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Abstract:



Featured Application


This paper introduced a practical application of oblique prestressed concrete pavement in China. The design and construction experience of this study can provide useful information for the prestressed concrete pavement in other regions of China as well in as other countries.




Abstract


Prestressed concrete pavement can reduce slab thickness, eliminate transverse joints and enhance durability compared to traditional concrete pavement. Traditional prestressing or precast prestressing in the longitudinal direction requires additional space for anchorage and adds more joints. This study proposed an oblique prestress concrete pavement, in which prestressed tendons were distributed with an angle to the road direction so that the prestress can be applied in both the transverse and longitudinal directions. The detailed design of the oblique prestress concrete pavement, including the selection of raw materials, design of cement concrete, anchorage area, size and distribution of prestressed tendons, stress analysis within the concrete slab, sliding layer, side reinforcement, and regular reinforcement at top and bottom are all included in this study. The slab thickness, diameter, distribution angle, and spacing of tendons were obtained based on the stress analysis to meet the requirement of fracture criteria and fatigue criteria. A demonstrative road pavement section, which has performed well after three years of traffic opening, was constructed according to the design. A step-by-step description of the construction was also presented in the study.
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1. Introduction


The earliest application of prestressed concrete pavement was in as early as the 1940s. Prestressed concrete pavements have been constructed for highways and airfields in Europe and the United States since then [1]. Some basic geometrical and economical designs of prestressed concrete pavement have also been reported [2,3,4]. The benefits of prestressed concrete pavement include improved cracking resistance and reduced slab thickness; while the prestressing increases the cost of the materials and construction, the reduction in slab thickness and transverse joints can compensate some of this cost [1,5,6]. According to El-Reedy, the prestressed concrete slab with 200 mm thickness can possess equivalent design life as the traditional concrete slab with 355 mm thickness [7]. In another airfield runway study, it was determined that the thickness of the concrete slab can be reduced by half when prestressing is applied [8].



Generally, there are two types of prestressed concrete pavement: cast-in-place and precast. In the cast-in-place method, concrete slabs are constructed on-site, and the prestressing is applied either before or after construction. The most widely used prestressing approach is post-tensioning in the longitudinal direction in the early stage [9]. This technique requires some space for the anchorage area at the two ends of the slabs. Additionally, this type of prestressing limits the length of concrete slab because the prestressing loss would be high if the concrete slab is long. Due to prestressing loss, another prestressing method, known as cross tensioned, concrete pavement was introduced [1]. In the cross tensioned method, the prestressed tendons are distributed obliquely with an angle in the road direction so that the prestressing can be applied in both transverse and longitudinal directions. By adjusting the angle, the proportion of prestressing in the transverse and longitudinal directions can be changed. The prestressing in the transverse direction provides lateral constraints to the slab so that the transverse joints can be eliminated [10]. The anchorage area is on the side of the concrete slabs so that long concrete slabs can be achieved without sacrificing the prestressing [10,11,12].



A sliding layer between the base layer and the prestressed concrete slab is necessary to reduce the friction during the tensioning. Han et al. reported that the sliding layer can reduce the stress and deformation resulting from longer concrete slabs [11]. They proposed a design for the sliding layer with sand, cement, and polyethylene-plastic sheeting. However, the prestressed concrete pavement may be still prone to cracks if the underneath base layer is not flat [11,13]. Cement grout may be injected underneath the prestressed concrete slabs to compensate for the settlement of the ground. However, pulverization may occur due to repeated traffic loading in some cases [14].



Precast prestressed concrete pavement has been developed recently for the purpose of rapid pavement construction and rehabilitation. Compared to the cast-in-place method, the precast method can reduce construction time and improve durability [15]. The construction speed can be increased by two to three times if using the precast method instead of the case-in-place method [15]. The United States has been encouraging the application of precast prestressed concrete pavement in state highways and many demonstration sections have been constructed. While the long-term performance of prestressed concrete pavement has not been seen yet, the early-age performance indicates that it has a great potential to be used as a rapid construction or rehabilitation material [5].



In the precast prestressing concrete pavement, the prestressing is applied in the longitudinal direction, transverse direction, or both directions. Different tensioning methods have been reported in existing literatures. Transverse prestressing was applied on concrete slabs in the study by Syed and Sonparote [16]. A transverse pre-tensioning was applied during the concrete slab fabrication and a longitudinal post-tensioning was applied after the installation on the road [17]. In another study, the post-tensioning was conducted in both the transverse and longitudinal directions after the fabrication of the concrete slab [18]. The size of the precast concrete slab is relatively low. For instance, the panel size in the study by Syed and Sonparote was 3.5 × 4.5 m, and that in the study by Qu et al. was 1.5 × 1.5 m [16,18]. Special designs may be needed at the joints to help the load transfer of neighboring slabs. While the driving experience of precast prestressed concrete pavement has not been reported in existing literatures, the large amount of joints may impact driving comfort.



Finite element analysis has been applied to model the temperature and load stresses as well as mechanical responses of prestressed concrete pavement [19,20]. Naddafi and Sadeghi pointed out that a high prestressing force may impact the load transfer within concrete pavement and suggested using caution with prestress higher than 400 kN [20]. Kim et al. showed that the variation in base or subbase layers had a minimal effect on the maximum induced stresses in the precast prestressed concrete pavement via a finite element analysis [21]. Finite element analysis has also been used to find the most critical areas within the concrete slab and help the design of prestressed concrete pavement [1]. Fatigue damage is the most common distress type of prestressed concrete pavement; this distress can be detected by Fourier and wavelet analysis [10,22]. The critical stresses were found at the panel edges due to the combination of temperature stresses and traffic loading [16].



Although the cross tensioned concrete pavement has been introduced in some previous literatures, the detailed design, construction, and demonstration project have not been well reported. The influential factors that significantly affect the stress level within the concrete slab have been rarely explored. This paper aims to present the detailed design and construction of cross tensioned concrete pavement, and includes raw material selection, stress analysis, concrete design, tendon selection and distribution, tendon spacing, sliding layer design, anchorage design, and construction. This study will provide a detailed explanation of how prestressed concrete pavement is designed and constructed.




2. Methodology


Prestressed concrete pavement as a composite structure should be properly designed before implementation. The design should take traffic condition, or cumulative equivalent axle repetitions in the service life, into account, and the dimension of the concrete slab should be determined (the dimension should meet the requirement specified in the code of the prestressed concrete pavement in China [23]). The cement concrete should also be properly designed with enough workability and strength. The prestressed concrete tendons should be selected and the distribution (direction and spacing) of the tendons can be tentatively determined. A stress analysis may be conducted to verify the distribution of prestressed tendons. If the concrete’s internal stress is not higher than the design strength of the concrete, the distribution of the prestressed tendons is acceptable. After determining if the stress is acceptable, the anchorage area and the regular reinforcement using steel bars should be designed. A stress analysis should also be carried out to verify the design. The design procedure of the prestressed concrete pavement is described in Figure 1.


Figure 1. Design procedure of prestressed concrete pavement.
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3. Stress Analysis of Oblique Prestressed Concrete Slabs


3.1. Prestress Loss


According to the specification of unbonded prestressed concrete structure, the effective stress of the oblique prestressed tendons can be expressed as [24]:


[image: ]



(1)




where,

	
[image: ] = the effective stress;



	
[image: ] = the value of prestress loss of item n (n = 1 to 5);



	
[image: ] = the tensioned control stress of prestressed reinforcement.








In general, the prestress loss include the following four aspects [24,25]:

	(1)

	
Prestress loss caused by the anchorage deformation and the shrinkage when tensioning the prestressed reinforcement, denoted as [image: ]. Regardless how the tendons are tensioned, the deformation of anchorage and the base plate, as well as the sliding of the prestressed tendons can cause prestress loss. The prestress loss due to the tendon shrinkage mainly occurs around the anchorage area and is non-uniform along with the tendon direction [26]. The prestress loss due to anchor deformation and tendon shrinkage can be calculated as:


[image: ]



(2)




where,

	
[image: ] = the prestress loss due to anchor deformation;



	
[image: ] = the distance between the two anchor ends, mm;



	
[image: ] = the shrinkage length of the tendons due to anchor deformation, for jaw vice anchorage, 6–8 mm.









	(2)

	
Prestress loss due to friction, denoted as [image: ]. There is friction between the prestressed tendons and the casing pipe. The closer to the anchorage area, the higher is the friction force, which can be expressed as [24]:


[image: ]



(3)




where,

	
[image: ] = the prestress loss due to friction;



	
[image: ] = the distance from the anchorage area to the calculation cross section;



	
[image: ] = the factor of the casing pipe;



	
[image: ] = the friction coefficient between the tendons and the casing pipe;



	
[image: ] = the cumulative angle.









	(3)

	
Prestress loss due to relaxation. The unrecovered deformation of steel wires at high tensioning is inevitable, which is also known as relaxation. The prestress loss due to this can be expressed as [24]:


[image: ]



(4)




where,


[image: ]









	
[image: ] = the prestress loss due to relaxation;



	
[image: ] = the tensile strength of the prestress tendons.









	(4)

	
Prestress due to concrete shrinkage and creep. Shrinkage is a common phenomenon during the curing of concrete. Creep occurs when high pressure is applied on the concrete. Both the shrinkage and creep can cause prestress loss, which can be expressed as [24]:


[image: ]



(5)




where,

	
[image: ] = the reinforcement ratio;



	
[image: ] = the normal compressive stress of concrete;



	
[image: ] = the compressive strength of concrete under pressure.















3.2. Longitudinal and Transverse Stress


Figure 2 shows an example of the oblique prestressed concrete slab. Both transverse and longitudinal compressive stresses will be applied on the concrete due to the prestressing. The longitudinal and transverse stresses can be expressed as:


[image: ]



(6)
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(7)




where,

	
[image: ] = the longitudinal prestress;



	
[image: ] = the transverse prestress;



	
[image: ] = the controlled design strength of tendons;



	
[image: ] = the cross section area of the prestressed tendons;



	
[image: ] = the spacing between neighboring tendons along the road direction;



	
[image: ] = the thickness of the concrete slab.







Figure 2. A sample concrete slab with transverse and longitudinal stress under oblique prestressed reinforcement.
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According to Equations (6) and (7), the cross-sectional area of tendon ([image: ]), thickness of concrete slab (h), the distribution angle (α), and the spacing (l) are the main influential factors affecting the stress distribution and level within the concrete slab. Thus, a parametric study was carried out to quantify the effect of these factors on the stress in the concrete slab. The once-at-a-time method was used to analyze the effect of individual factors. Some tentative values for the factors were selected based on the specification and the typical local concrete design. The slab thickness was set as 20 cm according to the typical local experience. A tendon diameter of 12.7 mm and tendon spacing of 0.8 m were tentatively used. A tentative distribution angle of 30° was used.




3.3. Effect of Slab Thickness


The effect of concrete slab thickness on the stress distribution was analyzed. The diameter of the tendon was 12.7 mm, the tendon distribution angle was 30°, and tendon spacing in the longitudinal direction was 800 mm. The slab thickness varied from 140 to 240 mm with an interval of 20 mm. The stress levels in the longitudinal and transverse directions were obtained, and are shown in Figure 3. Both the longitudinal and transverse stresses decreased with an increase in slab thickness. The decreased degree of longitudinal stress was higher than that of the transverse stress, because the tendon distribution angle was smaller than 45°. This aligns with expectations—a thicker slab has an increased cross sectional area, which reduces the average stress level.


Figure 3. The effect of concrete slab thickness on the stress level.
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3.4. Effect of Prestressed Tendon Diameter


When the tendon spacing is determined, the prestress reinforcement ratio is mainly dependent on the tendon diameter. Three tentative tendon diameters were selected for the parametric study: 9.5 mm, 12.7 mm, and 15.2 mm. The concrete slab thickness, tendon angle, and tendon spacing were 20 cm, 30°, and 800 mm, respectively. Both the longitudinal and transverse stresses increased with tendon diameter, as shown in Figure 4. A bigger tendon diameter means a higher prestressed force applied on the concrete, and therefore, a higher stress level. The magnitude of increase of the longitudinal stress was higher than the transverse stress.


Figure 4. The effect of prestressed tendon diameter on the stress level in concrete slab.



[image: Applsci 08 00607 g004]







3.5. Effect of Tendon Distribution Angle and Spacing


The tendon distribution angle greatly affects the ratio of longitudinal stress and transverse stress. A higher tendon distribution angle is expected to bring higher longitudinal stress and lower transverse stress. Typically, a higher longitudinal stress is desirable because it demands a smaller tendon distribution angle. A low tendon distribution angle would be more challenging to design and construct the anchorage area. In addition, the transverse prestress is beneficial to resist the traffic related slab deformation; therefore, the tendon distribution angle from 25° to 45° with an interval of 5° was used for the parametric study. In terms of the spacing, three tentative values were used: 0.5 m, 0.8 m, and 1.0 m. Figure 5 displays the effect of the tendon distribution angle and tendon spacing on the stress level in the concrete slab. As expected, the longitudinal stress increased and the transverse stress decreased with an increase in tendon distribution angle. It is was observed that the transverse stress was generally linearly correlated with the tendon distribution angle, and the longitudinal stress was not; this is mainly due to the variable α in the Equations (6) and (7). The dependent variable for the longitudinal stress, cos(α)/tan(α), is more complicated than that for the transverse stress, cos(α). In terms of the effect of tendon spacing on the stress level in the concrete slab, it can be determined from Figure 5 that an increase in space from 0.5 m to 1.0 m would result in lower longitudinal and transverse stresses. This is paralleled with expectation since a larger spacing results in a lower reinforcement rate and therefore, lower load on the concrete slab.


Figure 5. The effect of tendon distribution and spacing on the stress level in concrete slab: (a) longitudinal stress; and (b) transverse stress.
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3.6. Buckling of Concrete Slab


Temperature differential at the top and bottom of concrete slab is very common. The maximum temperature differential which causes buckling is known as the critical temperature differential. For a concrete slab, the critical temperature can be expressed as [27]:


[image: ]



(8)




where,

	
[image: ] = the thickness to width ratio;



	
[image: ] = elastic modulus of concrete;



	
[image: ] = the coefficient of subgrade;



	
[image: ] = the width of concrete slab;



	
[image: ] = the Poisson’s ratio of concrete;



	
[image: ] = the length to width ratio;



	
[image: ] = the linear expanding coefficient.
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(9)




where,

	
[image: ] = the resilient modulus of the subgrade;



	
[image: ] = the radius of the rigid plate (cm), 15 cm.








Since the prestressing applied on the concrete slab has a similar effect as the temperature differential the prestressing value can be converted to the equivalent temperature differential, as follows:


[image: ]



(10)




where,

	
[image: ] = the equivalent temperature differential caused by prestressing;



	
[image: ] = the prestress level in the concrete slab.









3.7. Parametric Study on Buckling


In practice, some typical values for the parameters in Equations (9) and (10) have been used. Typically, the length to width ratio is between 1.0 and 3.0, the thickness to width ratio is between 1:45 and 1:30, and the compressive strength of concrete is between 15 and 40 MPa. Tentatively, we take [image: ], H, and K to be 1.0, 1/35, and 1 × 10−3 N/mm3, respectively.



The effect of some individual parameters on the critical temperature differential was analyzed. Figure 6 displays the effect of various factors on the critical temperature differential in the concrete slab. All of the four investigated parameters have significant influences on the critical temperature differential. It was determined that an increase in resilient modulus of subgrade results in a lower critical temperature differential. In terms of the dimensional effect, an increase in length to width ratio results in a lower critical temperature differential, while the thickness to width ratio exhibits an opposite effect. The values of [image: ] = 0.15, [image: ] = 1 × 10−5 m/°C, H = 0.02, [image: ] = 30, E = 16,000 MPa were used to calculate the critical temperature causing buckling; according to Equation (8), the critical temperature differential was calculated to be 48.2 °C. This value is higher than the maximum temperature range within a day, therefore, the buckling due to natural temperature change would not occur in this case.


Figure 6. The effect on the critical temperature differential: (a) resilient modulus of subgrade; (b) length to width ratio; and (c) thickness to width ratio.
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4. Design of Demonstrative Concrete Pavement Section


The trial pavement section was 150 m in length, 6 m in width, and 20 cm in thickness. The base layer was cement stabilized gravels and the cushion layer was recycled concretes. The thickness of both the base layer and the cushion layer was 20 cm, the resilient modulus was 40 MPa, and the diameter of the prestressed tendon was 12.7 mm. The design of the oblique prestressed concrete pavement is shown in Figure 7. Two layers of tendons were obliquely distributed with an angle in the longitudinal direction, as seen in Figure 7a. The prestressing was applied in the center of the concrete slab so that there is no eccentric force. In addition, spiral reinforcement was applied on the side to strengthen the anchorage area (seen in Figure 7a) and regular steel reinforcement was applied on the top and bottom of the concrete slabs (seen in Figure 7b). The design of the prestressed concrete pavement is based on the fracture criteria and fatigue criteria. The details are described below.


Figure 7. Illustration of the design of demonstrative oblique prestressed concrete pavement: (a) the distribution of oblique prestressed strands and side reinforcement; (b) the distribution of regular steel reinforcement.
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4.1. Stress within the Concrete


4.1.1. Fracture Criteria


The stress within the concrete slab is determined by three components: the traffic induced stress, temperature and moisture induced stress, and the friction stress with base layer. If the combined stress is higher than the tensile strength of concrete, fracture failure will occur. Therefore, the following equation should be valid [28]:


[image: ]



(11)




where,

	
[image: ] = the tensile strength of concrete;



	
[image: ] = temperature induced stress;



	
[image: ] = traffic induced stress;



	
[image: ] = friction related stress;



	
[image: ] = effective prestress in longitudinal direction;



	
[image: ] = coefficient of reliability.








The load induced stress level at the critical locations is expressed as:


[image: ]



(12)




where,

	
[image: ] = initial load induced stress;



	
[image: ] = coefficient for fatigue cracking;



	
[image: ] = coefficient for the impact of eccentric and dynamic loading.








The temperature induced stress level is expressed as:


[image: ]



(13)




where,

	
[image: ] = coefficient of cumulative fatigue stress;



	
[image: ] = the thermal stress, expressed as:


[image: ]



(14)









where,

	
[image: ] = elastic modulus of concrete (MPa);



	
[image: ] = expansion coefficient of concrete;



	
[image: ] = Poisson’s ratio;



	
[image: ] = the temperature gradient along the thickness (°C).









4.1.2. Fatigue Criteria


The fracture criteria is used to ensure the stress within the concrete slab is not higher than the tensile strength of concrete. However, fatigue crack may occur even if the stress level is lower than the tensile strength due to repeated loading. According to the specification of prestressed concrete pavement in China, the fatigue crack of concrete slab is a criterion of design. The PCA fatigue model was adopted in this study [29], expressed as:


[image: ]



(15)




where,

	
N = the fatigue life;



	
[image: ] = the ratio between the stress level to the tensile strength of concrete.
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(16)












Therefore, the required prestress level in longitudinal direction should be:


[image: ]



(17)









4.2. Stress in Anchorage Area


Anchorage area could be venerable because the force is applied in a small area. There are two types of failures for the anchorage area: one is the regional concrete failure which occurs in the small area right under the base plate, and the other is the tensile failure of concrete along with the tensioning direction which usually occurs over a much wider area [30]. The regional failure within the anchorage area was analyzed in this study, as it is a more critical concern. The regional stress level should meet the requirement below [31]:


[image: ]



(18)




where,

	
[image: ] = the regional stress level in the anchorage area;



	
[image: ] = the strength coefficient of concrete;



	
[image: ] = the increase coefficient of concrete in compression;



	
[image: ] = the design compressive strength of concrete;



	
[image: ] = the reduction coefficient due to spiral reinforcement;



	
[image: ] = the volume proportion of spiral reinforcement;



	
[image: ] = the tensile strength of spiral steels;



	
[image: ] = the area of concrete under compression.









4.3. Stress Analysis


4.3.1. Stress Analysis on Concrete


Concrete slab dimensions were selected to be L = 100 m, w = 4.5, t = 20 cm, the tensile strength of concrete [image: ] = 5 MPa, elastic modulus [image: ] = 25,500 MPa, coefficient of reliability [image: ] = 1.08, Poisson’s ratio [image: ] = 0.15, expansion coefficient [image: ] = 1 × 10−5/°C, and temperature gradient [image: ] = 0.9 °C/cm.



According to the fracture criteria,
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This means that the prestress applied on the concrete slab should be higher than 2.96 MPa to prevent fracture distress.



According to the fatigue criteria,
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This means that the effective prestress applied on the concrete slab should be higher than 3.1 MPa to prevent fatigue failure. Therefore, the prestress level should be higher than 3.10 MPa taking into account both the fracture and fatigue criteria.




4.3.2. Determine Tendon Spacing


The tensile strength of the tendon was 1860 MPa. The total loss of prestress in the concrete slab was about 20% [32]. The longitudinal spacing can be calculated as:
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Therefore, the spacing in longitudinal direction was selected as 500 mm.




4.3.3. Verification


According to
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Therefore, the distribution angle of 30° and longitudinal spacing of 500 mm can meet the requirement according to the stress analysis. The effective prestressing in the longitudinal direction was 3.1 MPa.





4.4. Regional Stress Analysis in Anchorage Area


The diameter of the tendon was 12.7 mm, the dimension and thickness of the base plate were 80 mm × 80 mm and 14 mm, respectively, and the compression area was 160 mm × 200 mm. HPB235 steel was used in the spiral reinforcement, and the spacing of the steel was 40 mm. According to Equation (18), the regional stress was analyzed below:
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Therefore, the regional stress in the anchorage area is sufficient.





5. Materials and Preparation


5.1. Cement and Aggregates


According to the standard for Unbounded Prestressed Concrete Structure in China [31], the strength grade of the concrete used in pavement should be higher than C30. Other requirements of the cement include low shrinkage and creep, rapid hardening, and high early-stage strength. The shrinkage and creep of concrete will cause prestress loss so that the effective stress within the concrete slab would be compromised. On the other hand, the rapid hardening and high early-stage strength allows for the application of the prestress soon after the construction and reduces shrinkage crack. Therefore, PO 425 silicate cement with a strength grade of C35 was used in this study to fabricate the prestressed cement concrete.



Coarse aggregates and sands are an important composition of cement concrete. Coarse aggregates with regular shape and good angularity were selected to prepare the cement concrete in this study, thus the use of flat or elongated aggregates was limited. The biggest aggregate size used was 31.5 mm and medium sand with a fineness modulus of about 2.5–3 was used as the fine aggregates. The gradation of the coarse aggregates and sands are shown in Table 1.


Table 1. The gradation of coarse and fine aggregates.





	
Aggregates

	
Mesh Size (mm)

	
2.4

	
4.8

	
9.5

	
16.0

	
19.0

	
26.5

	
31.5




	
Coarse

	
Cumulative retained (%)

	
Upper limit

	
100

	
100

	
90

	
75

	
60

	
35

	
5




	
Lower limit

	
95

	
90

	
75

	
60

	
40

	
20

	
0




	
Fine

	
Mesh size (mm)

	
0.15

	
0.30

	
0.60

	
1.18

	
2.36

	
4.75

	
-




	
Cumulative retained (%)

	
Upper limit

	
100

	
92

	
70

	
50

	
25

	
10

	
-




	
Lower limit

	
90

	
70

	
41

	
10

	
0

	
0

	
-











5.2. Concrete Design


After the raw materials were prepared, concrete design was the next step. Concrete design mainly refers to the selection of proper fractions for each composition including water, cement, sand, coarse aggregates, and superplasticizer. Water–cement (W/C) ratio is the most important index affecting the workability and mechanical performance in concrete design. A preliminary design was carried out according to the concrete design specification in China, in which the W/C ratio was 0.39 and the sand to coarse aggregate (S/A) ratio was 0.47 and the two parameters were adjusted by plus and minus a small value [23]. Initially, three tentative W/C ratios were selected according to the specification and preliminary calculation, as seen in Table 2. The amounts of other compositions were selected correspondingly for each W/C ratio.


Table 2. The gradation of coarse and fine aggregates.





	Compositions
	Design 1
	Design 2
	Design 3





	Water–cement ratio
	0.35
	0.39
	0.43



	Sand to coarse aggregate ratio
	0.49
	0.47
	0.45



	Cement mass percent
	17.9
	19.7
	20.3



	Sand mass percent
	24.4
	23.3
	22.2



	Coarse aggregates mass percent
	49.6
	49.1
	50.0



	Water mass percent
	7.8
	7.8
	7.3



	Superplasticizer mass percent
	0.2
	0.2
	0.2









The compressive strength and the slump of the concrete based on different designs were tested, and are shown in Figure 8. With an increase in W/C ratio, the slump of fresh concrete increased while the 7-day and 28-day compressive strength of hardened concrete decreased (this was expected). It is worth noting that the 7-day strength can arrive at about 102%, 96%, and 93% of the design strength for the three designs, respectively. A W/C ratio of 0.39 was selected to balance the workability and compressive strength.


Figure 8. The properties of the concrete at various W/C ratios: (a) slump of fresh concrete; and (b) 7-day and 28-day compressive strength of hardened concrete.



[image: Applsci 08 00607 g008]







5.3. Prestressed Concrete Tendons


The prestressed tendons used in this study consisted of three parts: the prestressed wires, restrictive coating, and the paint cover. Seven high quality steel wires were included to form the tendon, with the diameter of the steel tendon being 12.7 mm. High-density polyethylene was used as the restrictive coating to prevent damage of wires during transport, storage, and placement. Asphalt or grease was used as the paint cover to reduce the friction between the tendons and concrete during prestressing. The design tensile strength of the prestressed tendons was 1860 MPa.




5.4. Anchorage


The anchorage is an important part which determines the success of the prestressing. There are two anchors in an anchorage system: the fixing end anchor and the tensioning anchor. An extruding anchor and jaw vice anchorage were used for the fixing end anchor and tensioning anchor, respectively. The diameter of the extruding anchor was 50 mm, the size and thickness of the bearing plate were 80 mm × 80 mm, 14 mm, respectively, and the size of the compressive section was 160 mm × 200 mm. The post-tension method was applied in this study, so the anchors were placed in the concrete during the casting.





6. Construction of Demonstrative Pavement Section


6.1. Side Formwork


Steel side formwork was used in the construction. Cement mortar was placed in the low-lying area to make sure the bottom of the side formwork contacted well with the base layer. After installing the formwork, the template junctions and the inside were examined, and the height difference between two templates in the joint area were measured to be no higher than 3 mm. The reserved length of the prestressed reinforcement ranged from 40 to 60 cm. Some holes were reserved on the formwork to allow the prestressed tendons to go through. It is noteworthy that the height of the tendons should be the same so that uniform stresses can be applied.




6.2. Sliding Layer


A sliding layer was paved on the top of the base layer before placing the concrete pavement. Common materials include asphaltic felt, geotextiles, and polyethylene layers. The material and construction method followed the specification for prestressed concrete pavement in China [33]. In this study, fine granular materials with a maximum size of 0.3 mm were initially placed with a thickness of 10 mm and then geotextiles were placed on the top of the granular materials.




6.3. Distribution of Tendons and Tensioning


Prestressed tendons were applied in the middle of the concrete slabs. The angle between the steel tendon and the road direction was 30°, so the angle between the tendons in two layers was 60°, as shown in Figure 9. The tensioning was applied via two steps: the first tensioning was applied to 30% of the design strength (1860 MPa) of the tendon after the 12 h of the concrete casting, and the second tensioning was applied to 105% of the design strength after 7 days of the concrete placement. The distance between neighboring tendons was 0.5 m. The grade of the anchor seal concrete was higher than that in the pavement, which means higher than C35. The spiral indirect reinforcement was applied using Φ10 smooth steel (HPB235). The spacing and radius of the screw were 30 mm and 40 mm, respectively. Four anti-splitting steel bars (Ф8) with a spacing of 60 mm were arranged.


Figure 9. (a) The distribution of the prestressed tendons; and (b) the fixed end anchor.
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6.4. Reinforcement at Slab Top and Bottom


Because the prestressed reinforcement was only applied to the middle part of the concrete slabs (in other words, the top and bottom were un-reinforced), an unbalanced force within the concrete slab was produced. Given this, reinforcement using Ф12 regular steel bars (with a spacing between the bars of 250 mm) was applied at the top and bottom parts of the concrete slab, as seen in Figure 10. In addition, steel reinforced sleeper beam was placed between the concrete slab and the base layer to ensure good load transfers.


Figure 10. The distribution of reinforcement: (a) two-layer regular steel reinforcement; and (b) the prestressed reinforcement and the regular reinforcement.
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6.5. Concrete Placing and Curing


The placing of concrete was completed continuously to avoid unnecessary joints. Vibration was applied during the placing to achieve high density. The side formwork and the prestressed tendons were not touched during the vibration to avoid displacement. The curing started right after the placing of concrete slabs. Geotextiles were used to cover the top of the concrete pavement and water was spread. The curing process lasted 14–21 days until the tensile strength of the concrete reached 80% of the design value.




6.6. Pavement Monitoring System


After the construction of the concrete pavement and the application of prestressing, the stress condition of the concrete pavement was monitored. For this purpose, a prestressed tendon anchorage dynamometer and piezoelectric sensor were placed in the base layer of the pavement. The schematic distribution of the pavement monitoring system is shown in Figure 11.


Figure 11. Schematic multi-views of the inclined prestressed concrete pavement monitoring system.
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7. Summary and Conclusions


This paper presented a detailed design and construction of oblique prestressed concrete pavement. Prestressed tendons were distributed obliquely with the longitudinal direction so that prestress was applied in both the transverse and longitudinal direction. Compared to simple prestressing in the longitudinal direction or precast prestressed concrete pavement, the oblique prestressed concrete pavement allowed a much higher joint spacing. The design of prestressed concrete pavement included the selection of raw materials, design of cement concrete, anchorage area, size and distribution of prestressed tendons, stress analysis within the concrete slab, sliding layer, side reinforcement, and regular reinforcement at top and bottom. A pavement monitoring system was embedded in the concrete pavement to survey the condition of the pavement after traffic opening. Some findings of the study can be summarized as below:

	
The cement concrete was designed based on the compressive strength and workability to meet the requirement of prestressed concrete in China;



	
The possible buckling of concrete slab due to temperature change or prestressing was evaluated and it was determined that buckling would not occur under the natural temperature change in China;



	
The required prestress applied on concrete slabs was obtained based on fracture criteria and fatigue criteria and the prestressed tendon spacing was obtained based on the stress analysis;



	
The effect of slab thickness, tendon diameter, tendon distribution angle, and tendon spacing on the stress level within the concrete slab were analyzed in detail;



	
Spiral indirect reinforcement on the side was applied to strengthen the anchorage area and regular reinforcement was applied on the top and bottom of the concrete slabs to improve the stress condition;



	
The design of the anchorage area was verified based on regional stress analysis;



	
The step-by-step construction of the oblique prestressed concrete pavement was described and the demonstration road section has performed well over the three years since traffic opening.
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