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Abstract: When a short and medium span continuous bridge crosses a wide valley, the bridge will have multi spans, and the height of piers is different, resulting in the larger horizontal force of the piers near to abutment under the temperature action. In order to reduce the horizontal force of piers near to abutment and distribute reasonably the forces among piers, it is a solution to carry out variable stiffness design of bearings in the longitudinal direction. Based on an actual bridge, the variable stiffness bearings for the bridge were designed and calculated, and the mechanical performance between equal stiffness bearings and variable stiffness bearings of the same bridge were compared. The result shows that in the case of variable stiffness bearings the sum of longitudinal displacement and horizontal force decreased and particularly the horizontal force of piers near to abutment were reduced greatly after adopting variable stiffness bearings. This design method is good for the mechanical performance of multi-span bridge.
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1  Introduction
Due to the advantages of low cost and convenient construction, girder bridges are used widely. When a continuous girder bridge crosses a wide valley, the bridge will have multi spans and become a long bridge. Resisted by the V-shaped valley, the height of piers is different, the piers close to the bottom of valley is much higher to the piers close the top of valley, thereby, the character of bridge in V-shaped valley is that the middle piers are high however the side piers are low.
The bearings of girder bridges are traditionally designed as the equal shearing stiffness in longitudinal direction on all of the piers, which is called “equal stiffness bearing arrangement” in this paper. When the “equal stiffness bearing arrangement” is used in multi-span bridge in V-shaped valley, the longitudinal mechanical characters are as follows: Under the temperature change action, the beam’s displacement where far away from the zero displacement point or close to the abutment is large, and the longitudinal horizontal force of pier close to abutment caused by the beam’s displacement via bearings is also large. However, the beam’s displacement where close to the zero displacement point and or close to the bottom of valley is small, and the longitudinal horizontal force of pier close to the bottom of valley caused by the beam’s displacement via bearings is also small. Besides, the Lateral rigidity of short pier is much larger than long pier, which will cause the disparity of horizontal force between long pier and short pier become larger. So it will appear the phenomenon that the horizontal force of short pier is much larger than long pier, and short pier should be designed as larger section, which waste material and influence the beauty of bridge.
Under the longitudinal earthquake, the force of long pier is larger than short pier because the mass of long pier is larger than short pier. The disparity of Lateral rigidity between long pier and short pier will also caused the disparity of force between long pier and short pier become larger (Hounser 1990, Dicleli 2002).
In order to reduce the disparity of force between long pier and short pier, some scholars tried put forward the method of designing different longitudinal stiffness bearings on different height piers(Tan 2005, Jia 2011,Wang 2011, Lu 2014, Wu 2014, Wang 2015,), it is called “variable stiffness bearing arrangement” in this paper. When “variable stiffness bearing arrangement” is used in long bridge with different height pier, the horizontal force of short pier was reduced by 21% (Tan 2005). If the shearing stiffness of bearings and the Lateral rigidity of pier combined reasonably, it will improve the dynamic performance (Li 2002). To improve the longitudinal static performance of long bridge in V-shaped Valley, this paper research the design principle and calculation of longitudinal variable stiffness bearings, this study has important guiding significance for the design of bridge bearings.
2  Design principle and calculation method of variable stiffness bearings

2.1 Design principles
The static loads causing longitudinal horizontal force are temperature change action, the concrete shrinkage and creep and brake force. The nature of concrete shrinkage and creep is the same to temperature change action, so the concrete shrinkage and creep action can be included in temperature change action. Longitudinal horizontal force caused by brake force is much less than the force caused by temperature change action, so brake force can be neglected when discussing the design principle of variable stiffness bearings.
Under temperature change action, beam will shrink and swell, which will cause longitudinal horizontal force of pier under the restrain of bearings, with the distance from the zero displacement point, the longitudinal horizontal force of pier is larger. In order to improve static performance of long bridges in V-shaped valley, under the premise of ensuring the vertical bearing of bearings meet the requirement, the design of bearing stiffness should be based on the following principles:
(1) The beam’s zero displacement point of temperature change action should be in the center of bridge, which will make the displacement of beam symmetric about the center of the bridge, this is benefit for the force distribution between piers.(2) The longitudinal shearing stiffness of bearing on long pier should be designed large, relatively, stiffness of bearing on the short pier should be designed small, which will reduce the longitudinal displacement and force of short pier, allowing the bearings on short pier and expansion joints to undertake larger displacement. So, the design of bearing’s longitudinal shearing stiffness should be decreased from the middle long pier to the side short pier.In addition, for the standardization of construction, the shearing stiffness of bearings should be selected from the existing code (JTT663-2006).

2.2 Calculation method
The calculation method of variable stiffness bearings includes pier-bearing stiffness integrated algorithm and zero displacement point calculation under temperature change action. Zero displacement point calculation diagram under temperature change action.is shown in Figure 1. A n-span continuous girder bridge, assuming that the distance of zero displacement point from # 0 abutment is x, the span of each span are l1, l2, …, ln,  the position of zero displacement point under temperature change action is (Tan 2005):
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where Ki is the integrated stiffness of pier and bearings on the i# pier (i=1,2,…,n); KiA is the Lateral rigidity of the i# pier (i=1,2,…,n); Kia is the multiplied-stiffness of bearings on the i# pier (i=1,2,…,n); ki is the shearing stiffness of the single bearing on the i# pier (i=1,2,…,n); m is the number of bearings on the i# pier (i=1,2,…,n).
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Figure 1: Zero displacement point calculation diagram under temperature change action
According to the design principle of variable stiffness bearings: the beam’s zero displacement point of temperature change action should be in the center of bridge, so:
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Equation (3) is the calculation method of variable stiffness bearings.
3  Example of variable stiffness bearings design
3.1. Engineering situation
A nine-span (9×40 m) prestressed concrete T-beam bridge, its structure form is continuous bridge deck pavement and simply supported beam. Each span consists of 4 T-beams whose heights are 4.5 m. The elevation diagram is shown in Figure 2. The lower structures are single-column hollow thin piers or solid pier. The pier height and longitudinal Lateral rigidity is shown in Table 1. Longitudinal shearing stiffness of this bridge’s bearings is designed equally (2544 kN/m) originally. In order to improve force distribution between long and short piers and static performance of bridge, this paper designs variable stiffness bearings for this bridge. 
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Figure 2: Bridge elevation of a nine-span bridge (Unit: cm)
Table 1: Pier height and longitudinal Lateral rigidity
	Number of pier
	Height (m)
	Longitudinal Lateral rigidity (kN/m)

	# 1
	24.711
	29850

	# 2
	47.285
	6325

	# 3
	72.880
	2494

	# 4
	72.923
	2491

	# 5
	52.462
	5018

	# 6
	42.033
	8271

	# 7
	24.711
	29851

	# 8
	12.603
	188679


3.2. Design process of variable stiffness bearings
According to the design principle process of variable stiffness, the design process is as follows:
(1) # 4 pier is the highest pier and close to the center of bridge, bearings on this pier can be designed large shearing stiffness 10000 kN/m. (2) Under temperature change action and the concrete shrinkage and creep, the horizontal force of # 1 pier and # 8 pier is large, it should be reduced. # 8 pier is the lowest pier, bearings on this pier can be designed the smallest shearing stiffness 525 kN/m from existing code (JTT663-2006). (3) To ensure bridge have a large integral Lateral rigidity, large shearing stiffness bearings should be designed on other piers, # 3 pier and # 5 pier are close to zero displacement point and they are long pier, so bearings on them can be designed the largest shearing stiffness 5635 kN/m from existing code (JTT663-2006). (4) The shearing stiffness of other four bearings (# 1、# 2、# 6、# 7) can be calculated according to equation (3).
The arrangement type of variable stiffness bearings is shown in Table 2.

Table 2: Arrangement type of variable stiffness bearings (Unit: kN/m)
	Number of pier
	# 1
	# 2
	# 3
	# 4
	# 5
	# 6
	# 7
	# 8

	Stiffness
	1200
	1200
	5635
	10000
	5635
	1500
	1000
	525


4  Comparison of static performance
After designing variable stiffness bearings on multi-span bridge, we need compare the longitudinal static performance between bridge with equal stiffness bearings and bridge with variable stiffness bearings. MIDAS/Civil 3D finite element software (Zhou 2013) was used to analysis the mechanical performance of the bridge with equal stiffness bearings and bridge with variable stiffness bearings. The bridge model includes 1079 nodes and 1625 elements, which is shown in Figure 3. The computational load includes temperature change action and the concrete shrinkage and creep. 
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Figure 3: Finite element calculation model
4.1. Longitudinal displacement of beam

Under temperature change action and the concrete shrinkage and creep, the beam’s longitudinal displacement of “equal stiffness bearing arrangement” and “variable stiffness bearing arrangement” is shown in Table 3. The beam’s zero displacement point of “equal stiffness bearing arrangement” bridge distanced # 0 abutment 205.5m and isn’t in the center of bridge, on the contrary, the beam’s zero displacement point of “variable stiffness bearing arrangement” bridge distanced # 0 abutment 180.0m and is in the center of bridge. Beam’s total displacement between abutments of “equal stiffness bearing arrangement” and “variable stiffness bearing arrangement” is equal, which indicates that changing the distribution of bearings’ stiffness just change the position of beam’s zero displacement point, but couldn’t change the total expansion amount, so we can control the position of zero displacement by changing bearings’ stiffness, and further improve the distribution of piers’ force.

Table 3:  beam longitudinal displacement (unit: mm)
	Position
	Equal stiffness bearing arrangement
	Variable stiffness bearing arrangement

	# 0 abutment
	115
	101

	# 1 pier
	93
	79

	# 2 pier
	70
	57

	# 3 pier
	48
	34

	# 4 pier
	25
	11

	# 5 pier
	3
	11

	# 6 pier
	19
	34

	# 7 pier
	41
	57

	# 8 pier
	64
	79

	# 9 abutment
	87
	101


4.2. Longitudinal displacement of piers
Under temperature change action and the concrete shrinkage and creep, the piers’ longitudinal displacement of “equal stiffness bearing arrangement” and “variable stiffness bearing arrangement” is shown in Table 4. After adopting “variable stiffness bearing arrangement”, the position of zero displacement point changed, so the horizontal displacement of piers also changed. After adopting “variable stiffness bearing arrangement”, the total horizontal displacement of all piers was reduced by 28%, and the displacement of short pier(# 8 pier) was reduced by 30%, which indicates that the distribution of piers’ distribution changed with the change of bearings’ stiffness.
Table 4:  Longitudinal displacement in pier top (unit: mm)
	Number of pier
	equal stiffness bearing arrangement
	variable stiffness bearing arrangement

	# 1 pier
	32.4
	16.3

	# 2 pier
	48.8
	29.6

	# 3 pier
	40.2
	30.1

	# 4 pier
	21.4
	9.8

	# 5 pier
	2.1
	10.7

	# 6 pier
	12.5
	18.4

	# 7 pier
	14.6
	10.4

	# 8 pier
	5.6
	1.7

	Total displacement
	177.6
	127.0


4.3. Longitudinal force of piers

Under temperature change action and the concrete shrinkage and creep, the longitudinal horizontal force in top of pier of “equal stiffness bearing arrangement” and “variable stiffness bearing arrangement” is shown in Figure 4. After adopting variable stiffness bearing arrangement, the total longitudinal horizontal force of all piers was reduced by 48%, the longitudinal horizontal force of each pier decreased to some extent, the more far away from zero displacement point, the greater the reduction, the longitudinal horizontal force of short pier (# 8 pier) was reduced by 70%. Besides, the difference of longitudinal horizontal force between long piers and short piers was reduced and forced more balance between long piers and short piers, which improved the static performance of multi-span bridge. 

[image: image10.emf]1# 2# 3# 4# 5# 6# 7# 8#

0

100

200

300

400

500

600

total longitudinal horizontal force was reduced by 48%

70%

50%

 

 

longitudinal horizontal force in pier top (kN)

Pier number

 equal stiffness bearing arrangement

 variable stiffness bearing arrangement


Figure 4: Longitudinal horizontal force in pier top
4.4. Longitudinal bending moment of piers

Under temperature change action and the concrete shrinkage and creep, the longitudinal bending moment in bottom of piers of “equal stiffness bearing arrangement” and “variable stiffness bearing arrangement” is shown in Table 5. After adopting variable stiffness bearing arrangement, the longitudinal horizontal force of piers was reduced with different range, which causes the longitudinal bending moment in bottom of piers was accordingly reduced and the decrease of bending moment was similar to the decrease of horizontal force. 
Table 5:  Longitudinal bending moment in pier bottom (unit: kN·m)
	Number of pier
	equal stiffness bearing arrangement
	variable stiffness bearing arrangement

	# 1 pier
	10513
	5644

	# 2 pier
	6867
	4270

	# 3 pier
	3559
	2689

	# 4 pier
	2027
	1006

	# 5 pier
	379
	1286

	# 6 pier
	1977
	3089

	# 7 pier
	4734
	3612

	# 8 pier
	5036
	1774

	Total displacement
	10513
	5644


5  Conclusions

(1) In order to improve longitudinal static performance of multi-span bridge, variable stiffness bearings should be designed. Under the premise of ensuring the vertical bearing of bearings meet the requirement, the longitudinal shearing stiffness of bearing on long pier should be designed large, relatively, stiffness of bearing on short pier should be designed small, the design of bearing’s longitudinal shearing stiffness should be decreased from the middle long pier to the side short pier. Besides, the beam’s zero displacement point of temperature change action should be in the center of bridge after adopting variable stiffness bearings.
(2) After adopting variable stiffness bearing arrangement, the position of beam’s zero displacement point changed to the center of bridge. The displacement of short pier was reduced by 30%. Besides, the total longitudinal horizontal force of all piers was reduced by 48%, and the longitudinal horizontal force of short pier (# 8 pier) was reduced by 70%, the static performance of multi-span bridge was improved greatly.
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