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Abstract: Externally Prestressed Segmental Bridges (E.P.S.B) are widely used in constructing bridges. A large amount of research is conducted to study the behavior of E.P.S.B under flexure to get benefit from the nonlinear stage. But some researches which studied the behavior of E.P.S.B under torsion recommended designing the segmental bridges at the full prestressing stage. This recommendation was a normal result because of the unacceptable twist at the adjacent segments at the open joints due to torsion. This paper is conducted to test two specimens with two innovative joints under Moment, shear and torsion. The innovative joints were designed to restrict the twist at the adjacent joints. The results were compared against a monolithic specimen, a specimen with multi typical shear keys as well as specimens with large depth reinforced keys. The suggested techniques didn’t affect the construction fabrication facilities or structure advantage. The results showed that the use of large depth reinforced shear keys or steel shear connectors between segments or a UHP-SHCC joint at the tension flange a significant improvement in the specimen’s deformations, the ultimate capacity and reducing the severity of the failure.
1. [bookmark: _Toc437604712][bookmark: _Toc445711714]   INTRODUCTION AND REVIEW
[bookmark: _Hlk506106048]Externally prestressed segmental bridges (E.P.S.B) are one of the major new developments in bridge engineering in the last few years. It has many advantage such as; the main construction operations; concreting and prestressing, are independent of each another which resulted in shorter construction time. Also, It allows the monitoring and replacement of tendons or segments….etc, Picard et al 1995 and , Rombach 2002. The first cast-in-place S.B.G.B built by the cantilever method was completed in 1950 in Germany. This bridge collapsed in 1978 due to corrosion of anchors, Podolny 1988. The first international code included limitations and specification for E.P.S.B was issued in USA in 1982 – AASHTO 82. This code gave recommendations and limitations to design the segmental bridges at full prestressing stage. Till now most international codes recommended to design these bridges at the full prestressing stage and didn’t allow the joints to open. Some researchers tried to make use of the nonlinear stage and studied the behavior of E.P.S.B under moment and/or shear. The aim of these researches was to get method to calculate the ultimate load capacity as well as improving the nonlinear behavior. Other researchers were oriented to calculate the dry joint capacity and improve the joints between segments. Other researchers were constructed to study the behavior of these structures under combined moment, shear and torsion. The researches which studied the behavior of E.P.S.B under torsion recommended, designing the segmental bridges at the full prestressing stage, Elshafiey et al 2017. This recommendation was a normal result because of the unacceptable twist at the adjacent segments at the open joints due to torsion. The main reason of the unacceptable twist is; as the flexural moment opens the joint the tension side is freely to twist under torsion. At the tension zone, the adjacent segments at this load level will not be in compatible twist which resulted in unrecoverable deformations after load release. For this purpose, different techniques of joints have been developed and tested in this paper. 
1. EXPERIMENTAL PROGRAM
1.1 Specimen description and reinforcement details:
In segmental bridges applications, the first segment is fixed to the support by internal tendons, Figure 1.a. The other segments are assembled by tendons Figure 1.b. In continuous span bridges, the internal support and the part bounded by the contra flexure points, the first dry joint between the first and the second segment is subjected to; moment, shear and torsion. The tested specimens represent the area bounded by section at first dry joint and section at contra flexure point (a half of negative moment zone), Figure 2. Figure 3.a shows an isometric for the specimen after assembled with external tendons in the test direction as well as overall dimensions and reinforcement details.
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               Figure 1: Installation of the bridge                              Figure 2: The test specimen segments 
Each specimen consists of; a fixation block with a connected part of 300 mm in height, two segments of one-tenth scale of B.G. B and the end block segment with a solid part of 50mm in height. Figures 3 shows the overall dimensions and reinforcement details.
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a. Isometric for the segmental specimens                     b. elevation, dimensions (in mm)
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        c. Fixation block dimensions’ 
          and reinforcement detailing
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          d. End block dimensions and        e. beam segment dimension and detailing reinforcement detailing          
Figure 3: Overall dimensions and reinforcement detailing 
1.2 Experimental program and parameters:
All specimens’ tendons were stressed at 0.26 of the yield tendon stress to have low normal stress as it is the wrist case. All specimens were subjected to eccentric load at the end block by 0.4 m to have high torsional level. The test specimens are shown in table 1. The experimental program consists of five specimens. The first one was monolithic. The second specimen was segmental and constructed with multi small amplitude shear keys with a distribution identical to the segmental bridges’ applications, Figure 4. Three specimens were constructed with different techniques of joints. The first technique was constructed with four large depth reinforced shear keys (two shear keys are formed at the two webs as well as another two shear keys are formed at the two flanges, Figure 5. The second technique was constructed with steel shear connectors instead of the ordinary concrete shear keys, Figure 6. The third technique is segmental with three large reinforced shear keys, one at the compression flange and another two large keys at the two webs. Besides, the tension slab of the last specimen is connected to be continuous across every dry joint by a UHP-SHCC joint and hooked steed splice. This technique gives the continuity for the tension slab, Figure 7. The suggested techniques don’t affect the construction methods’ advantages.
Table 1: The experimentally tested specimens.
	Specimen notation
	Joint description
	Stirrups
	Additional reinforcement at the shear keys

	M
	Monolithic specimen
	7 φ 8 /beam part
	-

	MK
	Adjacent segments interlocked by multi small shear keys 
	2 φ 8 /segment
	-

	ORK
	Adjacent segments interlocked by large depth reinforced shear key 
	2 φ 8 /segment
	2 φ 10 

	SCN
	Adjacent segments interlocked by steel shear connectors 
	5 φ 8 /segment
	-

	UHP-S
	Adjacent segments interlocked by large depth reinforced shear key and connected at the tension slab by UHP-SHCC joint.
	2 φ 8 /segment
	2 φ 10 
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a-Isometric for fixation block       b- shear key dimension           c- shear keys distribution
Figure 4: Beam segment and joint details for specimen MK
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a- Isometric for Fixation block      b- beam segment     e- additional steel at shear keys
	Figure 5: Beam segment and joint details for specimen ORK
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a-Isometric for fixation block         b- beam segment         c- shear connectors distribution
Figure 6: Beam segment and joint details for specimen SCN
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a-UHP-SHCC Joint                            b- shear keys distribution        d- additional reinforcement 
Figure 7: Beam segment and joint details for specimen UHP-S
1.3  Material properties 
Table 2 and 3 show the concrete mix and UHP-SHCC mix properties, respectively. The actual yield stress for the used deformed bars of 12 mm was 460 MPa. The smooth wires have had a diameter of 8mm were of actual yield stress 285 MPa. The used tendons were with 15.24 mm in diameter. The actual yield stress for the tendons was 1696 MPa, and the ultimate stress was 1886 MPa.
Table 2: The concrete mix properties
	Cement
	Sand
	dolomite
	Max Ratio Water/Cement
	Super plasticizer
	Cube Comp. strength
	Tensile stress

	500 Kg
	387.5 Kg
	1175 Kg
	0.28
	8.0 Littre
	40 MPa
	3.61 MPa


Table 3: UHP-SHCC mix properties
	Cement
	Sand
	Silica fume
	fiber
	Water
	Super plasticizer
	Tensile stress

	50 Kg
	5.88 Kg
	8.8 Kg
	0.7 Kg
	11.62 Littre
	1.17 Littre
	5.8 MPa


1.4 Testing setup and instrumentations
After specimens curing, every specimen passed through two phases, post-tensioning phase and testing phase. The recorded prestressed strains were read from electrical resistance strain gauges mounted on surface of the external tendons at mid-length. The instrumentations were located at relevant points of the test specimens. The overall test setup shown in Figure 8.
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                           Figure 8: Test set up                              Figure 9: Positions of strain gages
The stability load at Fixation block was applied incrementally in an increment of 25 kN up to reaches 250 kN measured by the load cell attached to the mechanical jack. Electrical resistance strain gauges were mounted on the surface of the longitudinal reinforcing and transversal stirrups as shown in Figure 9 for steel of first segment. The deformation may be measured by LVDTs and concrete strains may be measured by pi-gages. LVDTs is used to mesure the deformation at six points as shown in Figure10.six pi-gauges with 100mm length, were mounted on the surface of the specimen at different locations as viewed in Figure 11. The readings of all LVDTS, strains, and  pi-gauges were then recorded for zero load. The applied load was applied incrementally in an increment of from 1.0 to 5.0 kN up to failure and measured by the load cell attached to the manual jack.
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Figure 11: Positions of pi gages
1. EXPERIMENTAL RESULTS 
The results include; crack propagation, modes of failure, load, deflections, twist, tendons’ strains, concrete strains, opening between segments and internal steel strains.
3.1   Cracking behavior and modes of failure
All cracks were marked on the tested specimens up to failure. The value of the applied load was inscribed at the extent of each crack at that load level. For the segmental specimens, the crack propagation was developed behind the first dry joint. For the monolithic specimen M: Figure (12) shows the crack patterns at failure for the specimen M. Under loading, the first visible crack was noticed at the tension flange at 48.25 kN which is 43% of the ultimate load (0.43 Pu), Figure (12 a). By increasing the applied load, the first diagonal crack developed at the web near the applied load due to combined shear and torsion at 56 kN (0.50 Pu) with angle 70 degrees, Figure (12 d). Under loading, multiple cracks developed at the tension slab then extended to the web near the applied load, Figure (12 a). The first torsional crack developed at the compression flange at 90 kN (0.81 Pu), Figure (12 c). At 99 kN (0.89 Pu) the cracks started to develop at the web far from the applied load, Figure (12 b). Finally, the specimen failed with combined shear stresses at the web near the applied load at 111.18 kN. For the specimen MK, under loading the first joint opened at 40 kN which is 73% of the ultimate load (0.73 Pu) however it was 17 % less than the cracking load of the specimen M. No cracks occurred until the depth of opening reached the tendon position. Diagonal crack due to flexure and torsion started at 41.2 kN (0.76 Pu) at the web far from the applied load. This was 26.4% less than that obtained in specimen M, Figure (13 a). Another crack was depicted on the near web at 42 kN (0.77 Pu) due to combined shear and torsion, Figure (13 b). The two main diagonal cracks (the crack at the web near the applied load and the crack at the web far from the applied load) width developed dramatically; this due to twisting of tension side of the first segment and obstruction of the compression side. By increasing the applied load, the specimen’s main diagonal cracks at the web far from the applied load and the web near the applied load undergo wider, and the specimen was also, twisted. A failure plane was noticed to happen, connecting the far and the near side cracks in a compression failure manner, Figure (14 b). At this stage, the physical failure criteria are considered. The ultimate load of Mk was 54.7 kN, this was 49% of the ultimate load of the specimen M. Figure (13 a and b) shows the crack pattern after failure. The mode of failure could be classified as a skew bending failure. For the specimen ORK, under loading the first joint opened at a load of 40 kN which is 61% of the ultimate load (0.61 Pu). It was 17 % less than the cracking load of the specimen M however; it was the same value as the specimen MK. No cracks noticed until the depth of opening reached the tendon’s location. At 43 kN (0.65 Pu), a diagonal crack due to combined shear and torsion started to appear at the web near the applied load by a decrease about 26% if it is compared with the specimen M and it was the same load level for specimen MK, Figure (14 b). Under loading, a diagonal crack due to stress concentration started at 49 kN (0.74 Pu) at the web far from the applied load by an increase about 18 %, if it is compared with specimen MK, Figure (14 a). The two main diagonal cracks’ width is developed faster at the web near the applied load and the web far from the applied load but with a smaller width than specimen MK; this is due to twisting of the first segment and obstruction of large web shear keys and compressed areas between segments. By increasing the applied load, the specimen’s main diagonal cracks at the web far from the applied load and the web near the applied load is noticed much wider. At the ultimate load, a compression failure takes place at the compression slab from the ends of the two main diagonal cracks. At this stage, the physical failure criteria are considered, Figure (14 a and b). The specimen’ reached a load of 66 kN by a decrease about 41 % if it is compared with the specimen M and with an increase about 20 % if it is compared with the specimen MK. Figures (14 a and b) show the crack pattern at failure. The mode of failure could be classified as a skew bending failure. For the specimen SCN, the specimen behaves like the monolithic specimen. Under loading, the first joint opened at 40 kN (0.36 Pu) by a decrease about 17 % if it is compared with the cracking load of the specimen M and it is the same value as specimen MK. At this load level, Clear friction sound is heard between the two segments adjacent to the first joint and stopped rapidly. No cracks noticed also, until the depth of opening reached the tendon location. At 42 kN (0.37 Pu) a diagonal crack due to combined shear and torsion started to appear at the web near the applied load by a decrease about 26% if it is compared with the specimen M and it is the same value as specimen MK, Figure (16 c). Under loading, at 56 kN (0.50 Pu) a diagonal crack started at the web far from the applied load with an increase about 36 % if it is compared with specimen MK, Figure (15 a). At 70 kN (0.63 Pu), the second joint started to open, and some cracks developed at the web far from the applied load, the web near the applied load and the tension flange, Figure (15 a, b and c). At 105 kN (0.95 Pu), the width of the main diagonal crack at the web near the applied load was developed faster while the width of the main diagonal crack on the web far from the applied load is still constant. This is due to twisting of first segment and obstruction of steel shear connectors and compressed areas at the joint. By increasing the applied load, the specimen’s main diagonal cracks at web near the applied load and web far from the applied load is undergone much wider. At the ultimate load, a compression failure took place at the compression slab from the ends of the two main diagonal cracks. At this stage, the load starts to decrease faster, and failure criteria are achieved. The specimen reached a load of 111.18 kN. It is the same ultimate load as specimen M and with an increase about 103 % if it is compared with the specimen MK, Figure (15 c). Figure (15 a, b and c) show the crack pattern after failure. For the specimen UHP-S, under loading, the first joint cracked at 51.1 kN (0.31 Pu) with an increase about 6 % if it is compared with specimen M, Figure (16 b). There is no friction sound heard as S5, MK, ORK or SCN. Due to combined stresses (shear and torsion), a diagonal crack started at 60.18 kN (0.37 Pu) with an increase about 7.5% if it is compared with specimen M and increase about 51 % if it is compared with specimen MK with an angle 70o.  This diagonal crack developed at the web near the applied load as the specimen M, Figure (16 c). Under loading, the specimen behaves with the same behavior as the specimen M. Some cracks developed at the tension flange, Figure (16 b), then under loading, the cracks were extended to the compression flange through the web near the applied load, Figure (16 c). At a load of 86 kN (0.53 Pu), the cracks started to took place at the web far from the applied load, Figure (16 a). The first torsional crack developed at the compression flange at 122 kN (0.75 Pu) from the end of the cracks that developed at the web near the applied load, Figure (16 c). Finally, the specimen failed in the tension zone at the UHP-SHCC joint then compression failure took place at the compression zone at a load of 162.86 kN. Figure (16) shows the failure mechanism for the specimen UHP-S. From the laboratory observations, the use of UHP-SHCC joint at the tension flange is the best the solution because it does not affect the construction methods and compensate the longitudinal side steel required by torsion at the tension side. The use of this technique restricts the deformations of the tension flange under torsion which is the main reason for failure as [image: ]discussed before.
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[image: ]Figure 12: Crack pattern for specimen M                      Figure 13: Crack pattern for specimen MK
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Figure 14: Crack pattern for specimen ORK                 Figure 15: Crack pattern for specimen SCN
[image: ][image: ] Figure 16: Crack pattern for specimen UHP-S
3.2   Deformation characteristics
The deflection and twist are calculated from LVDT1 and LVDT 2 see figure (10 a). Figure (17) shows the load plotted against average deflection. The relationship was linear up to vertical loads of 48.25, 40, 40, 40, and 51.1 kN for M, MK, ORK, SCN and UHP-S, respectively. After that, the response becomes nonlinear up to 111.18, 54.7, 66, 111.18 and 162.86 kN. Finally, failure occurred. The specimen constructed with multi small shear keys (MK) shows a decrease by 17 % and 50.7 % in the linear stage and the ultimate load respectively than specimen M. The specimen constructed with one large reinforced shear key ORK shows a decrease by 17 % and 40.5% in the linear stage and ultimate load respectively than specimen M. Also, the specimen with large one reinforced key ORK shows an increase by 0.0 % and 21% in the linear stage and the ultimate load respectively than the specimen with the ordinary multi small shear keys. On the other hand, the specimen with the steel shear connectors (SCN) shows a decrease of 17% and 0.0% in the linear part and the ultimate load respectively than specimen M. The specimen with the steel shear connectors also, shows an increase of 0.0% and 103% in the linear part and the ultimate load respectively than the specimen with the ordinary multi shear keys. The specimen with the UHP-SHCC joint at the tension slab (UHP-S) shows an increase of 6% and 46% in the linear part and the ultimate load respectively than the specimen M. The specimen with the UHP-SHCC joint at the tension slab UHP-S also, shows an increase of 27.5% and 196% in the linear part and the ultimate load respectively than the specimen with the ordinary multi shear keys. Figures (18), (19) shows the relationship between the load and the twist for all the specimens. Figure (20) shows the twist at the specimen’s end plotted against the twist angle at the first segment after the first dry joint for the specimens. From the curves, it can be noticed that the ordinary small amplitude shear keys are the reason of 90% of the total twist. It can be concluded also, that the suggested systems are good choice to increase the joint efficiency and increasing the ultimate capacity.
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	Figure 17: The load plotted against the average deflection between point 1&2
	Figure 18: The load plotted against the twist at the specimen’s end
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	Figure 19: The load plotted against the twist after the first dry joint
	Figure 20: The twist at the specimen’s end plotted against the twist after the first dry joint


3.3.   Tendons’ strains and longitudinal steel strains
Figures (21) shows Load plotted against average of tendons’ strain. The use of the steel shear connectors has a good effect of decreasing the tendon's strain at the same load level if it is compared with the specimen with the multi shear keys at the nonlinear stage. The use of the UHP-SHCC joint at the tension slab improves the steel’s strain because of the participating in tension force. This because of the use of the UHP-SHCC joint shows an increase in the linear stage and shows more stiffness in the nonlinear stage. Figure (22) shows the load plotted against the strain of the longitudinal steel’s strain for the specimens UHP-S and M. The UHP-S specimen shows a good participation of longitudinal steel stain due to changing the mode of failure from combined shear and torsion to compression failure.
3.4   concrete strains and opening between segments
Figure (23) shows the load plotted against the concrete strain at two points at the compression zone. Figures (24) shows the load plotted against the opening between segments at the tension side at joints 1and 2, respectively. From the figures and after joint opening, the neutral axis of the compression flange becomes inclined with a larger depth at the web far from the applied load due to warping effect. That may explain the variation between the two tendon strains. The monolithic specimen M shows less concrete strain at the linear stage. At the nonlinear stage, the specimen ORK shows the same trend of the concrete strain as MK. By increasing the ultimate load, in this case, the ultimate concrete strain is increased. At the nonlinear stage, specimen SCN shows a trend of the concrete strain between specimen M and specimen MK. The specimen SCN has a good behavior to distribute joint opening among the joints. At the nonlinear stage, the specimen UHP-S (with a UHP-SHCC joint) shows less concrete strain if it is compared with specimens MK and ORK and shows fewer deformations this is because of continuity of steel at the tension slab due to continuity effect. The UHP-SHCC joint shares to resist the tension force as well as the twist deformation because of torsion.
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	Figure (21): The load plotted against the average tendons’ strain
	Figure (22): The load plotted against the strain of the longitudinal steel at tension 
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	a. Load against concrete strain at point (1)        
	b. Load against concrete strain at point (2)

	Figure (23): The load plotted against the compression concrete strain at the first joint (compression zone
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	a. Load plotted against the opening at joint 1    
	b. Load plotted against the opening at joint 2 


	Figure (24): The load plotted against the opening at joints


4.1    conclusions
1. The beams with shear-keyed joints behave with the same behavior as the monolithic beams before the joint opening, but after the joint opening, the behavior of the beam with shear-keyed joints are different from the monolithic beams.
2. The monolithic beams which may be the ideal solution to resist torsion showed an increase of 102% and 225% in the linear stage and the ultimate load, respectively if it is compared with the segmental beams with the ordinary shear keys. Also, the diagonal cracks are delayed by 27% improvement in the applied load.
3. Using large depth reinforced shear keys between segments shows a significant improvement in the beam’s deformations, the cracking behavior, the ultimate capacity and reducing the severity of the failure due to large contact and distribution of stresses at a deep level.
4. Using of steel shear connectors instead of ordinary shear keys shows an increase of 103% in the ultimate load if it is compared to the beam with the ordinary shear keys. Also, the diagonal cracks are delayed by an increase of 10 % in the load.  Also, this technique shows a good recovery to most deformation after the load release. The beam gives the same behavior of the monolithic beam and the same ultimate load 
5. The beam with the UHP-SCC joint at the tension flange shows an increase by 200% and 194 % in the linear part and the ultimate load, respectively if it is compared to the beams with the ordinary shear keys. Also, the diagonal cracks are delayed by increasing the load by 52 %.  Also, this technique shows excellent recovery to most deformation after load release. The beam gives the same behavior as the monolithic beam and an increase about 50% in the ultimate load.
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