls were roughened for these two tests. After each test, the pavement, top soil, transition slab and lean concrete were removed and subsequently repositioned before the next test.
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Figure 8:



20



Décembre 2013



Setup for TST1; (a) Plan view; (b) Longitudinal section
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Figure 9:



Setup for TST2; (a) Plan view; (b) Longitudinal section
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Figure 10:
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Setup for TST3; (a) Plan view; (b) Longitudinal section
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2.2.2



Loadings Two kinds of loading were applied during the tests:  Horizontal pulling or pushing of the slab head by hydraulic jacks (Figure 11) to induce a horizontal displacement of the transition slab.



Figure 11:



Hydraulic jack acting between the head of the slab (on the left) and the reaction wall (on the right)



 Rolling To simulate the compacting effect of passing traffic, a pneumatic roller type Ammann (AP 251) was passed over the pavement after each movement phase (20 to 30 passages each time, Figure 12(a)). Figure 12(b) shows the main characteristics of the roller used. (a)



(b) Parameter



Figure 12:



2.2.3



Value



Weight



20 tons



Operating speed



6 km/h



Distance between axles



3700 mm



Overall rolling width



1800 mm



Wheel width



300 mm



Lateral distance between wheels



200 mm



Compacting of the pavement simulating the effect of passing traffic (a) Amman pneumatic roller; (b) Main characteristics of the roller



Measurements The following measurements were performed during the tests:



Temperature  



At the bottom of the asphalt layer (Tpav,be) Of the air in the tent (Tair)



Movements    



22



Horizontal displacement of the slab head (uimp), the back wall (ubw) and the reaction wall (urw) Vertical displacement of the slab head (wTS) Rotation of the slab head (∆αTS) Longitudinal displacements of the pavement (upav and upav,edg )
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Vertical displacements of the pavement (wpav) Location and opening of the cracks in the pavement (xcrack , wcrack)



Force 



Force applied by the hydraulic jacks, through the measure of oil pressure



Table 3 at the end of the present section summarizes all the sensors used on the test specimens.



Thermal measurements Three temperature sensors of type Pt 100 were used, two (S1 and S2) placed at the bottom of the asphalt layer ACT22S (Tpav,be) and one measuring the air temperature inside the tent (Tair). In addition, for TST1 and TST2, the temperature in the pit between the back wall and the reaction wall was also measured.



Displacement of the transition slab Two horizontal inductive transducers HBM W100 mm were used to measure the displacement of the slab head (uimp) on the North and South side (uTS,N and uTS,S). In addition, two horizontal inductive transducers HBM WA5 mm were installed on both sides of the back wall (ubw). In parallel, an inclinometer WYLER ZEROTRONIC (Type: 3/2 AK-04-055, ± 1°) measured the slab rotation (∆αTS) of the slab head. Finally, for TST3, a vertical transducer HBM W200 mm was placed on the South side to measure the vertical displacement of the slab head (wTS). The position of the transducers is shown in Figure 13. (a)



(b) +



uTS,N ubw,N



Figure 13:



+



Δα TS uTS,S ubw,S urw w TS



Position of the horizontal and vertical transducers: (a) North side ; (b) South side



For TST1 and TST2, a horizontal transducer HBM WA5 mm measured the displacements of the reaction wall (urw). This information was not collected for TST3 as the measured values from the first two tests were rather small.



Vertical and longitudinal displacements of the pavement The instruments used for the measurements of the vertical and longitudinal displacements of the pavement surface (upav and wpav) were:  An electronic level Leica DNA 03 with an invar rod for the geodetic levelling.  A Leica TCR-403 total station (tachymetry) with a stabilized prism (Figure 14).  A simple ruler for measuring: (a) The longitudinal movement at the edges of the pavement (relative displacement between pavement and side walls upav,edg ) ; (b) The width of the cracks in the pavement (wcrack) (Figure 15).
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Figure 14:



Measurements of longitudinal displacements with a total station



(a)



(b)



Figure 15:



Measurement of (a) the longitudinal displacement between the pavement and the lateral wall; (b) the crack width Figure 16 shows the position of the measurement points used to follow the vertical and longitudinal displacements of the pavement on three longitudinal axes. In addition, markers were placed on both sides along the edge of the pavement to follow the longitudinal movements at the North (N) and South (S) edges.
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Figure 16:
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Measurement points for the vertical and longitudinal displacements of the pavement (plan view)



Applied force The applied force was measured through the oil pressure, with a pressure gauge of type HBM 500 bar. The hydraulic jacks used for the first part of TST1 were of type BIERI with a total capacity of 2 x 200 kN. During the pulling of the first day, the speed of the slab’s displacement was very low. For the remainder of the tests, more powerful jacks of total capacity 2 x 400 kN, type ENERPAC were used. The oil pressure in the jacks was measured continuously by an electronic system.
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Pavement bending Measurements of the strains at the bottom of the asphalt layer ACT22S with deformation gauges were also performed (Figure 17). However, the values of the measured deformation due to the passages of the vehicle were small enough (maximum strain 0.3 ‰), so that they were considered negligible in comparison with the strains caused by the pulling and pushing phases of the transition slab and are not reported.



Figure 17:



Asphalt strain sensors in position before placing the asphalt layers



Table 3:



Technical characteristics of the sensors



Measure



Instrument



Type



Temperature



Thermocouple sensors



Pt100



+ 200 °C



HBM W100



± 100 mm



Inductive transducers Displacements



Measuring range



HBM WA5



± 5 mm



HBM W200



± 200 mm



Electronic level



DNA 03 Leica



Electronic total station with stabilized prism



TCR-403 Leica



1.80-110 m



Ruler Rotation



Force



2.3.4



Inclinometer



WYLER ROTRONIC: 04-055)



ZE(3/2 AK-



Pressure gauge



HBM 500 bar



Hydraulic Jacks



BIERI & ENERPAC



± 1° (17.45 mRad) 0 - 500 bar 200 kN & 400 kN



Sequence of operations For all tests, the initial levelling (and tachymetry for TST1 and part of TST2) of the pavement surface was followed by iterations of:  Imposing a displacement to the slab by pushing or pulling with a constant rate until the target value was reached.  Compacting of the soil by passing the roller.  Levelling (and tachymetry) of the pavement surface. Recording the longitudinal displacements at the edges of the pavement. The displacement sequence for each test concerning the loading of the slab, is given in Table 4. Figures 18 to 20 show the sequence of operations (loading and measurement procedure) for each test. Appendix F contains the detailed sequence of operations for each test, together with the measurement results.
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Table 4:



Displacement sequence of the slab head Sequence



TST1



TST2



TST3



uimp [mm]



Pulling



+20, +40, +60, +77



Pushing



+40, +8, -11, -30



Pulling



+20, +40, +60, +77



Pushing



+40, 0, -20, -40, -60



Pulling



-20, 0



Cycles (pushing then pulling)



1: -20 to +20 2: -24 to +30



Horizontal Displacement u imp (mm) of the pushed/pulled end of the slab



3: -30 to +30



22/11/2011



15/11/2011 80



23/11/2011



24/11/2011



S3 (+60) S4 (+77)



60



S1 (+20)



pus hin g



S5 (+40)



S2 (+40) crack in pavement tu,v tu,c



pulling



40



S6 (+8)



20



Time



t0 -20



S -40



t0 tu,v tu,c



-60 -80



S7 (-11) S8 (-30)



: time within the imposed displacement varies : time within the imposed displacement is constant. Measurements of pavement displacements



Load steps and measurement sequence for TST1
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Figure 18:
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Figure 19:



: Loading step : Rolling : Start. Initial leveling and tachymetry on the pavement : time within the imposed displacement varies : time within the imposed displacement is constant. Measurements of pavement displacements
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Figure 20:
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Load steps and measurement sequence for TST3
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3



Results and interpretations This chapter presents the main results for the three tests. Positive values for the forces and horizontal displacements indicate values in the direction of pulling the slab. For vertical displacements, positive values indicate an upward movement. The positive rotation of the slab head is defined in Figure 13.



3.1



Temperature The values obtained by the temperature sensors in the asphalt (S1, S2) for tests TST1, TST2 and TST3 are presented in Figures 21, 22 and 23 respectively. The pit temperature (available only for TST1 and TST2) was much less affected by the heating system and is thus representative of the soil temperature at a larger depth. The average temperature below the pavement ranges between from 15°C to 20°C for TST1, from 15°C to 25°C for TST2 and is about 6°C for TST3. 35
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Figure 21:
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Temperature measurements during TST1
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Temperature measurements during TST2



35



Temperature (°C)



30 25 testing period 20 15 10 5 0 20.02



21.02



22.02



23.02



Date



Figure 23:
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Temperature measurements during TST3
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3.3



Imposed displacement and applied force Figure 24 shows, for each test, the applied force at the slab head required to reach the specified displacement for each movement phase. The force required to move the transition slabs with a larger inclination (20 %, TST1 and TST3) was signifycantly larger than that needed to move the slab TST2 with an inclination of 10 %. (b) TST2
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Figure 24:
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80



Force (F) - Imposed Displacement (uimp)



In pulling the slab, the target value of displacement of 80 mm was almost reached with specimens TST1 and TST2 (77 mm). These tests were stopped because of mechanical limitations of the setup. In both cases, very large cracks had opened in the pavement before the maximum displacement was reached. Once the movement was initiated, no significant increase in force was required to reach larger displacements. The force required to move slab TST3, with the rough surface at the bottom, was approximately 25 % larger than to move slab TST1, with a smooth bottom surface. In pushing, the force required to move the slab was more than twice that required in pulling. The position of the rough surface of the slab does not appear to play a significant role. Slab TST2 with a small inclination reached the target value of 60 mm, but the other two slabs did not, as the maximum force that could be applied, 800 kN, was not sufficient. The cycles performed in TST3 showed a tendency for the load needed to move the slab in tension to slightly diminish with increasing cycle count, while the load needed to move it in compression slightly increased. Table 5 gives the maximum and minimum values of the force applied for each test.
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Table 5:



Maximum force for all three tests Pulling +



3.4



Pushing -



F max [kΝ]



F max [kΝ]



TST1



320



-860



TST2



180



-460



TST3



400



-800



Rotation of the slab head Figure 25 shows the rotation of the slab head and the corresponding applied force for each test. In pulling, the slab head rotation is negative. A steeper inclination (TST1 and TST3) leads to more than doubling the values of slab rotation compared with a flatter one (TST2). For the same uimp = 20 mm, the rotation of the slab is larger in TST3 with a rough bottom surface, than in TST1, indicating bending of the slab during TST3. This may also be due to the removal of the soil in the vicinity of the back wall for TST3. In pushing, the rotation of the slab head is positive. A steeper inclination (TST1 and TST3) leads to much larger values of the slab rotation than a flatter one (TST2), independently from the roughness of the bottom surface of the slab. (b) TST2
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3.5



Horizontal displacement of the back wall Figure 26 shows the horizontal displacement of the top of the back wall. Large displacements (max ubw = 2.8 mm) were recorded at the end of the pulling phase of TST1 (uimp = +77 mm), indicating significant pressure on the back wall. For TST2 and TST3, the space left without backfill under the transition slab close to the back wall (Figures 9 and 10) sharply decreased the wall’s movement. (b) TST2
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Figure 26:



3.6



Force (F) - Horizontal displacement of the back wall (ubw)



Vertical displacement of the slab head Figure 27 shows the vertical displacement of the slab head during TST3. The large increase in force for a constant vertical displacement (wTS = +15.5 mm) occurred during pushing, due to the activation of the restraint provided by the vertical HEA160 columns in tension. Vertical movements were free to occur between approximately -5 and + 15 [mm] due to gaps in the connections at the top and the bottom of the steel columns.
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Figure 27:



3.7



Force (F) - Vertical displacement of the slab head (wTS) in TST3



Movements of the pavement in the pulling phase Figure 28 shows the vertical and longitudinal displacements at the edges of the pavement in the pulling phase, as a function of the distance x from the bridge end. The axis with the largest vertical displacements is shown for each test. Appendix E gives the vertical displacements of the pavement along all measurement axes.



Vertical movements of the pavement in tension As shown in Figure 28, the behaviour of the pavement in the pulling phase was similar in TST1 and TST2. Over the entire length of the transition slab, it moved upwards by ∆wpav because the slab slid upwards on its bedding. Above the end of the transition slab, a sharp pit was observed. A different movement of the pavement was observed in TST3. On the bridge end of the slab, it moved slightly downwards and above the last third of the slab’s length, a bump was observed. After the end of the transition slab a slight pit was formed. Table 6 and 7 summarises characteristic values from the diagrams of Figure 28. Table 6:



Maximum (“pit”) vertical displacements of the pavement in pulling Axis



x (m)



uimp (mm)



wpav (mm)



TST1



200



4.00



77



-9.8



TST2



300



4.25



77



-13.8



TST3



100



5.00



20



-0.3



Table 7:



Upward movement of the pavement above the transition slab in TST1 and TST2 during pulling Axis



TST1



TST2
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(a) TST1, vertical
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(c) TST2, vertical
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(e) TST3, vertical
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Figure 28: Vertical and longitudinal displacement of the pavement in tension (load steps refer to the imposed displacement uimp)



Longitudinal movements of the pavement in tension As shown in Figure 28, for TST1 and TST2 the longitudinal strains in the pavement were concentrated in a limited area at the end of the slab (between x = 3.50 and x = 4.50 m). For TST1, the cracks appeared for uimp = 60 mm at 3.50 m < xcrack < 4.00 m on the South side and 4.00 m < xcrack < 4.50 m on the North side, Figure 29(a)).
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The strain developed earlier for TST2, resulting in cracks for uimp = 35 mm (3.50 m < xcrack < 4.00 m at the North side and 4.00 m < xcrack < 4.50 m at the South side, Figure 29(b)). The soil above the slab moved together with it because of the rough top surface of the transition slab, upav,edg ~ uimp ).The pavement behind the crack (x > 4.50 m) had small horizontal displacements. For TST3, the longitudinal strains in the pavement were very small, because a separation between the pavement and the transition slab occurred very early in the pulling phase (x = 0 m, Figure 29(c)), probably because of the low friction between the smooth top surface of the transition slab and the soil above it.



(a) TST1



(b) TST2



(c) TST3



Figure 29:
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Crack in the pavement during pulling: (a) above the end of the transition slab in TST1 (3.50 m < xcrack < 4.50 m); (b) above the end of the transition slab in TST2 (3.50 m < xcrack < 4.50 m); (c) at the bridge end of the transition slab in TST3 (xcrack = 0 m)
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3.8



Movements of the pavement in the pushing phase Figure 30 shows the vertical and longitudinal displacements of the pavement in the pushing phase, as a function of the distance x from the bridge end. (a) TST1, vertical
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(c) TST2, vertical
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Vertical movements of the pavement in compression As shown in Figure 30, in TST1 and TST3 the pavement moved upwards on the bridge side of the slab and a bump was observed after the end of the transition slab, further away for TST3. In TST2, the pavement moved slightly downwards on the bridge side of the slab, while a sharp and high bump was observed after the end of the transition slab. Table 8 gives the maximum value and the location of the bump for all three tests. Table 8:



Position and amplitude of the bump in the pavement in the pushing phase Axis



x (m)



uimp (mm)



wpav (mm)



TST1



200



4.25



-30



16.0



TST2



200



4.75



-60



34.2



TST3



100



5.50



-30



11.1



Longitudinal movements of the pavement in compression As shown in Figure 30, for TST1 and TST2, the longitudinal displacements of the pavement decrease almost linearly from values close to uimp (x = 1.00 m) to zero (x = 8.00 m). The pavement above the slab moved together with it in the pushing phase, closing the cracks opened in the pulling phase. In TST3, the longitudinal strains in the pavement were smaller because of the separation of the pavement that happened in a previous pulling phase.



3.9



Movements of the pavement in the final pulling phase of TST2 Figure 31 shows the vertical and longitudinal displacements of the pavement in TST2, in its final pulling phase, back to zero displacement at the slab head. (a) Vertical
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Displacement of the pavement in the final pulling phase of TSTS



Both a pit and a bump remained in the pavement, as well as longitudinal strains mainly around the end of the transition slab. This behaviour indicates that the pavement deformed plastically before cracking. Notice also that the two sides of the crack are vertically offset in the final position, which would have an effect on the comfort of users.
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3.10



Maximum vertical displacements in the pavement Figure 32 shows the maximum vertical displacements of the pavement at two critical points. Point A refers to the maximum negative displacement (pit), while point B refers to the maximum positive displacement (bump) during various phases of each test.
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Maximum vertical (wpav,max) displacement of the pavement at the point of the pit and bump - Imposed displacement (uimp): (a) TST1; (b) TST2; (c) TST3; (d) detail of the points
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3.11



Kinematics of the transition slab



3.11.1 Kinematics in the pulling phases In the pulling phase, three types of slab kinematics were observed. If the uplift of slab head was not prevented, the slab started to slide upwards on its bedding (Figure 33). This was the dominating behaviour for the pulling phase of TST1 and TST2 (slabs with smooth bottom surface), as the connections to the steel columns allowed some slipping. The following observations were made:  The pavement directly above the slab moved upwards as a rigid body by ∆h (Figure 33)  A sharp pit was observed above the end of the transition slab (Figure 28 (a) and (c)).  The horizontal strains in the pavement were concentrated in a small zone at the end of the transition slab (Figure 28 (a) and (c)), indicating that the soil over the slab moved together with it.  The pulling force did not depend on the total displacement (Figure 24 (a) and (b)). It is more related to friction (plastic behaviour of slab-soil interface) and displacement velocity (viscous behaviour of the pavement).



Movement Δh Δx Uplift not prevented



Figure 33:



Resistance by friction



Kinematics 1: Sliding of the slab in tension



If the uplift of the slab was prevented so that the slab could not slide upwards on its bedding, the pressure on the wall and its displacement increased considerably (Figure 34). This kind of behaviour had an influence on the latter pulling phases of TST1 (uimp = +60 mm to uimp = +77 mm), when the connection to the steel columns was not slipping any more. The main differences compared to the previous observations are:  The upwards movement of the pavement above the transition slab was smaller (∆wpav = 1.3 mm for x = 3.25 m, Table 7 and Figure 28 (a)).  The displacement of the back wall increased (Figure 26 (a)).  The resistance to pulling was larger and more dependent on the total displacement (Figure 24 (a), between +60 and +77 mm). If this kind of kinematics is assumed, the resistance to the movement of the slab is generated by the compressibility of the soil and the stiffness of the back wall.



Movement Uplift prevented Compressed soil



Figure 34:
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Kinematics 2: Movement of the slab if the uplift of the bridge end of the transition slab is restrained
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A third type of kinematics was observed in TST3 with the rough bottom surface. The main differences compared to the previous tests were:  The uplift of the pavement was the largest above the last third of the transition slab (Figure 35).  The displacement of the back wall was small, similar to TST2 (Figure 26 (c)). This was probably due to the space left without backfill under the bridge end of the transition slab.  The force required in the pulling phase was approximately 25% larger than for TST1 (Table 5).  For the same uimp = 20 mm, the rotation of the slab is much larger than for TST1 (Figure 25 (a) and (c)). (a)



Pulling force



Movement



Reaction by the vertical steel column



Shearing of the soil Rough surface prevents sliding



(b)



Figure 35:



Kinematics 3: (a) Downwards bending of the transition slab if its rough bottom surface or a stiff back wall prevents it from sliding; (b) equilibrium of forces



These observations indicate that the rough bottom surface of the slab prevents it from sliding, so the movement has to occur by shearing of the soil. The lever arm of the pulling force (and the vertical reaction provided by the steel columns) applies a large flexural moment on the slab, pulling the slab head downwards (negative rotation). This is also clear when considering the movement of the pavement at the bridge end of the transition slab (Figure 28 (e) and Figure 35).



3.11.2 Kinematics in the pushing phases In the pushing phases, the kinematics mostly depends on the inclination and the smoothness of the bottom surface of the transition slab. Two kinds of behaviour can be distinguished. In TST2 (αTS = 10%), the following observations were made:  The pavement moved slightly downwards at the bridge end and considerably upwards behind the end of the transition slab, the highest point being at approximately 1 m from the end of the transition slab (wpav = 34.2 mm for x = 4.75 m, Figure 30 (c) and Table 8).  The force required in pushing was more than two times larger than the force in pulling (Table 5).  The rotation of the slab head was small (Figure 25 (b)).
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Based on the observations, it can be inferred that the slab was sliding downwards on its bedding without significant deformations of the slab itself (Figure 36). The additional resistance to compression compared to that in tension arises from the passive soil pressure at the end of the transition slab. Uplift of the soil



(a)



Movement Shearing of the soil



(b)



Figure 36:



Kinematics 4: (a) Movement of a sliding slab in a pushing phase; (b) equilibrium of forces



In the case of αTS = 20% (TST1 and TST3):  The pavement above the bridge end of the slab moved upwards (Figure 30 (a) and (e)).  The bump behind the end of the transition slab was further from the slab than for the previous case, if the soil was unaffected by the preceding pulling phase (wpav = 11.1 mm for x = 5. 50 m in TST3, Figure 30 (e) and Table 8).  The force required in the pushing phase was up to 800 kN (Figure 24 (a) and (c)) and it did not depend notably on the roughness of the bottom surface of the slab.  The slab head rotated upwards (positive rotation), in the same manner for both types of bottom surfaces (Figure 25 (a) and (c)). For the steeper slab inclination, the passive soil pressure for the slab was significantly larger than for the smaller one, because the end of the transition slab was deeper in the soil. Correspondingly, the passive failure zone in the soil was larger. The friction on the underside of the slab had a smaller influence on the total resistance. The slab underwent significant flexural deformations, as also the lever arm between the pushing force and the passive earth pressure was larger than for the previous case (Figure 37).



Bending of the slab
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Figure 37:
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Kinematics 5: Movement of the slab if the slab cannot slide
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3.12



Movements of the transition slab As was already mentioned, the vertical displacement of the slab head was measured only for TST3. Nevertheless, considering that the vertical movement of the pavement at x = 1 m is representative of the slab’s head vertical displacement for TST1 and TST2, Figure 38 gives the vertical displacement of the slab as a function of the imposed horizontal displacement for the three tests. 20 TST3 TST1
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Figure 38:



The following observations can be made from Figure 38:  The inclination of the curves in TST1 and TST2 is similar to that of the transition slab (20% and 10%), indicating that the slab was sliding on its bedding (Figures 33 and 36).  During the pushing phase of TST1, the slab was sliding down but it was also significantly bending upwards at the same time (∆wTS /∆uimp smaller than the inclination of the slab).  In TST1 and TST2, with the smooth surface at the bottom of the slab, the pulling force (uimp > 0) moved the slab head upwards and the pushing force (uimp < 0) moved it downwards. In TST3, with the rough surface at the bottom of the slab, the above observations are reversed. This is probably due to bending of the slab.  In every cycle of TST3, almost the same vertical displacement of the slab was achieved in tension and compression respectively because of the activation of the steel columns during the large imposed displacements.  The maximum vertical displacement of the slab head were observed in TST3 (wTS = 15.5 mm) in the pushing phases.  In TST3, the amplitude of the horizontal displacement of the slab uimp was limited by the maximum force of the jacks. The displacement reached was quite small in comparison with TST1 and TST2. The rough bottom surface prevented sliding and caused bending of the slab (Figures 35 and 37).



3.13



Strains in the pavement Table 9 shows the measured strain in the pavement for tests TST1 and TST2. The maximum strain in the pavement before cracking, at uimp < 60 mm for TST1 and at uimp < 35 mm for TST2, was approximately εpav,edg = 0.016 for both tests. Assuming a linear relationship between maximum strain and horizontal displacement, the tensile strain in the pavement just at the initiation of the first crack can be calculated as:



16.3 



60 35  24 ‰ for TST1 and 16.0   28 ‰ for TST2. Asphalt has some 20 40



strain capacity as a consequence of its viscoelasticity, which is also temperaturedependent (10°C to 15°C for TST1 and TST2).
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Table 9: Strain in the pavement in tension during TST1 and TST2 (the shaded cells indicate the location of the cracks) uimp [mm]
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Figure 39 shows the strain in the pavement for TST1 and TST2, just before the cracks appeared. Due to the smaller inclination of TST2, the strains were concentrated in a smaller area (Figure 28 (a) and (c)). As a result, the limit strain was reached for a smaller displacement of the slab than for TST1. 18
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Strain in the pavement (εpav,edg) - Distance from the bridge end (x)



Based on the two measurements of slabs TST1 and TST2 shown in Figure 39, a direct relationship can be established between the maximum strain in the pavement εpav,edg and the buried depth at the end of the transition slab eTS,extr : 0.3  uimp (3)  pav ,edg  eTS ,extr This tentative relationship needs to be checked against additional experimental data.
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Conclusions and practical considerations The three tests performed show that the buried depth at the end of the transition slab, its inclination and the roughness of its surfaces in contact with the soil play an important role on the behaviour of the pavement. These observations lead to the following practical conclusions for bridges without expansion joints (integral bridges without mechanical bearings or semi-integral bridges with mechanical bearings). It must be noted in preamble that some of the phenomena described in this chapter have not yet been reported and may only appear under extreme circumstances, as were investigated in the present test series.



a)



Connection between the bridge and the transition slab The experimental results show that the imposed displacements due to the deformation of the bridge can produce large forces on the joint between the bridge end and the transition slab. These forces are not only longitudinal, but can also have a vertical component. If these vertical internal forces cannot be resisted, this results in an important vertical displacement of the pavement above the transition slab. The detail shown in Figure 40(c) should therefore be avoided because it could not resist the horizontal and vertical forces induced by the movement at the bridge end. In addition, the details of Figures 40(b) and (c) should be thoroughly checked concerning the distribution or internal forces. If the detail shown in Figure 40(a) is subjected to a shortening of the bridge, this will lead to a large tensile force, but also an upward shearing force in the concrete hinge, which can lead to the separation between the transition slab and the short corbel with a potential local failure. (a)



(b)



(c)



Figure 40:



b)



Connection details between abutment and transition slab: (a) detail recommended by FEDRO [OFROU 2011] for integral and semiintegral abutments; (b) new improved detail for standard and integral abutments [DREIER 2011]; (c) detail for standard abutments with expansion joints according to FEDRO [OFROU 2011]



Buried depth at the end of the transition slab The buried depth at the end of the transition slab eTS,extr is an important parameter that can have a considerable influence on the strains and the displacements of the
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pavement caused by the imposed horizontal displacements of the bridge. The following three modes of deformation (Figure 41) can arise:  Elongation of the pavement and cracking (Figure 41(a)): The strain distribution in the pavement and the maximum value of strains can potentially cause cracking in the pavement. On the basis of measurements made during the tests, the maximum strain in the pavement εpav in the case of bridge shortening 0.3  uimp , where uimp is (elongation of the pavement) is approximately  pav ,edg  eTS ,extr the imposed displacement at the bridge end. The factor 0.3 in this equation needs to be checked against additional experimental data. An increase of the depth eTS,extr is favourable as it reduces the risk of a crack in the pavement. (a)



(b)



(c)



Figure 41:



Potential problems on the pavement: (a) crack due to bridge shortening; (b) settlement above the end of the transition slab due to bridge shortening; (c) uplift due to bridge elongation



 Settlement in the pavement above the end of the transition slab in case of bridge shortening (Figure 41(b)): the extent of this settlement, its maximum value and the resulting curvature of the pavement, which can potentially exceed the limits recommended in the VSS code [SN 640 521c] (Figure 3), decrease sharply when the buried depts. eTS,extr increases, because, for a given horizontal displacement of the transition slab, the deformations in the soil are smaller (Figure 28(a) and (e) compared to (c), figure 32).  Uplift of the pavement in case of bridge elongation (Figure 41(c)): the same considerations apply to this mode of deformation (Figure 30(a) and (e) compared to (c), figure 32)
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Consequently, if a larger deformation capacity is needed, an increase of the buried depth eTS,extr is very effective. This increase can be achieved by extending the length of the transition slab, by increasing its inclination or by increasing the initial depth at the bridge end of the transition slab. As highlighted in the following recommendation, a very inclined transition slab can also have negative effects on the behaviour of the system. On the other side, the depth eTS,extr plays an adverse role as it increases the horizontal force in the case of bridge elongation.



c)



Inclination of the transition slab A very inclined transition slab, in combination with a smooth top surface (which is common), can cause sliding of the soil above the slab with the formation of a crack in the pavement close to the bridge end (Figure 42 (a)). This phenomenon was observed in TST3 and may be amplified by the vibrations induced by traffic loads. In the case of a very smooth bottom surface (which is generally not the case if the transition slab is cast in situ directly on the lean concrete), the system can also slide on an inclined plane (Figure 42 (b)). In this case, if the slab is very inclined, the soil above the slab uplifts considerably when the bridge shortens, so that the discontinuity at the end of the transition slab becomes important (Figure 42 (b)). A similar but inverse discontinuity also occurs when the bridge expands (lowering of the soil above the transition slab and uplift of the soil behind the end of the slab). On the basis of the tests results, a transition slab with an inclination of 20% can already be problematic in case of a smooth top surface (common case). (a)



(b)



Figure 42:



Potential damages due to the sliding of the transition slab on the soil in case of a smooth top surface of the transition slab: (a) crack in the pavement due to sliding of the soil above the transition slab; (b) vertical displacement of the pavement due to soil movement on an inclined plane



Another potential problem is related to the activation of large flexural moments in the transition slab due to these additional forces, for which the slab needs to be dimensioned, Figure 43. This was observed in the pushing phase of TST3, Figure 30(e).
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Figure 43:



d)



Bending of the transition slab in case of bridge elongation



Presence of a fixed wall between the bridge end and the embankment soil As shown in Figure 44(a), the presence of a fixed back wall at the end of the abutment induces large forces in the soil beneath and in the transition slab. This strongly differentiates semi-integral bridges, which are close to this configuration, from fully integral bridges as shown in Figure 1(b), in which the abutment wall moves with the bridge, without inducing substantial forces in the ground. The choice of the type of bridge end should be made after a careful investigation of the consequences on the transition slab and the back wall. For existing bridges in which expansion joints are to be removed, the solution of Figure 44 is the more practical solution, as there is likely to be a visiting chamber in the abutment to allow inspecting the bearings. When the bridge shortens, the passive soil pressure behind the wall increases considerably with the inclination of the transition slab. This can lead to cracking of the back wall or of the connection between the transition slab and the abutment (mainly due to the vertical component of the force that is activated, Figure 44(a)). This effect can be reduced by leaving an empty space underneath the transition slab (Figure 44(b)).The additional forces acting on the existing back wall must be taken into consideration and the back wall may need to the strengthened. (a)



(b)



Figure 44:
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Potential problems for transitions slabs with a large inclination: (a) large reaction force induced by the back wall; (b) possibility of reduction of the reaction force
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e)



Roughness of the surfaces The smooth surfaces of the transition slab (top surface float-finished and bottom surface smooth by the use of a PVC sheet for example) are favourable for decreasing the forces caused by the imposed displacement, but as discussed before (Figure 42), are unfavourable concerning the behaviour of the pavement. They should thus be avoided and, moreover, the top surface of the transition slab should be made rough.



f)



Deformation capacity of asphalt The experimental tests described in this report show that this parameter is fundamental to avoid cracking of the pavement. The type of the asphalt layers should be chosen to ensure a sufficient deformation capacity in case of low temperatures, as it is the most critical design situation for the asphalt layer. Pavement formulations with a high content of polymer modified bitumen should be investigated for their suitability in these critical areas.
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Proposals for Future Research The tests described in this report were conceived to investigate the problems that can arise when large imposed displacements from the bridge deck need to be transferred to the soil. The parameters of the tests exceed typical values for practical applications: relatively large deformation speed, very rough or very smooth surfaces of the transition slab, large variation of the inclination of the transition slab, perfectly hinged joint between the transition slab and the bridge end. Additional testing, with parameters closer to real applications could thus be useful. Moreover, in the framework of this research, no numerical simulations were performed to interpret the results obtained. In this regard, it would be interesting to simulate the experimental results with the numerical simulation methods described in “AGB 2005/018 Ponts à culées intégrales” [DREIER 2010]. The tests confirm that the asphalt surface presents a strongly viscous behaviour. Consequently, its deformation capacity essentially depends on the deformation rate, the temperature and the type of the material used. Detailed knowledge on the behaviour of asphalt is available in the domain of the classic pavement applications (relatively large deformation speed, small strains), while for the application to transition slabs (cyclic seasonal and daily deformations, strain values up to 20 mm/m), the available knowledge is insufficient. It would be thus useful to extend investigation on the behaviour of asphalt on small scale samples, but in conditions representative of this particular application.
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Appendix A – Reinforced concrete plans (Setup, reaction wall and back wall, transition slab)
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Appendix B – Mechanical steel connections (Steel columns HEA160, hydraulic jacks)
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Appendix C – Results of tachymetry for TST1 and TST2 Figure 45 and 46 show the longitudinal displacements of the pavement along axis 100 during tension and compression, measured in distance x from the bridge end. Tension a)TST1
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Appendix D – Horizontal displacement of the reaction wall in TST1 and TST2 Figure 47 shows the horizontal displacement of the reaction wall as a function of the imposed force to the slab.
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Appendix E – Vertical displacements of the pavement along all axes (100, 200, 300) Tension a)TST1
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Appendix F – Displacements and applied force per test and per hour 80 70 60 50 40 30 20 10 0 −10 −20 −30 −40 −50 −60
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Notations Latin Letters eTS,extr



Buried depth of the end of the transition slab in the embankment



eTS,0



Buried depth of the transition slab at the connection with the bridge deck



F



Force applied to the transition slab head by the jacks



hTS



Thickness of the transition slab



lch



Length of the concrete hinge in the connection between the abutment and the transition slab



Lfp,adm



Allowable distance between the fixed point and the abutment of a bridge



Lg



Length of the gap between the transition slab and the embankment due to settlement



LTS



Length of the transition slab



t



Time (in hours or days)



Tpav,be



Temperature below the pavement (at the bottom of the asphalt layers)



Tair



Air temperature



uimp



Average imposed horizontal displacement on the transition slab head



uimp,adm



Maximum admissible horizontal displacement that corresponds to χadm



uTS,N, uTS,S



Horizontal displacement of the transition slab head (North or South)



upav



Longitudinal displacement of the pavement measured along axes 100, 200 or 300



upav,edg



Longitudinal displacement of the pavement measured at the edge (North or South)



ubw



Average horizontal displacement of the back wall at the top



ubw,N, ubw,S



Horizontal displacement of the top of the back wall (North or South)



urw



Horizontal displacement of the reaction wall



wcrack



Width of crack in the pavement



wpav



Vertical displacement of the pavement measured along axes 100, 200 or 300



wpav,max



Maximum vertical displacement of the pavement at the location of the pit or bump



wTS



Vertical displacement of the transition slab head



x



Distance from the bridge end



xcrack



Distance from the bridge end to the crack in the pavement
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Greek Letters
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αTS



Inclination of the transition slab



∆αTS



Rotation of the transition slab head



∆wpav



Difference of vertical displacement of the pavement in axis 100, 200 or 300



εpav,edg



Longitudinal strain of the pavement at the edge (North or South)



εimp



Strain of the bridge deck



εφ



Strain due to concrete creep



εsh



Strain due to shrinkage



ε∆Τ,min



Strain due to maximal negative temperature variations



ε∆Τ,max



Strain due to maximal positive temperature variations



χadm



Allowable slope variation criterion to qualify the planarity of the road pavement.
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